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Abstract
In recent years, the realmof terahertz (THz) has seen a newparadigmof unprecedented development
and offered newpossibilities to strengthen the communication sector by studying the dielectric
properties of differentmaterials. The aimof this article is to present a comprehensive review of various
THz technologies that have been employed to investigate the intrinsic characteristics of different
materials. In addition, the study highlights the significance use of THzwave guides with some
discussion on sources, and detectors and components. Towards the end, it highlights the future trends
of THz technology and the challenges. The paper concludes that THz technology has a promising
potential and offer new opportunities for applications in characterization of compositematerials.

1. Introduction

In the electromagnetic spectrum, the frequency rangeof 0.1–10THz, theworkingwavelengthof 30μm–3mm
between the electromagneticwave is called teraher tzwave,which is between the infrared andmicrowave
electromagneticwave. In recent years, terahertz technologyhasbeenpayed the attention tobymany researchers due to
its great research value and applicationprospect in thefields ofnext generationwireless communication [1–13], non-
destructive security inspection [14–19], biomedicine [20, 21], foodandagricultural product safetydetection [22–26],
global environmentalmonitoring [27–30], industrial applications [31], defence [32], and soon. Figure1 shows the
frequency&wavelengthfields of the electromagnetic spectrum.Figure2 shows that the terahertz technology is applied
in somefields.

However, the development of terahertz technology is severely limited by the serious attenuation of THz
wave in air and traditionalmaterials due to the lack ofmaterials that respond effectively to terahertz wave in
nature. Firstly, this papermainly describes the composition and application systemof THz. Secondly, the THz
detectionmethod is discussed. Thirdly, the THzmaterial problem is classified and described. Fourthly, the
limitations and future trends of THz technology are discussed.

The design of this paper is as follows: section 1 is a brief introduction of terahertz. Section 2 discusses
terahertz components and application systems. Section 3 gives terahertz detectionmethods and technologies.
Section 4 describes terahertzmaterial research. Section 5 proposes limitations of technology and future
application trends. Finally, section 6 sums the conclusion.

2. Terahertz components & its systems

2.1. Source
In 2017, Ghann&Uddin [33]produce a terahertz sourcewith some range of radiation. In 2014, Lewis [34]
proposes six different types of terahertz sources that involve solid-state electronic [35], thermal [36], lasers [37],
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vacuumelectronic [38], continuous lasers pumping sources [39], THz pulse [40], andmechanical excitatiing
sources [41]. Figure 3 shows the energy level of the different frequency generation [33]. Infigure 3, the
frequencies red and blue are Every photon created at the difference-frequency requires the destruction of a
photon at a higher input frequency (ω1) and the creation of a photon at the lower input frequency (ω2) tomeet
the requirements for energy conservation respectively.

In the few years, some novel terahertz source techniques have been proposed. As examples, Bogue [42]
summarized THz source techniques. An InAs/GaAsQuantum-Dot (QD) laser source [43] could be ultra-
compact, tunable in normal temperature and setup its experiment with aQDbased on photomixer with a
compact, tunable double-wavelengthQD laser in the dual-grating quasi-Littrow structure. A peak-power
terahertz source has been constructed for ultra-fast electron diffractionwith aworkingwavelength range of 50
μmto 200μm [44]. Literature [45] proposed a devicemodel composed of an electron source and aTHz low-gain
free electron laser oscillator. Paper [46] introduced a terahertz radiation source based on electron linear. In [47],
based on optical comb, a referenced frequency source is presented to stabilize all kinds of THz source devices
simultaneously. Optical combs could provide uniformly spacedCW light with significant precision and can be
manufactured using a combination of aMach–Zehndermodulator-based planar Comb generator and a greatly
nonlinear dispersion shifted fiber. Figure 4 is a schematic diagramof the concept of locked phasemulti-
frequency terahertz source system [47].

2.2. Component
All terahertz component, such as lenses,mirrors, and polarizers,manipulate specifically radiating. Traditionally,
terahertzmirror ismade ofmetal as silver, aluminum, gold, and copper. In order to get themaximum
reflectance characteristics of themetal, thewidth on themetal coating could be at least as two skin depths at the
incident beamwith the frequency in [48]. Recently, some innovations in terahertzmirror technology including

Figure 1. Frequency&wavelength fields in the electromagnetic spectrum.

Figure 2.Terahertz technology applications.
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tunablemirror based on photonic crystals [49], hybridmirrors [50], and semiconductors [51]. Terahertz lens is
usually composed of plastic as poly-methylpentene or polyethylene. Nowadays, notable innovations have
enabled the quick production of a huge lot of lenses [52], including 3D-printed diffraction lenses [53], Fresnel
zone plates [54], variable-focal length lenses [55], plasmon resonance [56], and even paper terahertz lenses [57].
Polarizer is one of the important components of terahertz data transmission, imaging, and spectroscopy. Linear
gate polarizers are easier to implement in the terahertz band than in the visible band [58]. Recent reconfigurable
polarizers in reference [59] and carbon nanotubefiber polarizers as in reference [60]would been presented.

[49] gave properties of the ferritematerials in terahertz regime. Ferrite fullymagnetized in an external static
magnetic field can be seen as a gyromagneticmaterial, of which the permeability tensor can be derived from the
Landau–Lifschitz equation in the following form:
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whereωex= γBex,ωm= γμ0Ms, γ is the gyromagnetic ratio of 1.758× 1011 radTs,μ0 is the permeability in the
vacuum,ω is the circular frequency of the incident THzwave,Bex is the externalmagnetic flux density, andMs is
the saturationmagnetization of ferritematerials. In themeasurement results from [49] the dielectric constant of

Figure 3. (a)Molecular structure of the 3th generation interaction geometry and dendrimer for different generation. (b)The energy
level of different frequency generation. (c)Probable energy level results from chromophore and poling in dendrimer
molecule.Reproduced from [33]. CCBY 3.0.

Figure 4. Schematic diagramof concept of locked phasemultifrequency terahertz source system.©2016 IEEE. Reprinted, with
permission, from [47].
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LuBiIG is 4.85, the ferro-magnetic resonance linewidth is 2.8 to 5.1Oe (1Oe= 79.61Am), and the saturation
magnetization is 1560G (1G= 10−4 T), respectively.

In [54], grooved-dielectric FZP (Fresnel zone plate) of configurations and design procedure was proposed.
Each lens is characterized by its aspect ratio ρ= F/D, where F is the lens focal length andD is the lens aperture
diameter. Depending on the aspect ratio value the lens is defined as a high (ρ> 0.5) and low (ρ< 0.5) aspect ratio
lens. The refraction lens with a high aspect ratio is considered thinwhile that with a low aspect ratio is distincted
as thick. Thus, the size andweight benefits of the diffraction FZP lens over an ordinary (refraction) lens should
bemore pronounced in the case of low aspect ratio. FZP lenses withmoderately-high aspect ratio
0.75< ρ< 1.25 are very popular in quasi-optics. Such FZP lenses are considerably thinner than the
corresponding ordinary lenses.

Basically, the FZP lens consists of so called full-wave zones with a radius bw calculated by [54].

b w F w2 4w 0 0
2( ) ( )l l= +

wherew= 1, 2,K,W is a current integer andW is the number of full-wave zones in the FZP. The full-wave zones
are equiphase because the phase fromone to another full- wave zone is altered by 2π.

All full-wave Fresnel zone in the FZP lens is divided in p= 2, 4, 8,K subzones. In each subzone s, the phase is
changed by 2π/p relative to the phase in the neighboring subzone. The outer radius bs of s-th subzone is given by

b
s F

p

s

p

2
5s

0 0
2

⎜ ⎟
⎛
⎝

⎞
⎠

( )l l
= +

where s= 1, 2,.., S, s=wp, and S=Wp.

2.3.Detector
Terahertz detectors canmeasure terahertz radiation at reception and play an important role in a lot offields,
including biology, astrophysics, imaging, explosive and chemical detection, astronomical applications, etc [61].
In 2010, Sizov et al [62] proposed various kinds of terahertz radiation detectors with heterodyne detectors [63]
and fundamental direct detectors [64], two-photon detectors [65], Schottky barrier diodes [66],field-effect
transistor detectors [67], and thermal detectors [68].

In 2008,Hesler et al [69] proposeed the testing and design of awideband quasi-optical terahertz Schottky
diode detector, which can be utilized as a set of waveguide detectors for providing reference points at the same
location of the source beam. In 2018, Ikamas et al [70, 71] proposed awide-band butterfly antenna coupled
terahertz detector on 90 nm siliconCMOSFET for the identification of free space terahertz radiation. The
detector could be enhanced by an internal design circuit according to physicalmodel, and the terahertz detection
was over 2 THz. The optical response rate is 45mAW−1 (or 220 VW−1) [71].

2.4. System
Thewide applications of terahertz radiation could be divided into fourmain categories: imaging, sensing,
communication, and spectroscopy [72, 73], but also in preventive healthcare, quality control, non-destructive
assessment, and surgery [74].

[25, 75] summarized the different application areas of terahertz technology, especially for food commodity
safety and quality control. The table shows the potential of terahertz technology in the field of water detection
and food, and discusses all kinds of other aspects, including foreign body identification, pesticide and antibiotic
residue detection, edible oil characterization, andGMcrop identification. For example, in the food industry, it is
important to identify undesirable and potentially unhealthy organisms in food [4].Most notable applications of
terahertz radiation are entirely due to its large intrinsic properties and the uniquefingerprint characteristics of
biological tissues at certain frequency in the terahertz electromagnetic region. The harmful residues and
antibiotics or the other agricultural productions in food are identified because of the different absorption
properties of chemicals in the terahertz region. Regarding the penetration ability of terahertz radiation to fabrics,
foams and plastics, it provides an effective technique for foreignmatter detection in food quality control [25].
Though the notable absorption of terahertz radiation inwater could not be acceptable in some applications, it is
an advantage to explore different applications in humiditymeasurement as contamination detectingwith the
low-moisture productions,moisture quantification for fresh food. Due to the benefits of being non-invasive,
non-destructive, and non-ionizing, terahertz technology has been described as an alternativemethod to sense
water safety control or food and contamination detection. This terahertz system can be used in either
transmission or reflection settings [75].
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3.Detectionmethods

Thefield of terahertz technology has rapidly changed in the past years. The studywork onTHz technology has
notably improved in themany novel technologies as terahertz time-domain spectroscopy, terahertz imaging,
andTHz radiation. The techniques havewidely been researched and used in differentfields.

3.1. THzTime-domain spectroscopy
The terahertz TDS could be set in threemodes, including transmit, receive, and attenuated total reflection
(ATR). Comparedwith reflection and transmissionmodes, ATR terahertz TDS is greatly suitable and sensitive
for themeasurement of highmoisture samples [25, 76]. TDS systempossesses the potential to directly obtain
measurements offield phase information and amplitude information as a function of time through scanning the
transient field of terahertz pulses. The terahertz frequency range could be accessed by using a Fourier transform
to the time-domain data.

Daniel RichardGrischkowsky et al [77] used themethod of time-domain spectroscopy tomeasure the far-
infrared absorption and dispersion from0.2 to 2THz of the crystalline dielectrics sapphire and quartz, fused
silica, and the semiconductors silicon, gallium arsenide, and germanium. As an effectivemethod to identify
spectral information ofmaterials in the terahertzfield utilizing ultrafast laser beam technology, terahertz TDS
possesses a high signal-to-noise ratio of up to 120 (@peakMax) in time-domain data as to awider frequency
range and is applied in determining properties and profound structural changes ofmaterials (or components)
[78–80]. In 2018,Qu et al [81, 82] detectedmolecular classification and associated imprinting peaks for three
plant growth regulators as 2, 4-dichlorophenoxyacetic acid, indole-3-acetic acid, and cyfluuron. In 2014, Baek
et al [83] showed the feasibility ofmelamine classification in food and gave characteristic absorption peaks of
melamine at 2 terahertz, 2.26 terahertz, and 2.6 terahertz respectively. In 2017,Zhang et al [84] quantified the
percentage contribution of intramolecular vibrations to the normalmode by themolecular representation of
sugarmolecules by THz vibrational spectroscopy. In 2016, Cheon et al [85] reported terahertzmolecular
resonance imprints of deoxyribonucleic acid (DNA)methylation in cancerDNAwith features that could
identify different types of cancer cells. In 2018,Mieloszyk et al [86] tested different contaminants as gypsum, oil,
andwater, using glass-fiber reinforced composites and giave slower wave propagation in contaminated areas.

3.2. Radiation
THz radiation could refer to the region of electromagnetic radiation in the frequency range between 0.1
terahertz and 10 terahertz and between infrared andmillimeter wave. The resulting terahertz rays havewide
application prospects in imaging, environmental detection, communication, andmedical diagnosis.
Nevertheless, in the frequency range of THz radiation, THzwave transmissionwould suffer from slight group
velocity dispersion and attenuation as towatermolecules in the atmosphere [87]. Fitch&Osiande [12] presented
the possibility of terahertz communication due to higher transmission rates and greater bandwidth, even in low
source efficiency of terahertz radiation in the field of communications and the presence of strong atmospheric
absorption.

3.3. Imaging
THz imaging is an important and prosperous non-destructive assessment technology for safety inspection,
quality control [88–93], and fantastical applications as counting the number of almond bars using terahertz
image detection techniques. A notable advantage of THz in the image processfield is that THz radiation
possesses the unique ability to penetrate commonpackagematerials, andmay therefore give spectral
information about thematerial inside.

In 2018, Yildirim et al [94] presented an active THz imaging automated biosecurity accessing and tracking
gate system composed of terahertz imaging or scanning, autonomous conversion, and x-raymodules that are
capabilities of detecting hidden objects on the human beings body. In 2018,Momivama et al [89] built a swept-
source optical coherence tomography systemworking at frequencies from600GHz to 665GHz, which could be
utilized in quality control. In 2018, Ryu et al [95] proposed a compact portable terahertz imaging systembased
on a single-mode Fabry–Perot laser diode that is low in cost and simple in structure. In 2017, Stübling et al [96]
presented a terahertz tomographic imaging systemwith a 3-D scanner, which can allow reflection of terahertz
tomographic images of samples with unlimited surface shapes by taking a receiver and transmitter on a robotic
arm and are applied in researching a different non-planar object, includingmummies, biological specimens,
cultural heritage, andmade parts industrially.
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3.4. Buildingmaterials
Employ THz radiation for non-destructive evaluation ofmaterials and system interrogation is shown in [6].
Utilize these systems for some applications: (1)High-speed and high-fieldmaterials characterization; (2) Layer
measurements; (3)Non-contact conductivitymeasurements.Moreover, the systems can be expected
applications, such as, (1)Real-time, in situ conductivity andmicrostructure characterization for process
monitoring of advanced and additivelymanufacturedmaterials; Characterization ofmaterials through
rotational and vibrational spectra to verifymicrostructure; Examination of organic fuel pellets using THz
computed tomography to help improve the packing density ofmaterial; (2)Measure layer and oxidation growth
in situ in TREATor other challenging environments;Monitor electrical conductivity of fragile samples using a
non-contacting probe; Characterizematerials used in nuclear applications, such as defect detection in Zr
cladding; (3) Field deploying a ruggedized THz spectroscopy system formaterial identification; Characterizing
and validating the next generation of armormaterials; Testing of next-generation (beyond 5G)wireless systems
and components; Integrated circuit interrogation through side channel emission analysis and direct
conductivitymeasurements; Code injection and encryption using high-field THz pulses.

For the reader’s convenience, we summarize the application of THz buildingmaterials in table 1.

4. THzmaterial research

4.1. THzwaveguidematerial
Wang et al [30] review comprehensively introduces the latest developments in the field of terahertz waveguides,
and prospects for its future applications. The dielectric fringe based terahertz waveguide proposed byMahankali
et al [9] is planned for 3 teraherrtz and constructed adapting high-density polyethylene, graphene, aluminum
gallium arsenide, and gallium arsenide. Anatoly et al [148] investigated the properties of novel porousmaterials
made fromnanostructured aluminumhydroxide (NAO) in the terahertz range. They also discussed the
terahertz TDS detection results of the adsorbedmolecular layer on theNAO surface.

Gao et al [149] discussed the concept of all-silicon components based on their recently presented effective
dielectric cladding dielectric waveguide. Yang et al [150] introduced the application of polymer-ceramic
nanocomposites in the fabricatingwafer-level terahertz flat circuits. Thin ribbon dielectric waveguides within 50
∼ 60μmmade of BaTiO3 composites are adapted to fabricate terahertz circuits and ribbonwaveguides.
Permittivity is slightly frequency dependent. It decreases with increasing frequency. For different volume loads,
the loss angle tangent of thematerial is tested to be lower than 0.05. It depends verymuch on the nature of the
polymermaterial.

4.1.1. THz hollowmetal waveguide.
Based onDrudemodel, the complex dielectric constant of THz bandmetal ε can be expressed as [151, 152]:
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whereωP is the plasma oscillation frequency.
Hollowmetal waveguides use total internal reflectionmechanism to guide THzwave. In 1999,McGowan

andGallot’s team [153] successfully coupled THzwaves of 0.8∼ 3.5 THz into a stainless steel circularmetal
waveguidewith a diameter of 240μmand a length of 24mm, and its total absorption coefficient was less than 0.7
cm−1. In 2000, Gallot et al [154] continued their research onTHz circular and rectangularmetal waveguides, in
which the circular waveguide size is still 240μmin diameter and 24mm in length, and the rectangular
waveguide size is 25mm in length and the cross section is 125μm× 250μm, and thematerial is still stainless
steel.

In 2007, Lu et al [155] fromZhengzhouUniversity calculated themetal-coatedwaveguide withmetal coating
on the innerwall of plastic or glass tube.Harrington et al [156] reported fabrication offlexed empty
polycarbonate waveguide with internal copper coatings for transmitting broadband terahertz with ordinary
liquid phase chemistry technology. It is found that the loss of the optimal waveguide is less than 4 dBm−1, and
the singlemode of thewaveguidewith smaller aperture can be preserved.

Zhang et al [157] fabricated dielectricmetalfilmwaveguides atmicrowaveG band and 4.3 THz by plating
metalfilm and dielectric film inside polycarbonate tube in 2019, and experimentallymeasured thatwaveguide
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Table 1.Application of THz in buildingmaterials.

Material Function References Note

FoamPolymer&Plastic

Materials

Densities, Defects, & additives. [97–103] Terahertz techniques are helpful for superstructures [97], properties of dielectricmaterial [104], voids [98, 99, 105], defects [98, 100, 101],
inclusions [98, 106], material aging processes [107], and glass transition [108]. In addition, thewavelength of terahertz radiation is suitable to

the additive or filler [98, 104] and the foampore size [109, 110].
Corrosion&Adhesion [97, 111–113]

Clay&Ceramics Control the porosity of ceramics [110] Terahertz waves arefit for ceramic analysis and can provide looking up the construction of opaque ceramicmaterial.

Defects &Underlying Structure. [114, 115]
Woods WoodDefects &Density [114, 116–118] Detectingmoisture and invisible flaws inwood (such as knots, rings, fungal decay, and termite damage) [114, 116, 117, 119–122].

Water Absorption [114, 119, 120]
Paints Wet-Dry Conversion&Chemical

Constitute.

[119, 123–125] As for noncontact non-destructive test is terahertz wave detection, which is given to test film thickness and coating [123, 126], evaluate
multilayer coatings [111, 123, 127], plot thickness distributions [123], detect inhomogeneity and coating layer defects [116, 123], monitor

dry-wet conversion [123], and determine concentration or the chemical composition [128].
Thickness&Defect. [123, 125, 129, 130]

CompositeMaterials Detect fiber orientation and

content.

[98, 100, 104, 131] THz technique shows notable potential for surface and interior examination of various composites, includingwood-plastic composites

[120], carbon fiber composites [100, 132], polyethylenefiber composites [133], polymer nanocomposites [134, 135], and glassfiber compo-

sites [136].
Examining flaws. [132, 137]

Glass Refractive index and absorption of

quartz and silica samples.

[138] Studies on the refractive indices and absorption spectra of glass and glass-consolidatedmaterials in the terahertzfield are shown [75, 136].

The ratio of preferred oriented

glass fiber and fiber orientation.

[136, 139]

Brick, Concrete,

Cement, Stone

& Sand

The attenuation coefficients of

broadly utilized buildingmaterial.

[118,140] THzwaves are used to the study of the internal constructive concrete.

Concrete inner cracks or exter-

nalflaws.

[114, 141, 142]

Assessing thewater content of

harden cement slurries.

[143–146]

Asbestos &RockWool Analyse the existence of asbestos [118] It is not fortunate that long-term suffer in air asbestos fibers is not security to human beings and can lead to related asbestos diseases.

Detect corrosion in the pipe [147]

7

P
hys.Scr.98

(2023)065006
L-F

Sh
ietal



loss inG band increases with the increase of dielectric film. In 2018, Seifert et al [158] proposed an all optical free
contactmethodwith large sample handling capacity that allowed to extract the spin current relaxation length
and the spinHall Angle.

After nearly 20 years of development, it can be seen that the loss of THz hollowmetal waveguide has
increased from0.7 cm-1 to 0.025 cm-1, and the performance improvement is very obvious.

4.1.2. THz parallel plate waveguide
In 2001,Mendis et al [159]proposed THz parallel flat waveguide. They also glued two thin copper sheets
together to produce aflexible parallelflat waveguide [160]. The 0.22ps THz pulsewaswidened to 0.33ps after
passing through a 250mmwaveguide, and its amplitudewas attenuated 10 times.

In 2007,Mendis constructed a kind of dielectric-filledMetallic parallel-plateWaveguides (DF-PPWGs)
[161] and found that although the absorption of high resistance silicon is smaller, comparedwith that of
polyethylene, DF-PPWGs filledwith high resistance silicon showed high transmission loss. Therefore, the key to
realize low loss transmission in parallel planar waveguides is to use dielectric fillers with low absorption and
refractive index.

In 2008, Cooke et al [162] realized themodulation of THz pulses by filling siliconwith a transparent
conductiveOxide film (Oxide is Tin fluorideOxide, fluorineOxide, FTO) in a parallel flat waveguide. Therewas
not time delay between the air-filledwaveguide and the confocal lens position, and the transmitted pulse keeps
short with small reshaping.When an FTO-coated silicon plate of length Lwas inserted into afilled air copper
waveguide, the pulses remained little and shiftedΔt= L(nSi− 1)/c, denoting that the transmitted pulses
remained singlemode and propagatedwith only a little number of group velocity dispersion, and the group
indexwas near to the bulk silicon.

It can be known that the group velocity dispersion of THz parallel plate waveguide is very small, but the loss
has no obvious advantage comparedwith THz hollowmetal waveguide. At the same time, it can also be found
that people have realized THzwavemodulation byfillingmedium inTHz parallel plate waveguide, instead of
simply studying its guidedwave properties.

4.1.3. THzwire waveguide
In thefield of THzwave transmission technology, wire waveguide is an important waveguide, which has the
advantages of lowdispersion and low loss. In 2004,Wang et al [163] proposed a bare-metal linear waveguide to
solve the problem that THzwave cannot transmit over long distances, which has the advantages of low
dispersion and low loss. In 2005, they [164] constructed a simple Y-type beam splitter on this basis.

In 2005, Jeon et al [165] carried out experimental and theoretical research on the propagation of terahertz
wave on a single Cuwire, which shows THz pulse attenuationwhen copperwire is bentΔh in the experiment.

He et al [166] studied the transmission characteristics of THzwirewaveguide in 2006, and analysed the
influence of several commonmetalmaterials on the transmission performance.

THzwirewaveguide possesses the advantages of simple structure, highflexibility, easy bending, low
dispersion and low loss.However, as wirewaveguide is a kind of bare structure, its anti-interference
performance is not very good, so additional design is needed to compensate.

4.1.4. THz fiber opticmedium
THzfibers are usuallymade of dielectricmaterials, especially polymermaterials, because they have lower
absorption losses and lower dispersion coefficients in the THz band. For example, polytetrafluoroethylene
(PTFE, or Teflon), polymethylmethacrylate (PMMA), polyethylene (PE), polypropylene (PP) and cycloolefin
copolymer (COC).

In 2000, Grischkowsky et al [167] studied thewaveguide propagation characteristics of sub-picosecond THz
pulses in single crystal sapphire fiber.

In 2006, Chen et al [168] studiedTHz fibermade of polyethylene. They used polyethylene fiber as the core of
thefiberwith high refractive index and directly used air as the cladding. They realized transmission of 0.3 THz
wave in 200μmdiameter polyethylene fiberwith loss as low as 0.01 cm−1. THz dielectric fiber, different from the
traditional quartz fiber, the performance of polyethylene fiber is very outstanding, its transmission of THzwave,
loss can be as low as 0.01 cm−1.

4.1.5. THz dielectric tube waveguide
Dielectric tubewaveguide is composed of dielectric tube and air core in themiddle of tube. It has simple
structure and low transmission loss. Its workingmechanism is anti-resonance guidingmechanism.When
operating at the antiresonance frequency, THzwaves are fully reflected by the innerwall of the dielectric tube
and thus transmitted through the inner air core.
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In 2009, Lai et al [169] studied the THz dielectric tubewaveguidemade of PTFE. In 2010, Lu et al [170]
carried out an experimental research on the bending loss of terahertz PTFE tubewaveguide, and studied the
influence of frequency, polarization, core diameter, cladding thickness and claddingmaterial on the bending
loss of thewaveguide. The results show that the lowerwaveguide loss is due to the strongermode constraint and
the lower bending loss.

In 2015, Bao et al [171]measured three sizes of polymethylmethacrylate (PMMA) dielectric tubewaveguides
with hollow kernel diameter of 4mm, and cladding thickness of 1.29mm, 1.97mmand 2.95mm, respectively.
The loss wasmeasured in the range of 0.3 to 1 THz in the range of 0.05 to 0.5 cm−1.

In THz dielectric tubewaveguide, PTFE performs extremelywell, its coupling efficiency can reach 80%, the
lowest loss is far less than othermaterials dielectric tubewaveguide, also far better than other types of THz
waveguide, and has a broad application prospect.

4.1.6. THz photonic crystal
In 1987, Yablonovitch [172] proposed the concept of Photonic Crystals (PCs)while studying how to suppress
spontaneous radiation in solid physics and electronics. Almost at the same time, John [173] also proposed the
concept of photonic crystal when discussing the photon local problem in disorderedmedium superlattices. It is
thus possible to introduce concepts related to solid state physics into such superlattice problems, introducing the
concept of band gaps.On this basis, Yariv [174] put forward the theory of photonic crystal waveguide in 1999.

Referring toMrHuang solid State physics [175], the starting point of tight binding approximation is that
when an electron is near an atom, it will bemainly affected by the action of the atomic field, and the action of
other atomic fields is regarded as the perturbation, so obtaining the correlation between the crystal energy band
and the atomic energy level of the electron. Themainmethod is Linear Combination of AtomicOrbital
Method (LCAO).

In terms of actual processing technology, the preparation of one-dimensional photonic crystal is relatively
simple, but because its periodic structure is one-dimensional, relatively complex defectmode cannot be
constructed, so it can realize not toomany functions. The defectmodes of 3Dphotonic crystal can be
constructed are very rich, somany functions can be realized, but the preparation process is relatively complex
and the cost is high.However, two-dimensional photonic crystals have both advantages, so the actual research is
mainly focused on two-dimensional photonic crystals.

(i) THz photonic crystal waveguide
In 2006, Zhang et al [176] proposed a silica-based 2-D photonic crystal waveguide and numerically

simulated the applicability ofKTHzmulti-mode interference effect and self-imaging principle in 2-D Si
photonic crystal waveguide. In 2009, Ponseca et al [177] analysed the transmission properties of lens
conduit, Cytop planar photonic crystal waveguide and hollowmicro-structured PMMAfiber in THz region.
In 2012, Kitagawa et al [178] systematically studied the band structure of two-dimensional photonic crystal
made of dielectric with a low dielectric constant, and proposed aflat waveguide of THz low-dielectric two-
dimensional photonic crystal sandwiched between two parallelmetal plates.

In 2015, Tsuruda et al [179] proposed a photonic crystal waveguide based on high resistance silicon plate
(resistivity of 20 kΩ/cm) in order to develop a photonic crystal waveguide with extremely low loss. In 2021,
Si et al [180] designed a band-stop filter based on two-dimensional silicon photonic crystal waveguide and
AAH (Aubry-Andr-Harper) resonator. Its stopband centre wavelength is 1668.3μm, its stopband
attenuation is 25.2 dB, and the passband insertion loss is 0.2 dB.With a highQ value of 1.5× 104, it is very
convenient to build integrated optical path.

THz photonic crystal waveguide has natural advantages in integrated optical path due to its extremely
low loss and highQ valuewhen conductingwaves at large angles. Due to the suitability of semiconductor
technology in THz band and the consideration of integrated optical path and integrated circuit,most THz
photonic crystal waveguides are currently developed based on semiconductormaterials [181].

(ii) THzphotonic crystal fiber

Photonic crystal fibers are separated into Total Internal Reflection (TIR) type and Photonic Bandgap (PBG)
type based on different light guidingmechanisms.

In 1996, Knight [182] reported atfiber-Optic Communications Conference that the first photonic crystal
fiberwas based not on photonic crystal band gap theory, but on total internal reflection theory like conventional
fibers. PBG type photonic crystal fibers were fabricated byKnight et al in 1999 and published in Science [183].

THz band photonic crystalfiber did not appear until 2004 [184, 185]. In this year, Goto et al [184] from Japan
produced low-loss THz photonic crystalfiber by using PTFE. Later, photonic crystalfibers with various
structures were developed. In 2014, Li et al [186] developed a new triangulated lattice THz photonic crystalfiber
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with high birefringence and lowdispersion over awide spectral range. By tune-up the structural parameter of the
photonic crystal fiber, up to 10-3 birefringence can be obtained in the frequency range from0.1 terahertz to 5
terahertz. In addition, the group velocity dispersion curve is close to zero and flat in the frequency range. So, it is
adapted to transmit broadband terahertz pulse that remain polarized. Other photonic crystal fibers with various
shapes, such as square [187] and hexagon [188, 189], have also attracted great attention.

The research on theworkingmode of photonic crystal fiber has also attracted great attention. In 2012, Chen
et al [190] designed a new type of THz single-mode single-polarization photonic crystal fiber, which introduced
asymmetric rectangularmicro-hole array in its core region. In 2013,Han et al [191] carried out a numerical
demonstration of 2× 6Gb/smodemultiplexing division transmission of 70 km long doublemode photonic
crystalfiber by using LP01 and LP11 acting as themode converter between two orthogonalmodes, and themode
crossing can be basically ignored and the power loss is less than 1.86dB. It reveals the possibility of combining
modemultiplexing division and photonic crystalfiber technology to achieve large capacity transmission.

The bestmaterial of THz photonic crystal fiber and dielectric fiber is PTFE, and the dispersion and loss
characteristics of THz photonic crystal fiber are further improved by introducing the photonic crystal structure
into thefiber. There are alsomany other studies onTHz photonic crystal fiber, such as THz ultra-wideband
photonic crystal fiber [192, 193], THz photonic crystal couplingmode [194] andTHz photonic crystalfiber
preparation process [195, 196]. Literature [193] operation begins with two types of KF, which transverse cross
sections are given.

4.1.7. THz isoplasmonwaveguides withmetal surfaces
The study of Surface PlasmonPolaritons (SPPs) beganwhenWood et al [197] observed an abnormal absorption
peak after irradiating a gratingwith light in 1902, which is called theWood anomaly. It was not until 1941 that
Fano explained the anomaly from the electromagnetic wavemode of themetal-air interface [198]. In 1956, Pines
was thefirst to theoretically explainwood anomalies through amodel of collective free electron oscillations in
metals, which he called ‘Plasmons’ [199]. In 1960, the concept of Surface Plasma resonancewas proposed by
Stern&Ferrell, which further promoted the theoretical research on Surface Plasma [200]. In 1968, Kretchmann
&Otto respectively proposed themethod of stimulating SPPs onmetal [201, 202], so that comprehensive
research on SPPs could be carried outwidely. In 2003, Barnes ‘Surface Plasmon SubwavelengthOptics’
summarized the development of thisfield and laid a solid foundation for it [203]. SPPs exist at the interface of
various negative dielectric constantmedia and positive dielectric constantmedia, themost common is the
metal-air interface [204–206].When the electromagnetic wave is coupled to themetal surface, it will excite the
collective oscillation of free electrons on themetal surface, forming a polarizedwave. If the excitedwave is a
travelingwave propagating on themetalmicrostrip, it is called surface isoionization polariton. If they are
standingwaves, which exist onmetal nanoparticles but cannot propagate, they are called local surface plasmons.

The plasma frequency ofmetal is generally in the ultraviolet band and has a high dielectric constant in THz
band. Althoughmetal can also realize surface plasmons (known as Sommerfeld-Zenneckwaves [165, 207]) in
THz band, the local ability is extremely weak. In 2004, Pendry et al [208] from Imperial College London realized
SPPs in THz band by introducing sub-wavelength scale square hole array onmetal Surface, which is called Spoof
Surface PlasmonPolaritons. SSPPs). Pendry’s team found that by diluting the concentration of free electrons on
themetal surface, they increased the skin depth of electromagnetic waves on themetal surface, triggering SSPPs-
like patterns on themetal surface, called SSPPs. The dispersion relationship can be obtained by solving the
Maxwell equation. For simplicity, Pendry assumes a square array of side d and a square cross section a× a for the
hole infigure 5. In 2008,Williams et al [209] changed the square holes into grooves andmade the THz band
SSPPs structure.

In 2008, Fernandez-Dominguez et al [210] proposed a periodicmetal linear waveguide. In this year,
Fernandez-Dominguez et al [211] studied the propagation of tightly boundTHz-SSPPs on spiral groovewires
both theoretically and experimentally. The periodic structure of thewires can allow the formation of surface
electromagnetic patterns with different azimuthal symmetry at wavelengths longer than the pitch. In 2009,
Zhang et al [212] developed a subwavelength gratingwaveguide based on SSPPs, which consists of two parallel
metal plates with periodic wavy inner boundaries to slow down the propagation speed of THzwave. In 2010,
Gao et al [213] designed a structure consisting of a single row ofmetal wedges that periodically protrudes from
theflatmetal surface.

In 2013, Shen et al [214] presented the fabrication of ultra-thinmetal gratings on ultra-thin flexible
substrates, calledConformal Surface Plasmons (CSPs), realizing the two-dimensional structure of SSPPs. The
teamdevelopedmany functional devices based on this structure, such as SSPPs antenna [215],filter [216],
second harmonic generator [217], etc.

In 2016, Liu et al [218] studied the dispersion characteristics of an ultra-thinmetallic slotted SSPPs
waveguide in THz band by applying thefinite elementmethod. They also studied the transmission
characteristics of subwavelength planar SSPPwaveguide ring resonator.
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In 2016, Liu et al [219] presented and studied a THz electron source based on the effective generation of
SSPPsmode in a double-corrugatedmetal waveguide. In 2017, Chowdhury et al [220] studied periodic fluted
metallic THzwaveguides filledwithmedia. In 2018, Zhang et al [221] designed THz-SSPPswaveguide based on
one-dimensional grating structure, and constructed S-bentwaveguide, Y-type beam splitter and directional
coupler on this basis. In 2018, Guo et al [222]proposed the realization of cotype SSPPswaveguide in THz band
for thefirst time. In 2019, Jaiswal et al designed a bandpassfilter based on a similar structure [223]. In 2020, Xu
et al also designed a similar structure [224]. These studies are limited to numerical calculation in THz band, and
experimental verification is carried out inmicrowave band. In 2021, Rahman et al [225] tested four samples of
jet-deposited nickel layers on alumina layers by high-resolution THz time-domain spectroscopy. Once the
correct spot is selected, the built-inmotion screw is adjusted formaximum reflection, thus ensuring that the
T-ray beamon the sample surface is incident vertically [225].

In aword, there aremore andmore researches on SSPPs, and various devices based on SSPPs have been
developed, butmost of them are limited to themicrowave band. Although the research onTHz band SSPPs
waveguide is not rare, it is limited to theoretical and simulationwork due tomany practical reasons such as
signal source and detector, and the experimental work is very rare, which is almost an unexplored direction and
still has great potential.

4.1.8. THzwaveguide based on novel two-dimensional materials
Graphene, as themost representative new two-dimensionalmaterial, has excellent performance in force, heat,
light, electricity and other aspects, and has a good application prospect in biology,medicine,materials and other
directions. In recent years, it has been payed forwide attention and has been studied in depth continuously
[226–230].

Graphene is typically only 0.2 to 0.5 nm thick, which is lower than the thickness ofmetalfilms that can be
processedwith existing techniques. Graphene exhibits an extremely high carriermobility of 20 000 cm2/(V·s) at
normal atmospheric temperature (when electron density is 2×1011 cm−2) [231]. The light absorption of
graphene is divided into two types: interband absorption and in band absorption [232]. In 2008,Hanson [233]
proposed the THzParallel PlateWaveguide (GPPWG)model for thefirst time. In 2011, Vakil & Engheta [234]
used bias voltage to regulate the SPPs properties of graphene. In 2012, Yuan et al [235] designed a
semiconductor-graphene cylindrical THzwaveguide. In 2014,Wang et al [236] designed parallel and series
couplers based on graphene SPPswaveguide. The dispersion curve of the graphene SPPswaveguide and the state
transition of the coupler are able to be controlled by changing the bias voltage.

In 2018, Chen et al [237] proposed a novel Graphene /AlGaAs SPWstructure combiningGraphene Surface
PlasmonWaveguides (GSPW) and nonlinearmaterials. It is used to generate terahertz wave difference
frequency generation under near-IR pumping. In 2019,He et al [238] theoretically reported a novel graphene-
basedHybrid PlasmonicWaveguide (Graphene-basedHybrid PlasmonicWaveguide) by integratingGaAs
microtubes onto silica gasket supported byGraphene coating substrate. GHPW). In 2019, Zheng et al [239] also
proposed a newTYPE ofGHPW.

Comparedwith traditionalmaterials, graphene exhibits superior characteristics such as strongermode
constraints and longer transmission distanceswhile beingworkable with thinner thickness. It can be seen that

Figure 5.Themodel system: a× a square holemade on a d× d grid is divided into the surface of an ideal conductor.From [208].
Reprintedwith permission fromAAAS.
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graphene has broad prospects in the field of THz. At present, although the research on new 2Dmaterialsmainly
focuses on the two directions of gold film and graphene, the research on other new 2Dmaterials, such asWSe2
[240],WS2 [241, 242],MoS2 [243] and black phosphorus [244], is also continuous. In order to further illustrate
that 660 nm is a goodmodulation effect as a pump light excitation sample, the throughput curve ofWS2film is
calculated [240]. The thickness better thanWS2 film is only 0.65 nm, and the transmittance of the film cannot be
measured directly. Therefore, the result is calculated from the transmittance of substrate Si andWS2 Si samples.
The unit of the terahertz absorber is given infigure 6 [243]. Figure 7 is a schematic representation of their
presented plasmon sensing structure, where a single layer of BP is separated from the germaniumprismby a
TPX and crystalline quartz layer, and other TPX and crystalline layers are sequentially arranged between the BP
and sensingmedium layer [245].

4.2. THzmetamaterials
4.2.1. Research overview of THzmetamaterials
Metamaterial, also known as new artificial electromagneticmedia andmetamaterialmaterials, is characterized
by arranging artificial unit structures (artificial atoms)with subwavelength scale in periodic or aperiodic order,
thus obtaining electromagnetic properties beyond the limits of naturalmaterials. For example, negative
refractive index, zero refractive index, ultra-high refractive index, high-frequencymagnetic response, etc
[246–249]. Since the 1990s, researches on the basic theory, functional devices and engineering applications of
electromagneticmetamaterials have attracted extensive interest in physics, information andmaterials fields.
Based on the electromagnetic parameters and their distribution that can be designed bymetamaterials,

Figure 6.Presented absorber withMRC layer. (a)Top view. The geometric parameters: px= py= 60μm, r1= 20μm, r2= 16μm,
c2= 2μm, c1= 30μm. (b)The structure of theMRC array and the bottom gold layer are divided by a thin TOPAS dielectric layer with
a thickness, h= 26μm.Reprinted from [243], Copyright (2021), with permission fromElsevier.

Figure 7. Schematic diagramon black phosphorus orwaveguide plasmon structure.Reprinted from [245], Copyright (2021), with
permission fromElsevier.
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researchers have developed a variety of new devices such asmetamaterial cloths, lenses and antennas [250–255].
According to thefield-local andfield-enhancement characteristics ofmetamaterials (this effect is particularly
significant in surface plasmonmetamaterials) and the characteristics of sub-wavelength scale, novel
metamaterials sensing and imaging devices are developed, which can effectively improve the sensitivity and
imaging resolution of sensors [244, 256, 257].With the introduction and implementation of digital coding and
programmablemetamaterials, the characterization and design ofmetamaterials are carried out in binary digital
mode (i.e., the numbers 0 and 1), which promotes the integration ofmetamaterials and information technology
andmakes it possible for new systemmetamaterials imaging system and communication system [246].

The terahertz frequency region is intermediate between far-IR andmicrowave in the electromagnetic spectra
and is generally defined as electromagnetic radiation of 0.1∼ 10THz [258].With the rapid developing THz
sources and detectors and the continuous development of terahertz functional devices, terahertz science and
technology havemade vigorous development in recent years. Terahertz technology has a good application
prospect inmaterial characterization, security inspection, biomedical imaging and communication, etc
[259, 260]. In terms of imaging, comparedwithmicrowave andmillimetre wave frequencies, the terahertz
imagerwill have higher spatial resolution, and comparedwith optical imaging, terahertz radiation has better
penetration, somore depth information can be obtained [261]. At the same time, terahertz imaging applications
have been receiving a lot of attention because it is a non-ionizing radiationwith better biosecurity. Terahertz
metamaterials andmetamaterials have broad application prospects in terahertz imaging systems due to their
advantages of subwavelength unit scale and flexible control of electromagnetic wave amplitude, phase and
polarization characteristics [262, 263].

In the 1990s, Sir John proposed themethod of equivalentmedia parameters to construct the negative
permittivity and negative permeability of low frequencies [264, 265], and the teamof Prof. Smith verified the
experiment inmicrowave frequency [266]. Since then, electromagneticmetamaterials have been the hot topic to
research formore than 20 years.With the application ofmicro-Nano processing technology,metamaterials in
terahertz, infrared and visible wavelengths can also be realized in the laboratory [267–269]. In particular,
terahertzmagneticmetamaterials break through the limitations of naturalmaterials and obtainmagnetic
responses at high frequencies [267]. Terahertzmetamaterials can also be used to obtain negative or ultra-high
refractive indices. At the same time, researchers have developed a variety of new terahertzmetamaterial devices,
including cloaks, absorbers,modulators and optical switches, to regulate the propagation properties of terahertz
waves [270–272].

Electromagneticmetasurface, as a kind of two-dimensionalmetamaterial, has attracted extensive research
interest. Comparedwith 3Dmetamaterials,metamaterials have deep subwavelength thickness, and their
manipulation of electromagnetic waves does not depend on phase accumulation in space, but on the phase
gradient (discontinuous distribution) between adjacent elements to realize themanipulation of electromagnetic
wave front, amplitude, phase and polarization [273]. Therefore, adopting themetasurface scheme is beneficial to
the design of ultra-light, ultra-thin and easily conformed terahertz devices, such asmetasurface abnormal
reflection/refraction devices, polarization converters and low scattering devices [179–276]. Through the
combination ofmetasurface and a pair of orthogonal gratings, abnormal deflection and efficient polarization
conversion of transmitted terahertz linearly polarizedwaves can be realized [276]. Therefore, terahertz
metasurface devices can achieveflexiblemanipulation of terahertz beam and have the advantages of light weight
and easy conformal.

4.2.2. Tuneable& reconfigurable THzmetamaterials
Commonly usedmaterials include superconductingmaterials, graphene, liquid crystal, phase changematerials,
titanate andmagneticmaterials, etc [263, 277].

Chen et al [278] designed terahertz SRRmetamaterial on YBCO (YBa2Cu3O7−δ, δ= 0.05) superconducting
filmwith a thickness of 180nm,whose terahertz resonant frequency and transmission properties are adjustable
with temperature. Themetamaterial device covers amonolayer of graphene on the surface of a zero-refractive
indexmetamaterial and realizes the adjustable Goos-Hänchen effect by electrically adjusting the Fermi energy
levels of graphene [279]. For example, LC1852 has a THz normal and abnormal refractive index of 1.56 and 1.89
respectively, so it has potential applications in THz adjustablemetamaterials, THz phase shifters andTHz beam
scanning devices [280]. The liquid crystal/metamaterial adjustable absorber structure consists of a resonant
unit, a liquid crystal layer and ametal backplane layer [281]. The problems encountered in the design of LC-
based terahertz components are systematically solved [282].

The conductivity of epitaxial VO2film can reach 105 Sm−1, so the complex dielectric constant needs to be
considered [283]. VO2 has beenwidely used in tuneablemetamaterials [284]. Zhu et al [285] gives a schematic
diagramof theVO2/metamaterialfilter. Hillman et al [286]designed a broadband terahertz phase shifter using
VO2, which achieved a phase shift ofmore than 300° in the frequency range of 220∼ 250GHz,which could be
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applied to terahertz beammanipulation including beam scanning.Metamaterials and devices based on dielectric
materials (such as titanate) are also adjustable with temperature [287].

Magneticmaterials are alsowidely used in tuneablemetamaterials. Bi et al [288]designed amagnetic
metamaterial unit usingMn-Znmicrowave ferritematerial, and realized a thermally adjustable negative
refractive index by recombinationwithmetal wire element. In addition,magnetically tuneable wideband
microwavefilters can be realized by using ferrite-basedmetamaterials [289]. Liu et al [290] shows that when the
intensity ofmagnetic field bias is 194mT, themodulation depth of terahertz transmission amplitude can
reach 34%.

Reconfigurablemetamaterials generally refer to the reconstruction or adjustment ofmetamaterials’
properties through the reconstruction of their geometric structures. Common approaches to reconfigurable
metamaterials includemicro-electro-mechanical systems (MEMS) techniques and deformation techniques
such as thermal and stress-induced deformation [291, 292]. It is also a commonmethod inMEMS technology to
change the height of the cantilever beamby driving voltage, and then adjust the geometric parameters and
resonant frequency ofmetamaterial unit [293].Metamaterials composed ofmaterials with different thermal
conductivity are usually bent by lifting and cooling, or substrates with good ductility are stretched to change
metamaterials’ geometric parameters [292].

In addition, activemetamaterials can be constructed by introducing active components or functional
materials, such as diodes, semiconductormaterials and graphene, intometamaterials [294, 295]. Active control
of THz electromagnetic induced transparency is able to be realized by changing the electrical conductivity of Si
by changing the optical pumping intensity [295]. By dealingwith the intensity distribution of pump light, the
pattern reconstruction of themetasurface can be realized [296]. The cell of EITmetamaterial composes of cut
wires (CW) and two SRRs, inwhich the silicon island is located in the gap infigure 8(a) [295]. Themetamaterial
structure wasmade of a siliconwafer on sapphire consisting of an undoped silicon film 500 nm thick and a
sapphire substrate 495microns thick. As shown infigure 8(c), electro-optic time-resolvedOPTP system is used
formeasurement. The tested amplitude transmission for the first as continuouswave only and second samples
as SRR pair are only given infigure 8(d).

Tuneable, reconfigurable, and activemetamaterials enablemetamaterials to function not in afixed state, but
in an excitablemanner, allowing them to operate at adjustable frequencies or switch between different
functions, allowing them tomanipulate the transmission properties of electromagnetic waveswith greater
freedom.

4.2.3. THz digital coding with programmablemetasurface
Prof. Cui presented the concepts of digitally codedmetamaterials and field-programmablemetamaterials [274].
Moreover, 1-bit, 2-bit and 3-bit digitally encodedmetasurface can be got by selecting units of different sizes

Figure 8.Design Experiment and tested transmission spectrum. (a) Schematic on the cell. The geometrical parameter: l= 29, L= 85,
s= 7, h= 495, g= 5,w= 5,Py= 120 and Px= 80μm. (b)Microscopic images ofmetamaterial produced. Scale bar, 100μm. (c)
Schematic diagramon the experiment for themeasurement of EITmetamaterial by optical pumpTHzprobe. (d)Tested amplitude
transmission spectrumof unique continuouswave in pink, SRRpairs in orange, and the EITmetamaterial samples in olive. The inset
in (d) shows the structuring geometry of the distinctive continuouswave, SRRpair, and the EITmetamaterial samples from left to
right with polarizing diagrams.Reproduced from [295], with permission fromSpringerNature.
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[297]. Single beam, double beam,multi-beam radiation andRCS reduction of terahertz wave can be obtained by
optimizing the coding pattern.

The digital coding sequence is input into field programmable gate array, namely FPGA, and the bias voltage
is controlled by FPGA to realize the real-time switching of the coding pattern ofmetamaterial array, to control
the far-field radiation properties ofmetamaterial array [274]. Cong et al [298]designed a terahertz
programmablemetasurface scheme based onMEMSprocess.

As shown infigure 9(a), the authors think about specialmetasurfaces [274] consisting of binary numeric
elements of ‘0’ or ‘1’. Nevertheless, to achieve awide band, they implement the binary element infigure 9(b)
using a subwavelength squaremetal patch printed on the dielectric substrate. For example, on 010101K /
010101K, under a periodic coding sequence, the normal incident beam ismostly reflected by themetasurface to
two symmetrical orientations, while in 010101K / 101010K / 01001K / 101010K, as given infigures 9(c)
and (d).

MEMS-basedMIM systems typically consist of structuredmetal resonators designed as suspended
cantilevers that can be reconfigured by applying electrostatic forces, and continuousmetal planes separated by
dielectric spacers on the substrate [298].

Digital codingmetamaterials with field programmablemetamaterialsmetamaterials, also called information
through supermaterial descriptionmethod and the designmethod of digital, implements themetamaterial with
the integration of information technology, sometamaterials can be directly to digital information processing
based on information, and to develop a new systemofwireless communication system and the imaging system.

Figure 9.The surface of the 1-bit numeric element and the surface of the encoded element. (a)The surface of a 1-digit element consists
of two kinds of parts: ‘0’& ‘1’. (b) Squaremetal patch cell for achieving ‘0’& ‘1’ andAccording to phase response in the frequencyfield.
(c, d)Two1-bit periodic coding element surfaces, which determine beam scatter by design coding sequences of ‘0’& ‘1’ parts: (c)
010101K / 010101K, and (d) 010101K /Reproduced from [274]. CCBY 4.0.
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5. THz technology trends

5.1. Terahertz spectroscopy& imaging
Many research and industrial applications related to architecture require non-destructive, non-contact and
spatially resolved research. Severalmethods are presented tomeet the need, including terahertz waves,
microwave radiation, x-rays, infraredwave, and neutron radiation, which cover different parts of the
electromagnetic spectrum. To improve the reliability of themeasured data, eachmethod has its limitations and
advantages that should be considered, particularly when integrated. The review adds two additional techniques,
visual and ultrasoundmethods, which also are broadly utilized in the building and construction industries. For
an example, terahertz waves have been integratedwith ultrasound to boost comparison and resolution for
imaging [299], andwith confocalmicroscopy and electron to comprehend the relationship between the
microscopic andmacroscopic structures ofmaterial [98].

Terahertz waves have several disadvantages that are of extreme interest tomanufacturers and research
scholars, particularly in order to promote current application in industrial settings. The review highlights the
most significant shown infigure 10.

These shortcomings can be promoted by utilizing different statistical analysis technology, decision trees, and
neural networks, which are particularly helpful for sampleswith impure chemical properties. Such as building
material. Other possible solution to promote the reliability of terahertz result is to propose the terahertz standard
in the sample preparation, themeasurement, and the systemdesign.

5.2.Development trend of terahertz technology inmaterial research
Although terahertz spectroscopy and imaging technology have preliminary potential in some uses in the
constructing industry, it can be seen that there are stillmany areas to be studied in this field.Here, the paperwill
briefly give some problems related to the trend of construction and construction industry [300–302], which
should be thought about in future.

5.2.1. Energy saving thermal insulationmaterial
Themajor effect of the insulation layer could be tomake inferior thermal transmittance and thermal
conductivity, whichmainly relates to the thickness of thematerials and several other factors in detail by Jelle
[302]. Nevertheless, terahertz spectroscopy is used to detectmost of the properties, such as gas,material
moisture content, and thickness, infrared transmittance, temperature dependence, andmaterial densities. High
power terahertz imaging is able to discover the structure of traditional insulatingmaterial, including the content
offibers orfillers and the orientation of fibers, which decide themechanical and physical characters of the final
materials and is able to controlling in the process. In addition, since terahertz wave is also able to detect gas, it is
used to estimate the presence of expanded gases captured in units of conventional polymer foam after
production.

As the energy consumption of buildings and construction fields accounts for an important proportion of the
total energy consumption in theworld, new thermal insulationmaterials are proposed to promote the energy
efficiency of building. Comparedwith the conventional building envelope, the new thermal insulationmaterial
has the advantage of thinning or formingmulti-layer structure, which also isfit for terahertz sensing. Currently,
the aerogel is themost prosperous high-performance thermal insulationmaterial [303], which has a high
porosity,making it easy for terahertz wave to penetrate thematerial. Therefore, terahertz systems are adapted to
regulate the producting procedure of aerogels. As an example, the unbound form alkoxide group in the silica
aerogel network, thewater content in the pores over drying, and the distributing large pores in thematerials,
which could not be ideal for an insulation purpose. Terahertz TDS is utilized to research the adsorption
procedure of silica aerogels onmolecular vapours such as ammonia, water, chloromethane, and others [304].
Furthermore, terahertz imaging is also able to be used to visualize hidden flaws, such aswater intrusion, cracks,

Figure 10.THz promoted current application in industrial settings.
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etc in building envelopemade of gas insulation panel ormodern vacuum. The panel is composed of an overt
porous kernel of fumed silica, which is wrapped by some layers ofmetal polymer, and even so a little puncture
will raise the thermal conductivity and allowwater and air to invade [302]. Phase varyingmaterial, such as non-
paraffin, organic paraffin,metalmaterials or salt hydrate, added in the formofmicrocapsule or planar or
cylindrical element has shownnotable latent as insulatingmaterials [305]. Thesemain functions are to vary from
a solid state to a liquid state when they are heated and vice versa when they are cooled. As for normal cases, the
variation happens in the temperature varying from18 to 32 °C [300] and is able to easily determined by terahertz
spectroscopy combinedwith cryogenic systems. Figure 11 shows the development trend of THz in fourfields.

THz development trendmainly includes the following four aspects according to THzmetamaterials as
shown infigure 12.

6. Conclusion

This paper reviews the application of terahertz spectroscopy in research and industry in recent years. At the same
time, the key problems of the existing technology are summarized, and somenewways of application in the
range of buildingmaterial are proposed. Study and application require clearly that terahertz spectroscopy
possesses broad prosperous for research scholars to discovermaterial structure and engineers to control
producing processes to improvematerial performance and durability. In addition, terahertz waves generate
unique absorption spectrawhen passing throughmaterials, which can be used to analysemoisture content,
chemical composition, porosity, density,material thickness, food safety,material aging, etc Furthermore, the
complementary imagingmethod can display surface and hidden internal flaws, inclusions andmanufacture
defects. The special properties can use terahertz spectroscopy to image a beneficial alternative or supplement to
another sensing technologies with ultrasonic, infrared,microwave, or x-raywave. Though the constructing
industry is backward other industries in the application of terahertz technique and creative activities, there still
are a lot of potential applications for the further study. It can be seen that when novel high-resolution, high-
speed, and high-power sourcesmake breakthrough progress, the potential of terahertz spectroscopy in building
andmaterial characterizationwill be significantly improved. Especially, in the future terahertz devices and
terahertzmaterials, such as terahertz waveguide, terahertzmetamaterials andmetasurface are prosperous.

Data availability statement

The data cannot bemade publicly available upon publication because they are not available in a format that is
sufficiently accessible or reusable by other researchers. The data that support the findings of this study are
available upon reasonable request from the authors.

Figure 11.The development trend of THz.

Figure 12.THz development trend according to THzmetamaterials.

17

Phys. Scr. 98 (2023) 065006 L-F Shi et al



ORCID iDs

Ling-Feng Shi https://orcid.org/0000-0003-2638-9643
HongYue https://orcid.org/0000-0003-2072-6223

References

[1] Piesiewicz R, JansenC,Wietzke S,MittlemanD,KochMandKürner T 2007 Int. J. InfraredMilli.Waves 28 363
[2] GuoW,He L and SunX2013 IEEE Inter.Wireless Symposium
[3] Sun S,MacCartneyGR andRappaport T S 2017 IEEE Int. Conf. Commun. (ICC)
[4] Malhotra I, Jha KR and SinghG 2018 Inte. J. ofMicrowave andWireless Techn. 10 271
[5] SawadaH, IshizuK, Kojima F, Inagaki K,OgawaH, Fujii K, Kasamatsu A andHosako I 2018 12th EuropeanConf. Ant. and Prop.

(EuCAP 2018)
[6] ThompsonZ J 2019Web. Conf.: Strategic Advisory Committee Review, EIL
[7] Rappaport T S, Xing Y, KanhereO, Ju S,MadanayakeA,Mandal S, AlkhateebA andTrichopoulos GC2019 IEEEAccess 7 78729
[8] MacCartneyGR andRappaport T S 2019 IEEETrans.Wireless Commun. 18 3395
[9] Mahankali P, SusilaM, RamaRT andMondal S 2021 Inter. Conf. Commu. Inf. andComp. Tech.
[10] Sheikh F, ZantahY,Mabrouk I B, AlissaM, Barowski J, Rolfes I andKaiser T 2021 IEEETrans. Ant. and Prop. 69 7820
[11] Kürner T,MittlemanDMandNagatsumaT 2022THzCommunications Paving theWayTowardsWireless Tbps (Berlin: Springer)

(Springer Series inOptical Sciences) 2341st edn (https://doi.org/10.1007/978-3-030-73738-2)
[12] FitchM J andOsiander R 2004 JohnsHopkins APLTech. Dig. 25 348
[13] LiuC,WangC andCao J C 2017 Journal of Optical Technology 84 53
[14] ZimdarsD, Valdmanis J A,White J S, StukG,Williamson S,WinfreeWP andMadaras E I 2005AIPConf. Proc. 760 570
[15] Hejase J A, Paladhi PR andChahal P P 2011 IEEE Tran. Components, Pack. andManu. Techn. 1 1685
[16] Hejase J A 2012Terahertz time domainmethods formaterial characterization of layered dielectric mediaMichigan StateUniversity, The

Degree ofDoctor of Philosophy Electrical Engineering
[17] ChopraN, PhipottM, Alomainy A, Abbasi QH,Qaraqe K and Shubair RM2016 16thMediterraneanMicrowave Symp. (MMS)
[18] ImKH,KimSK, ChiouCP and Jong-An J 2018Characterization of terahertz waves on foreignmaterials of compositematerialsAIP

Conf. Proc. 1949 230023
[19] FengH et al 2020Appl. Phys. B 126 9
[20] BlakeGA2008 33rd Inter. Conf. Infrared,Millimeter andTerahertzWaves
[21] VaksVL, AnfertevVA, Balakirev VY, Basov SA,Domracheva EG, IllyukAV,Kupriyanov PV, Pripolzin S I andChernyaevaMB

2020Phys. Usp. 63 708
[22] RenA, Zahid A, FanD, YangX, ImranaMA, Alomainy A andAbbasiaQH2019Trends in Food Sci. &Tech. 85 241
[23] Fukunaga K,OgawaY,Hayashi S andHosako I 2007 IEICE Electron. Express 4 258
[24] Mathanker SK,Weckler PR andWangN2013Trans. ASABE 56 1227
[25] WangK, SunDWandPuH2017Trends in Food Science&Technology 67 93
[26] WangC,Qin J, XuW,ChenM,Xie L andYingY 2018Trans. ASABE 61 411
[27] HangyoM2015 Jpn. J. Appl. Phys. 54 120101
[28] PengK et al 2017Nanotechnology 28 125202
[29] KlugMT et al 2020Energy Environ. Sci. 13 1776
[30] WangC, Zheng Y, TanZ,HeX andCao J 2022 J. of Terahertz Sci. and Electronic Inf. Tech. 20 241
[31] NaftalyM,ViewegN andDeninger A 2019 Sensors (Basel, Switzerland) 27 4203
[32] Li B, ZhaoY,Wang P, ZhouB andZhangK 2019Electronic Components&Materials 38 1
[33] GhannWandUddin J 2017Terahertz Spectroscopy
[34] Lewis RA 2014 J. Phys. D 47 37
[35] Ozyuzer L et al 2007 Science 318 5854
[36] Zolotarev V 2007 Journal of Optical 74 6
[37] HübersHW, Pavlov SG and ShastinVN2005 Semicond. Sci. Technol. 20 7
[38] Knyazev BA,KulipanovGN andVinokurovNA2010Meas. Sci. Technol. 21 5
[39] WuXL, Xiong S J, Liu Z, Chen J, Shen JC, Li TH,WuPHandChuPK2011Nat. Nanotechnol. 6 2
[40] KressM, Löffler T, Eden S, ThomsonMandRoskosHG2004Opt. Lett. 29 10
[41] Horvat J and Lewis RA 2009Opt. Lett. 34 14
[42] Bogue R 2018 Sensor Rev. 38 2
[43] Fedorova KA,Gorodetsky A andRafailov EU 2017 IEEE J. Sel. Top. QuantumElectron. 23 4
[44] WuB, Zhang Z, Cao L, FuQ andXiong Y 2018 Infrared Phys. Technol. 92 287
[45] Liu S 2018AIPAdv. 8 1
[46] NasseM J et al 2013Rev. Sci. Instrum. 84 022705
[47] Morohashi I, Irimajiri Y, KumagaiM,KawakamiA, Sakamoto T, SekineN,Kasamatsu A andHosako I 2016 IEEE inter. topicalmeeting

onmicrowave photonics 14 126
[48] Tan P, FuQ, Li Y B, Xiong YQ,Qin B, YuTQ, FanMWand LiD 2012Proceedings of IPAC2012 1729
[49] ZhangH,XuX, Fan F andChang S 2015Opt. Eng. 54 4
[50] KrumbholzN,GerlachK, Rutz F, KochM, Piesiewicz R, Kürner T andMittlemanD2006Appl. Phys. Lett. 88 20
[51] YeHB, Zhang YHand ShenWZ2006Thin Solid Films 514 1–2
[52] WichmannM et al 2011 IRMMW-THz 2011 - 36th Inter. Conf. Infrared,Millimeter, andTerahertzWaves 50 15
[53] FurlanWD, FerrandoV,Monsoriu J A, Zagrajek P, Czerwińska E and SzustakowskiM2016Opt. Lett. 41 8
[54] HristovHD, Rodriguez JM andGroteW2012MicrowaveOpt. Technol. Lett. 54 6
[55] Scherger B, JördensC andKochM2011Opt. Express 19 5
[56] Jiang XY, Ye J S,He JW,WangXK,HuD, Feng S F, KanQandZhang Y 2013Opt. Express 21 24
[57] SiemionA, SiemionA,MakowskiM, Suszek J, Bomba J, Czerwiński A,Garet F, Coutaz J L and SypekM2012Opt. Lett. 37 20
[58] PartanenA et al 2012Appl. Opt. 51 35

18

Phys. Scr. 98 (2023) 065006 L-F Shi et al

https://orcid.org/0000-0003-2638-9643
https://orcid.org/0000-0003-2638-9643
https://orcid.org/0000-0003-2638-9643
https://orcid.org/0000-0003-2638-9643
https://orcid.org/0000-0003-2072-6223
https://orcid.org/0000-0003-2072-6223
https://orcid.org/0000-0003-2072-6223
https://orcid.org/0000-0003-2072-6223
https://doi.org/10.1007/s10762-007-9217-9
https://doi.org/10.1017/S175907871800003X
https://doi.org/10.1109/ACCESS.2019.2921522
https://doi.org/10.1109/TWC.2019.2913414
https://doi.org/10.1109/TAP.2021.3076577
https://doi.org/10.1007/978-3-030-73738-2
https://doi.org/10.1364/JOT.84.000053
https://doi.org/10.1109/TCPMT.2011.2163632
https://doi.org/10.1063/1.5031670
https://doi.org/10.1007/s00340-020-07496-3
https://doi.org/10.3367/UFNe.2019.07.038613
https://doi.org/10.1016/j.tifs.2019.01.019
https://doi.org/10.1587/elex.4.258
https://doi.org/10.1016/j.tifs.2017.06.001
https://doi.org/10.13031/trans.12201
https://doi.org/10.7567/JJAP.54.120101
https://doi.org/10.1088/1361-6528/aa5d80
https://doi.org/10.1039/D0EE00132E
https://doi.org/10.3390/s19194203
https://doi.org/10.1088/0022-3727/47/37/374001
https://doi.org/10.1126/science.1149802
https://doi.org/10.1088/0268-1242/20/7/011
https://doi.org/10.1088/0957-0233/21/5/054017
https://doi.org/10.1038/nnano.2010.264
https://doi.org/10.1364/OL.29.001120
https://doi.org/10.1364/OL.34.002195
https://doi.org/10.1109/JSTQE.2016.2633870
https://doi.org/10.1016/j.infrared.2018.06.014
https://doi.org/10.1063/1.4790431
https://doi.org/10.1063/1.2205727
https://doi.org/10.1016/j.tsf.2005.08.320
https://doi.org/10.1016/j.tsf.2005.08.320
https://doi.org/10.1016/j.tsf.2005.08.320
https://doi.org/10.1364/OL.41.001748
https://doi.org/10.1002/mop.26812
https://doi.org/10.1364/AO.51.008360


[59] Cheng L J and Liu L 2013Opt. Express 21 23
[60] Zubair A, TsentalovichDE, Young cc,HeimbeckMS, Everitt HO, PasqualiM andKono J 2016Appl. Phys. Lett. 108 14
[61] Rogalski A and Sizov F 2011Opto-Electron. Rev. 19 3
[62] Sizov F andRogalski A 2010Prog. QuantumElectron. 34 5
[63] WangN, JavadiH and JarrahiM2016 IEEEMTT-S international microwave symposiumdigest 2016 1
[64] Lee AWM,Williams B S, Kumar S,HuQ andReno J L 2006 IEEE Photonics Technol. Lett. 18 13
[65] Komiyama S 2011 IEEE J. Sel. Top. QuantumElectron. 17 1
[66] Han SP, KoH, Park JW,KimN, YoonY J, Shin JH, KimDY, LeeDH andParkKH2013Opt. Express 21 22
[67] Betancourt ArellanoR S andNahuelhualMuñóz L 2017Ecologia austral 27 99
[68] Hack E, Valzania L, GäumannG, ShalabyM,Hauri C P andZolliker P 2016 Sensors 16 2
[69] Hesler J L, Liu L, XuH,DuanY andWeikle RM2008 33rd International Conference on Infrared andMillimeter waves and the 16th

International Conference on Terahertz Electronics
[70] IkamasK, Cibiraite D, Lisauskas A, BauerM,KrozerV andRoskosHG2018 IEEE ElectronDevice Lett. 39 9
[71] IkamasK,Nevinskas I, Krotkus A and Lisauskas A 2018 Sensors 18 11
[72] Federici J andMoeller L 2010 J. Appl. Phys. 107 111101
[73] RazeghiM,Quanyong LU,Manna S,DonghaiWUand Slivken S 2016 Breakthroughs bring THz spectroscopy, sensing closer to

mainstream Photonics Spectra 2016 1–9
[74] Hosako I andOdaN2011 SPIENewsroom 10 2
[75] GowenAA,O’SullivanC andO’Donnell C P 2012Trends in Food Science&Technology 25 1
[76] Jepsen PU, CookeDGandKochM2011 Laser Photonics Rev. 5 1
[77] Zhang J andGrischkowskyD 2004Terahertz time-domain spectroscopy study of silica aerogels and adsorbedmolecular vapors

J. Phys. Chem. B 108 18590–600
[78] ChenT, ZhangQ, Li Z, YinX andHuF 2018 Spectrochim. Acta, Part A 205 312
[79] Da Silva VH,Vieira F S, Rohwedder J J R, Pasquini C and Pereira C F 2017Analyst 142 9
[80] NaftalyM2013 IEEE Sens. J. 13 1
[81] QuF, Lin L, Cai C, DongT,HeY andNie P 2018Applied Sciences 8 3
[82] QuF,Nie P, Lin L, Cai C andHeY 2018 International Journal of Agricultural and Biological Engineering 11 5
[83] Baek SH, LimHBandChunHS 2014 J. Agric. FoodChem. 62 24
[84] ZhangX, Lu S, Liao Y andZhang Z 2017Chemometr. Intell. Lab. Syst. 164 8
[85] CheonH, YangH J, Lee SH,KimYA and Son JH 2016 Sci. Rep. 6 37103
[86] MieloszykM,MajewskaK andOstachowiczW2018Proceedings of SPIE - the International Society for Optical Engineering 10600
[87] YangY,MandehgarMandGrischkowskyDR2011 IEEE Transactions on Terahertz Science andTechnolog 1 1
[88] AhiK andAnwarM2016 SPIECommercial Scientific Sensing& Imaging. International Society for Optics and Photonics 9856 98560G
[89] MomivamaH, Sasaki Y, Yosbimine I, Nagano S, Yuasa T andOtani C 2018 43rd International Conference on Infrared,Millimeter, and

Terahertz waves (IRMMW-THz) 1
[90] NovikovaA,MarklD, Zeitler J A, Rades T and Leopold C S 2018Eur. J. Pharm. Sci. 111 549
[91] OkG, Choi SW, ParkKHandChunHS 2013 Sensors 13 1
[92] OkG, ParkK,KimH J, ChunHS andChoi SW2014Appl. Opt. 53 7
[93] OkG, ShinH J, LimMCandChoi SW2018 FoodControl 96 383
[94] OzanYıldırım İ, Telli A, Çolak T, GürayC,Demirsoy B,Osmanoğlu T,Ünal İ, BeltekinG, ŞahinAB andAltanH2018 SPIE Security+

Defence ProceedingsMillimetreWave andTerahertz Sensors andTechnology XI 10800108000C
[95] RyuW,WonYHand LeeM2018Conference on Terahertz, RF,Millimeter, and Submillimeter-Wave Technology andApplications XI 52

edR FTerahertz
[96] Stübling E, Bauckhage Y, Jelli E, Fischer B, Globisch B, SchellM,Heinrich A, Balzer J C andKochM2017 Journal of infrared

Millimeter and TerahertzWaves 38 10
[97] BrahmA, SchmidtD, Riehemann S,NotniG,Wostmann F J andTunnermannA 2010Proceedings of InfraredMillimeter and Terahertz

Waves (IRMMW-THz) 5
[98] AbinaA, PucU, Jeglic A andZidansekA 2013Polymer Test 32 4
[99] WinfreeWP andMadaras E I 2005Proceedings of 41st AIAA/ASME/SAE/ASEE Joint Propulsion Conference&Exhibit
[100] Redo-Sanchez A, KarpowiczN, Xu J andZhangXC2006Damage and defect inspectionwith terahertz wavesThe 4th International

Workshop onUltrasonic and AdvancedMethods forNon-destructive Testing andMaterial Characterization (Dartmouth,MA, June 19,
2006) pp 67–77

[101] ZhongH,Xu J Z, Xie X, YuanT, Reightler R,Madaras E andZhangXC2005 IEEE Sensor. J. 5 2
[102] Rahani EK,KunduT,WuZRandXinH2011 Journal of Infrared,Millimeter andTerahertzWaves 32 6
[103] Rutz F, KochM,Khare S,MonekeM,RichterH and EwertU 2006 Int. J. InfraredMillimet.Waves 27 4
[104] Ohki Y,OkadaM, FuseN, Iwai K,MizunoMand FukunagaK 2008Proceedings of Annual Report Conference on Electrical Insulation

andDielectric Phenomena 26
[105] KarpowiczN, ZhongH,Xu J Z, LinK I,Hwang J S andZhangXC2005 Semicond. Sci. Tech. 20 7
[106] Jin KH,KimYG,Cho SH, Ye J C andYeeDS 2012Optic. Express 20 23
[107] Pastorelli G, Trafela T, Taday P, Portieri A, LoweD, Fukunaga K and StrlicM2012Anal. Bioanal. Chem. 403 5
[108] Wietzke S, JansenC, JungT, ReuterM, Baudrit B, BastianM,Chatterjee S andKochM2009Optic. Express 17 21
[109] ZhaoG,MorsMT,Wenckebach T and Planken PCM2002 J. Opt. Soc. Am. 19 6
[110] DodsonC, Spicer J, FitchM, Schuster P andOsiander R 2005AIPConf. Proc. 760 1
[111] JansenC,Wietzke S,WangHY,KochMandZhaoGZ2011Polymer Test 30 1
[112] KomatsuM, Sato R,MizunoM, Fukunaga K andOhki Y 2012 Jpn. J. Appl. Phys. 51 12
[113] FuseN, Takahashi T,Ohki Y, Sato R,MizunoMandFukunaga K 2011 IEEE Electr. Insul.Mag. 27 3
[114] OyamaY, Zhen L, Tanabe T andKagayaM2009NDT&E International 42 1
[115] KarpowiczN, ZhongH, ZhangC, LinK I,Hwang J S, Xu J andZhangXC2005Appl. Phys. Lett. 86 5
[116] Skryl A S, Jackson J B, BakunovM I,MenuMandMourouGA2014Appl. Optic. 53 6
[117] KochM,Hunsche S, Schumacher P,NussMC, Feldmann J and Fromm J 1998Wood Sci. Technol. 32 6
[118] XuG andZhangX 2000U.S.Department of Energy (Washington,DC: EnvironmentalManagement Science Program)
[119] Federici J 2012 Journal of infraredMillimeter andTerahertzWaves 33 2
[120] Jordens C,Wietzke S, SchellerM andKochM2010Polymer Test 29 2

19

Phys. Scr. 98 (2023) 065006 L-F Shi et al

https://doi.org/10.1364/OE.21.000A23
https://doi.org/10.1063/1.4945708
https://doi.org/10.1016/j.pquantelec.2010.06.002
https://doi.org/10.1109/LPT.2005.860037
https://doi.org/10.1109/JSTQE.2010.2048893
https://doi.org/10.25260/EA.17.27.1.1.269
https://doi.org/10.3390/s16020221
https://doi.org/10.1109/LED.2018.2859300
https://doi.org/10.3390/s18113735
https://doi.org/10.1063/1.3386413
https://doi.org/10.1016/j.tifs.2011.12.006
https://doi.org/10.1002/lpor.201000011
https://doi.org/10.1021/jp046869b
https://doi.org/10.1021/jp046869b
https://doi.org/10.1021/jp046869b
https://doi.org/10.1016/j.saa.2018.06.091
https://doi.org/10.1039/C6AN02540D
https://doi.org/10.1109/JSEN.2012.2208624
https://doi.org/10.25165/j.ijabe.20181106.4038
https://doi.org/10.1021/jf501170z
https://doi.org/10.1016/j.chemolab.2017.03.001
https://doi.org/10.1038/srep37103
https://doi.org/10.1109/TTHZ.2011.2162013
https://doi.org/10.1016/j.ejps.2017.10.029
https://doi.org/10.1109/JSEN.2012.2232152
https://doi.org/10.1364/AO.53.001406
https://doi.org/10.1016/j.foodcont.2018.09.035
https://doi.org/10.1016/j.polymertesting.2013.03.004
https://doi.org/10.1109/JSEN.2005.861262
https://doi.org/10.1007/s10762-011-9784-7
https://doi.org/10.1007/s10762-006-9106-7
https://doi.org/10.1088/0268-1242/20/7/021
https://doi.org/10.1007/s00216-012-5855-4
https://doi.org/10.1364/OE.17.019006
https://doi.org/10.1016/j.polymertesting.2010.11.005
https://doi.org/10.1143/JJAP.51.122405
https://doi.org/10.1109/MEI.2011.5871366
https://doi.org/10.1016/j.ndteint.2008.08.002
https://doi.org/10.1063/1.1856701
https://doi.org/10.1007/BF00702799
https://doi.org/10.1016/j.polymertesting.2009.11.003


[121] ReidMand Fedosejevs R 2006Appl. Optic. 45 12
[122] Jackson J B,MourouM, Labaune J,Whitaker J F, Duling IN,Williamson S L, Lavier C,MenuMandMourouGA2009Meas. Sci.

Technol. 20 7
[123] Yasui T, Yasuda T, SawanakaK I andAraki T 2005Appl. Optic. 44 32
[124] AbrahamE, Younus A,Delagnes J C andMounaix P 2010Appl. Phys. AMater. Sci. Process. 100 3
[125] Yasuda T, Iwata T, Araki T andYasui T 2007Appl. Optic. 46 30
[126] TheuerM, Beigang R andGrischkowskyD 2010Appl. Phys. Lett. 97 7
[127] Feige VK S, BertaM,Nix S, Ellrich F, Jonuscheit J and Beigang R 2012 tm-Tech.Mess. 79 2
[128] Manceau JM,NevinA, Fotakis C andTzortzakis S 2008Appl. Phys. 90 3–4
[129] Anastasi R F andMadaras E I 2006AIPConf. Proc. 820 1
[130] Stoik C, BohnMandBlackshire J 2010NDT&E International 43 2
[131] Wietzke S et al 2010Proceedings of 10th IEEE International Conference on SolidDielectrics (ICSD)
[132] Amenabar I, Lopez F andMendikute A 2013 Journal of infraredMillimeter andTerahertzWaves 34 2
[133] MiedzinskaD,Niezgoda T, PalkaN, Panowicz R, SzustakowskiM,OblockiH andZyczkowskiM2011 36th International Conference

on Infrared,Millimeter andTerahertzWaves (IRMMW-THz)
[134] KrumbholzN,Hochrein T, ViewegN,Hasek T, Kretschmer K, BastianM,MikulicsM andKochM2009 Polymer Test 28 1
[135] Ellrich F,WeinlandT,MolterD, Jonuscheit J and Beigang R 2011Rev. Sci. Instrum. 82 5
[136] ChadyT, Lopato P and Szymanik B 2012 J. Sensor. 14 954867
[137] Ospald F et al 2013Optice 53 3
[138] NaftalyM andMiles R E 2007Proc. IEEE 95 8
[139] Jordens C, SchellerM,Wietzke S, RomeikeD, JansenC, Zentgraf T,Wiesauer K, Reisecker V andKochM2010Compos. Sci. Technol.

70 3
[140] SchwerdtfegerM,Castro-Camus E, Krugener K, ViolW andKochM2013Appl. Optic. 52 3
[141] Dash J, Ray S,NallappanK, Sasmal S and Pesala B 2013Proceedings of Infrared,Millimeter, andTerahertzWaves (IRMMW-THz)
[142] Tripathi S R,OguraH,KawagoeH, InoueH,HasegawaT, TakeyaK andKawaseK 2012Corros. Sci. 62 5
[143] Ikari T and FukasawaR 2009 34th Inter. Conf. Infrared,Millimeter, and TerahertzWaves 1
[144] Maruyama I, Kishi N andKawase K 2010 J. Struct. Constr. Eng. 75 652
[145] Dash J, Ray S,NallappanK, Sasmal S and Pesala B 2014Proceedings of Terahertz, RF,Millimeter, and Submillimeter-Wave Technology

andApplications VII
[146] JotzuG,CooperM, Parkinson P and JohnstonMB2009Virtual terahertz spectrometer. Available at: (27April 2023)www-thz.

physics.ox.ac.uk/spectrometer/tds.html
[147] Zomega Terahertz Corporation 2012The TerahertzWave eBook.Available at: https://www.yumpu.com/en/document /view/

6645334/the-terahertz-wave-ebook-multiple-choices (accessed 27April 2023)
[148] Andreev AV, EsaulkovMN,KhodanAN,NazarovMM,KonovkoAA, SapozhnikovDA, Smirnova IN, ShkurinovAP and

LomonosovMV2009 34th Inter. Conf. Infrared,Millimeter, andTerahertzWaves 1
[149] GaoW, FumeauxC andWithayachumnankulW2020 45th Inter. Conf. Infrared,Millimeter, andTerahertzWaves (IRMMW-THz) 1
[150] YangX,Hejase J, Paladhi P andChahal P 2011 Inter. Conf. Infrared,Millimeter, and TerahertzWaves 1
[151] OrdalMA, Long L L, Bell R J, Bell S E, Bell R R, Alexander RWandWardCA1983Appl. Opt. 22 1099
[152] OrdalMA, Bell R J, Alexander RW, Long L L andQuerryMR1985Appl. Opt. 24 4493
[153] McgowanRW,Gallot G andGrischkowskyD1999Opt. Lett. 24 1431
[154] Gallot G, Jamison S P,McGowanRWandGrischkowskyD2000OSA publishing JOSAB 17 851
[155] LuDM, Yao JQ, Zheng Y andYao J 2007 Laser& Infrared 37 1287
[156] Harrington J A, Pedersen P, BowdenBF,Gmitter A andMueller E 2005HollowCU-coated plastic waveguides for the delivery of THz

radiation Proc SPIE 5727 143–50
[157] ZhangX, TanZ,ChenK, LiWX, Zhao ZQ, Yu SY, ZhuX S, Cao J C and Shi YW2019 J. InfraredMilli. Terahz.Waves 38 215
[158] Seifert T et al 2018 J. Phys. D: Appl. Phys. 51 364003
[159] Mendis R andGrischkowskyD2011Opt. Lett. 26 846
[160] Mendis R andGrischkowskyD2001 IEEEMicrowaveWirel. Compon. Lett. 11 444
[161] Mendis R 2007 J. Appl. Phys. 101 083115
[162] CookeDG and Jepsen PU2008Opt. Express 16 15123
[163] WangKL andMittlemanDM2004Nature 432 7015
[164] WangKL andMittlemanDM2005 J. Opt. Soc. Am. B 22 2001
[165] JeonT, Zhang JQ andGrischkowskyD 2005Appl. Phys. Lett. 86 161904
[166] HeXY, Cao JC and Feng S L 2006Chin. Phys. Lett. 23 2066
[167] Jamison S P,McgowanWandGrischkowskyD 2000Appl. Phys. Lett. 76 1987
[168] Chen L J, ChenHW,KaoTF, Lu J Y and SunCK2006Opt. Lett. 31 308
[169] Lai CH,HsuehYC, ChenHW,Huang Y J, ChangHC and SunCK2009Opt. Lett. 34 3457
[170] Lu J T,HsuehYC,HuangYR,Hwang Y J and SunCK2010Opt. Express 18 26332
[171] BaoHL,Nielsen K, BangO and Jepsen PU2015 Sci. Rep. 5 1
[172] Yablonovitch E 1987Phys. Rev. Lett. 58 2059
[173] Sajeev J 1987Phys. Rev. Lett. 58 2486
[174] Yariv A, XuY, Lee RK and Scherer A 1999Opt. Lett. 24 711
[175] HuangK andHanR1988 (Beijing: Science Press)
[176] Zhang Y, Li Z J and Li B J 2006Opt. Express 14 2679
[177] Ponseca SC et al 2009 JOSAB 26A95
[178] Kitagawa J, KodamaMandKadoya Y 2012 Jpn. J. Appl. Phys. 51 062201
[179] TsurudaK, FujitaM andNagatsumaT 2015Opt. Express 23 31977
[180] Si Y, ChenX andChenH2021 J. of Terahertz Science and Electronic Information Tech. 19 96
[181] ChenT, Sun JQ, Li L, Tang J andZhouY 2012 IEEE Photonics Tech. Letters 24 921
[182] Knight J C, Birks TA, AtkinDMandRussell P S J 1996Optical Fiber Communications (OFC ‘96) 339
[183] CreganR F,ManganB J, Knight J C, Birks TA, Russell P S J, Roberts P J andAllanDC1999 Science 285 1537
[184] GotoM,QuemaA, TakahashiH,Ono S and SarukuraN 2004 Japanese J. of Applied Physics 43 L317

20

Phys. Scr. 98 (2023) 065006 L-F Shi et al

https://doi.org/10.1364/AO.44.000032
https://doi.org/10.1007/s00339-010-5642-z
https://doi.org/10.1063/1.3481080
https://doi.org/10.1007/s00340-008-2933-6
https://doi.org/10.1007/s00340-008-2933-6
https://doi.org/10.1007/s00340-008-2933-6
https://doi.org/10.1016/j.ndteint.2009.09.005
https://doi.org/10.1016/j.polymertesting.2008.09.009
https://doi.org/10.1063/1.3587070
https://doi.org/10.1117/1.OE.53.3.031208
https://doi.org/10.1109/JPROC.2007.898835
https://doi.org/10.1016/j.compscitech.2009.11.022
https://doi.org/10.1364/AO.52.000ED3
https://doi.org/10.1016/j.corsci.2012.05.005
https://www-thz.physics.ox.ac.uk/spectrometer/tds.html
https://www-thz.physics.ox.ac.uk/spectrometer/tds.html
https://www.yumpu.com/en/document
https://www.yumpu.com/en/document
https://doi.org/10.1364/AO.22.001099
https://doi.org/10.1364/AO.24.004493
https://doi.org/10.1364/OL.24.001431
https://doi.org/10.1364/JOSAB.17.000851
https://doi.org/10.1117/12.597300
https://doi.org/10.1117/12.597300
https://doi.org/10.1117/12.597300
https://doi.org/10.1088/1361-6463/aad536
https://doi.org/10.1364/OL.26.000846
https://doi.org/10.1109/7260.966036
https://doi.org/10.1063/1.2719669
https://doi.org/10.1364/OE.16.015123
https://doi.org/10.1364/JOSAB.22.002001
https://doi.org/10.1063/1.1904718
https://doi.org/10.1088/0256-307X/23/8/029
https://doi.org/10.1063/1.126231
https://doi.org/10.1364/OL.31.000308
https://doi.org/10.1364/OL.34.003457
https://doi.org/10.1364/OE.18.026332
https://doi.org/10.1103/PhysRevLett.58.2059
https://doi.org/10.1103/PhysRevLett.58.2486
https://doi.org/10.1364/OL.24.000711
https://doi.org/10.1364/OE.14.002679
https://doi.org/10.1364/JOSAB.26.000A95
https://doi.org/10.1143/JJAP.51.062201
https://doi.org/10.1364/OE.23.031977
https://doi.org/10.1109/LPT.2012.2190890
https://doi.org/10.1126/science.285.5433.1537
https://doi.org/10.1143/JJAP.43.L317


[185] GotoM,QuemaA, TakahashiH,Ono S and SarukuraN 2005Teflon photonic crystalfiber as polarization-preserving waveguide in
THz region. International Conference onUltra-fast Phenomena 14th Inter. Conf. Ultra-fast Phenomena pp 702–4

[186] Li S P, LiuH J,HuangN and SunQ2014 J. Opt. 16 105102
[187] Medjouri A, Simohamed LM, ZianeO andBoudriouaA 2015Optik 126 2269
[188] Bhattacharya R andKonar S 2012Optics& Laser Techn. 44 2210
[189] Agrawal A, KejalakshmyN,UthmanM,RahmanBMA,Kumar A andGrattanKTV 2012AIPAdv. 2 022140
[190] ChenHB,WangH,HouHL andChenD2012Opt. Commun. 285 3726
[191] Han JW, Zhang J, ZhaoY L andGuW2013Optik 124 1287
[192] Zhang ZG, Tang J, LuoD, ChenM,ChenH, LiH, ChenM,HeZ,HeN andHeQ2014Optik 125 154
[193] Yang J, Yang B,Wang Z andLiuW2015Opt. Commun. 343 150
[194] MisraM, Pan Y,WilliamsCR,Maier S A andAndrews SR 2013 J. Appl. Phys. 113 193104
[195] Islam S, IslamMR, FaisalM,ArefinA SMS, RahmanH, Sultana J andRana S 2016Opt. Eng. 55 076117
[196] WuZ, ZhouX, Shi Z, XiaH,Huang J, Jiang X andWuW2016Opt. Eng. 55 037105
[197] WoodRW1902The London, Edinburgh, andDublin PhilosophicalMagazine and J. of Science 4 396
[198] FanoU 1941 J. Opt. Soc. Am. 31 213
[199] PinesD 1956Rev.Mod. Phys. 28 184
[200] Stern EA and Ferrell RA 1960Phys. Rev. 120 130
[201] Kretschmann E andRaetherH1968Z.Naturforsch. 23A 2135
[202] OttoA 1968Z. Phys. 216 398
[203] BarnesWL,Dereux A and Ebbesen TW2003Nature 424 824
[204] Liu YM, Zentgraf T, Bartal G andZhangX 2010Nano Lett. 10 1991
[205] Pitarke JM, SilkinVM,Chulkov EV and Echenique PM2006Rep. Prog. Phys. 70 1
[206] Shchegrov AV,Novikov IV andMaradudinAA1997Phys. Rev. Lett. 78 4269
[207] JeonT andGrischkowskyD 2006Appl. Phys. Lett. 88 061113
[208] Pendry J B,Martin-Moreno L andGarcia-Vidal F J 2004 Science 305 847
[209] WilliamsCR, Andrews SR,Maier S A, Fernández-Domínguez A I,Martín-Moreno L andGarcía-Vidal F J 2008Nat. Photonics 2 175
[210] Fernández-Domínguez A I,Martin-Moren LO,Garcia-Vidal F J, Andrews SR andMaier SA 2008 IEEE J. Sel. Top. QuantumElectron.

14 1515
[211] Fernández-Domínguez A I,WilliamsCR,García-Vidal J,Martín-Moreno L, Andrews SR andMaier S A 2008Appl. Phys. Lett. 93

141109
[212] Zhang J, Cai LK, BaiWL, XuY and SongG 2009 J. Appl. Phys. 106 103715
[213] GaoZ, ZhangXF and Shen L F 2010 J. Appl. Phys. 108 113104
[214] ShenXP, Cui T J,Martin-CanoD andGarcia-Vidal F J 2013Proc. of theNational Academy of Sci. 110, 40
[215] Xu J J, ZhangHC, ZhangQ andCui T J 2015Appl. Phys. Lett. 106 021102
[216] GaoX, Zhou L, Liao Z,MaHF andCui T J 2014Appl. Phys. Lett. 104 191603
[217] ZhangHC, FanY F,Guo J, FuX andCui T J 2016ACS Photonics 3 139
[218] Liu Y, Yan J, Shao Y, Pan J, ZhangC,HaoY andHanG2016Appl. Opt. 55 1720
[219] Liu YQ,DuCHandLiu PK2016 IEEE Trans. Plasma Science 44 3288
[220] IslamM,ChowdhuryDR, AhmadA andKumarG 2017 J. Lightwave Technol. 35 5215
[221] Zhang Y, XuYH, TianCX, XuQ, ZhangX, Li Y, ZhangX,Han J andZhangW2018Photonics Research 6 18
[222] GuoY J, KaiDX andTangXH2018Opt. Express 26 10589
[223] Jaiswal RK, Pandit N and PathakNP 2018 IEEE Photonics Technol. Lett. 31 218
[224] XuKD, Zhang FY, GuoY J, Ye L and Liu Y 2020 IEEE Photonics Technol. Lett. 32 55
[225] RahmanA andTomaliaD 2021 Spectroscopy 36 20
[226] Nair RR, Blake P, GrigorenkoAN,NovoselovK S, BoothT J, Stauber T, PeresNMRandGeimAK2008 Science 320 1308
[227] MakKF, SfeirMY,WuY, Lui CH,Misewich JA andHeinz T F 2008Phys. Rev. Lett. 101 196405
[228] NetoAHC,Guinea F, PeresNMR,NovoselovK S andGeimAK2009Rev.Mod. Phys. 81 1
[229] BalandinAA 2011Nat.Mater. 10 569
[230] BalandinAA,Ghosh S, BaoWZ,Calizo I, TeweldebrhanD,Miao F and LauCN2008Nano Lett. 8 902
[231] Bolotin K I, Sikes K J, Jiang Z F, KlimaM, Fudenberg G,Hone J, KimP and StormerHL 2008 Solid State Commun. 146 351
[232] Koester S J and LiM2013 IEEE J. Sel. Top. QuantumElectron. 20 84
[233] HansonGW2008 J. Appl. Phys. 104 084314
[234] Vakil A and EnghetaN2011 Science 332 1291
[235] YuanYZ, Yao JQ andXuW2012Opt. Lett. 37 960
[236] Wang J, LuWB, Li X B,Ni ZHandQiuT 2014 J. of Phy. D: Applied Phy. 47 135106
[237] ChenT,Wang L L, Chen LQ,Wang J, ZhangH andXiaW2018Photonics Research 6 186
[238] HeXQ,Ning TG, Pei L, Zheng J J, Li J andWenXD2019Opt. Express 27 5961
[239] ZhengK, YuanY F, Zhao LT, ChenY, Zhang F, Song J andQu J 2019 2DMater. 7 015016
[240] Si KY,HuangYY, ZhaoQY, Zhu L, Zhang L, Yao Z andXuX 2018Appl. Surf. Sci. 448 416
[241] Xu S J, Yang J, JiangHC, Su F andZeng Z 2019Nanotechnology 30 265706
[242] FuY, TanZ,WangC andCao JC 2019 J. InfraredMilli. Terahz.Waves 38 655
[243] Zhong Y J,HuangY, Zhong SC, Lin T, LuoM, ShenY andDing J 2021Opt.Mater. 114 110996
[244] Ozbay E 2006 Science 311 189
[245] LuDY et al 2021Photonics andNanostructures-Fundamentals and Applications 46 100946
[246] FuX J andCui T J 2019Prog. QuantumElectron. 67 100223
[247] PadillaW J, BasovDNand SmithDR2006Mater. Today 9 28
[248] ZhaoQ et al 2015Adv.Mater. 27 6187
[249] Jing X, Xia R,Gui X,WangW,Tian Y, ZhuDand Shi G 2017 Superlattices andMicro Structures 109 716
[250] SchurigD,Mock J J, Justice B J, Cummer SA, Pendry J B, Starr A F and SmithDR2006 Science 314 977
[251] Liu R, Ji C,Mock J J, Chin J Y, Cui T J and SmithDR2009 Science 323 366
[252] MaHF andCui T J 2010Nat. Commun. 1 21
[253] FangN, LeeH, SunC andZhangX 2005 Science 308 534
[254] JiangWX,QiuCW,HanTC,ChengQ,MaHF, Zhang S andCui T J 2013Adv.Mater. 25 6963

21

Phys. Scr. 98 (2023) 065006 L-F Shi et al

https://doi.org/10.1088/2040-8978/16/10/105102
https://doi.org/10.1016/j.ijleo.2015.05.119
https://doi.org/10.1016/j.optlastec.2012.02.036
https://doi.org/10.1063/1.4726055
https://doi.org/10.1016/j.optcom.2012.04.047
https://doi.org/10.1016/j.ijleo.2012.03.041
https://doi.org/10.1016/j.ijleo.2013.06.074
https://doi.org/10.1016/j.optcom.2015.01.020
https://doi.org/10.1063/1.4804952
https://doi.org/10.1117/1.OE.55.7.076117
https://doi.org/10.1117/1.OE.55.3.037105
https://doi.org/10.1080/14786440209462857
https://doi.org/10.1364/JOSA.31.000213
https://doi.org/10.1103/RevModPhys.28.184
https://doi.org/10.1103/PhysRev.120.130
https://doi.org/10.1515/zna-1968-1247
https://doi.org/10.1007/BF01391532
https://doi.org/10.1038/nature01937
https://doi.org/10.1021/nl1008019
https://doi.org/10.1088/0034-4885/70/1/R01
https://doi.org/10.1103/PhysRevLett.78.4269
https://doi.org/10.1063/1.2171488
https://doi.org/10.1126/science.1098999
https://doi.org/10.1038/nphoton.2007.301
https://doi.org/10.1109/JSTQE.2008.918107
https://doi.org/10.1063/1.2988897
https://doi.org/10.1063/1.2988897
https://doi.org/10.1063/1.3260236
https://doi.org/10.1063/1.3517059
https://doi.org/10.1063/1.4905580
https://doi.org/10.1063/1.4876962
https://doi.org/10.1021/acsphotonics.5b00580
https://doi.org/10.1364/AO.55.001720
https://doi.org/10.1109/TPS.2016.2627576
https://doi.org/10.1109/JLT.2017.2763326
https://doi.org/10.1364/PRJ.6.000018
https://doi.org/10.1364/OE.26.010589
https://doi.org/10.1109/LPT.2018.2889007
https://doi.org/10.1109/LPT.2019.2957059
https://doi.org/10.1126/science.1156965
https://doi.org/10.1103/PhysRevLett.101.196405
https://doi.org/10.1103/RevModPhys.81.1
https://doi.org/10.1038/nmat3064
https://doi.org/10.1021/nl0731872
https://doi.org/10.1016/j.ssc.2008.02.024
https://doi.org/10.1109/JSTQE.2013.2272316
https://doi.org/10.1063/1.3005881
https://doi.org/10.1126/science.1202691
https://doi.org/10.1364/OL.37.000960
https://doi.org/10.1088/0022-3727/47/13/135106
https://doi.org/10.1364/PRJ.6.000186
https://doi.org/10.1364/OE.27.005961
https://doi.org/10.1088/2053-1583/ab5546
https://doi.org/10.1016/j.apsusc.2018.04.117
https://doi.org/10.1088/1361-6528/ab0f02
https://doi.org/10.1016/j.optmat.2021.110996
https://doi.org/10.1126/science.1114849
https://doi.org/10.1016/j.pquantelec.2019.05.001
https://doi.org/10.1016/S1369-7021(06)71573-5
https://doi.org/10.1002/adma.201502298
https://doi.org/10.1016/j.spmi.2017.05.061
https://doi.org/10.1126/science.1133628
https://doi.org/10.1126/science.1166949
https://doi.org/10.1038/ncomms1023
https://doi.org/10.1126/science.1108759
https://doi.org/10.1002/adma.201303657


[255] MaHF andCui T J 2010Nat. Commun. 1 7
[256] Maier SA 2007Plasmonics: Fundamentals andApplications (NewYork: Springer) 1st edn (https://doi.org/10.1007/0-387-37825-1)
[257] YaoHandZhong S 2014Opt. Express 22 25149
[258] Ferguson B andZhangXC2002Nat.Mater. 1 26
[259] Lee Y S 2008Principles of Terahertz Science andTechnology (NewYork: Springer) 1st edn (https://doi.org/10.1007/978-0-387-

09540-0)
[260] Pawar AY, SonawaneDD, Erande KB andDerleDV 2013Drug Invention Today 5 157
[261] MittlemanDM2018Opt. Express 26 9417
[262] Watts CM, ShrekenhamerD,Montoya J, LipworthG,Hunt J, SleasmanT, Krishna S, SmithDR and PadillaW J 2014Nat. Photonics

8 605
[263] FuX J, Yang F, LiuCX,WuX andCui T J 2020Adv.Opt.Mater. 8 1900628
[264] Pendry J B,HoldenA J, StewartW J andYoungs I 1996Phys. Rev. Lett. 76 4773
[265] Pendry J B,HoldenA J, RobbinsD J and StewartW J 1999 IEEETrans.Microwave Theory andTech. 47 2075
[266] SmithDR, PadillaW J, VierdC,Nemat-Nasser S C and Schultz S 2000Phys. Rev. Lett. 84 4184
[267] YenT J, PadillaW J, FangN, VierDC, SmithDR, Pendry J B, BasovDNandZhangX 2004 Science 303 1494
[268] Zhang S, FanW, PanoiuNC,MalloyK J, OsgoodRMandBrueck SR J 2005Phys. Rev. Lett. 95 137404
[269] ShalaevVM2007Nat. Photonics 1 41
[270] Gaillot DP, CroënneC and LippensD 2008Opt. Express 16 3986
[271] Liu S, ChenHB andCui T J 2015Appl. Phys. Lett. 106 151601
[272] Ju L et al 2011Nat. Nanotechnol. 6 630
[273] YuNF,Genevet P, KatsMA,Aieta F, Tetienne J P, Capasso F andGaburro Z 2011 Science 334 333
[274] Cui T J,QiMQ,WanX, Zhao J andChengQ 2014 Light: Science&Applications 3 218
[275] Cui T J, Liu S andZhang L 2017 J. ofMaterials ChemistryC 5 3644
[276] GradyNK,Heyes J E, ChowdhuryDR, Zeng Y, ReitenMT,AzadAK, Taylor A J, Dalvit DAR andChenHT2013 Science 340 1304
[277] Bang S, Kim J, YoonG, Tanaka T andRho J 2018Micromachines 9 560
[278] ChenHT, YangH, SinghR,Hara J FO, AzadAK, Trugman SA, JiaQX andTaylor A J 2010Phys. Rev. Lett. 105 247402
[279] Fan Y, ShenNH, Zhang F,Wei Z, LiH, ZhaoQ, FuQ, Zhang P, KoschnyT and Soukoulis CM2016Adv.Opt.Mater. 4 1824
[280] Scherger B, ReuterM, SchellerM, AltmannK, ViewegN,Dabrowski R,Deibel J A andKochM2012 J. InfraredMilli. Terahz.Waves

33 1117
[281] ShrekenhamerD,ChenWCandPadillaW J 2013Phys. Rev. Lett. 110 177403
[282] Wang L et al 2015 Light: Science&Applications 4 253
[283] Mandal P, Speck A, KoC andRamanathan S 2011Opt. Lett. 36 1927
[284] LiuH, Lu J andWangXR 2018Nanotechnology 29 024002
[285] ZhuY, Vegesna S, Zhao Y, KuryatkovV,HoltzM, Fan Z, SaedMandBernussi AA2013Opt. Lett. 38 2382
[286] HillmanC,MaB, Stupar PA andGriffith Z IEEEMTT-S Inter.Microwave Symp. 1098
[287] ZhaoQ,DuB, Kang L, ZhaoH,XieQ, Li B, ZhangX, Zhou J, Li L andMeng Y 2008Appl. Phys. Lett. 92 051106
[288] BiK,DongG, FuX andZhou J 2013Appl. Phys. Lett. 103 131915
[289] BiK, ZhuW, LeiM andZhou J 2015Appl. Phys. Lett. 106 173507
[290] LiuX, Xiong L, YuX,He S, Zhang B and Shen J 2018 J. Phys. D: Appl. Phys. 51 105003
[291] ZhuWM et al 2011Adv.Mater. 23 1792
[292] Ou J Y, PlumE, Jiang L andZheludevN I 2011Nano Lett. 11 2142
[293] ManjappaM, Pitchappa P, SinghN,WangN, ZheludevN I, Lee C and SinghR2018Nat. Commun. 9 4056
[294] ChenK et al 2017Adv.Mater. 29 1606422
[295] Gu JQ et al 2012Nat. Commun. 3 1151
[296] Guo J Y et al 2019Adv.Opt.Mater. 7 1801696
[297] Gao LH et al 2015 Light: Science&Applications 4 324
[298] Cong LQ, Pitchappa P,WuY, Ke L, Lee C, SinghN, YangH and SinghR 2017Adv.Opt.Mater. 5 1600716
[299] NguyenA 2010Proceedings of SPIE7650, HealthMonitoring of Structural and Biological Systems
[300] Pacheco-Torgal F 2014Constr. Build.Mater. 51 151
[301] Pacheco-Torgal F and Jalali S 2011Constr. Build.Mater. 25 2
[302] Jelle B P 2011Energy Build. 43 10
[303] Baetens R, Jelle B P andGustavsenA 2011Energy Build. 43 4
[304] Zhang J andGrischkowskyD 2004 J. Phys. Chem. B 108 48
[305] Ling TC and PoonC S 2013Constr. Build.Mater. 46 55

22

Phys. Scr. 98 (2023) 065006 L-F Shi et al

https://doi.org/10.1038/ncomms1005
https://doi.org/10.1007/0-387-37825-1
https://doi.org/10.1364/OE.22.025149
https://doi.org/10.1038/nmat708
https://doi.org/10.1007/978-0-387-09540-0
https://doi.org/10.1007/978-0-387-09540-0
https://doi.org/10.1016/j.dit.2013.03.009
https://doi.org/10.1364/OE.26.009417
https://doi.org/10.1038/nphoton.2014.139
https://doi.org/10.1002/adom.201900628
https://doi.org/10.1103/PhysRevLett.76.4773
https://doi.org/10.1109/22.798002
https://doi.org/10.1103/PhysRevLett.84.4184
https://doi.org/10.1126/science.1094025
https://doi.org/10.1103/PhysRevLett.95.137404
https://doi.org/10.1038/nphoton.2006.49
https://doi.org/10.1364/OE.16.003986
https://doi.org/10.1063/1.4918289
https://doi.org/10.1038/nnano.2011.146
https://doi.org/10.1126/science.1210713
https://doi.org/10.1038/lsa.2014.99
https://doi.org/10.1039/C7TC00548B
https://doi.org/10.1126/science.1235399
https://doi.org/10.3390/mi9110560
https://doi.org/10.1103/PhysRevLett.105.247402
https://doi.org/10.1002/adom.201600303
https://doi.org/10.1007/s10762-012-9927-5
https://doi.org/10.1103/PhysRevLett.110.177403
https://doi.org/10.1038/lsa.2015.26
https://doi.org/10.1364/OL.36.001927
https://doi.org/10.1088/1361-6528/aa9cb1
https://doi.org/10.1364/OL.38.002382
https://doi.org/10.1063/1.2841811
https://doi.org/10.1063/1.4823598
https://doi.org/10.1063/1.4918992
https://doi.org/10.1088/1361-6463/aaab97
https://doi.org/10.1002/adma.201004341
https://doi.org/10.1021/nl200791r
https://doi.org/10.1038/s41467-018-06360-5
https://doi.org/10.1002/adma.201606422
https://doi.org/10.1038/ncomms2153
https://doi.org/10.1002/adom.201801696
https://doi.org/10.1038/lsa.2015.97
https://doi.org/10.1002/adom.201600716
https://doi.org/10.1016/j.conbuildmat.2013.10.058
https://doi.org/10.1016/j.enbuild.2011.05.015
https://doi.org/10.1016/j.enbuild.2010.12.012
https://doi.org/10.1016/j.conbuildmat.2013.04.031

	1. Introduction
	2. Terahertz components & its systems
	2.1. Source
	2.2. Component
	2.3. Detector
	2.4. System

	3. Detection methods
	3.1. THz Time-domain spectroscopy
	3.2. Radiation
	3.3. Imaging
	3.4. Building materials

	4. THz material research
	4.1. THz waveguide material
	4.1.1. THz hollow metal waveguide.
	4.1.2. THz parallel plate waveguide
	4.1.3. THz wire waveguide
	4.1.4. THz fiber optic medium
	4.1.5. THz dielectric tube waveguide
	4.1.6. THz photonic crystal
	4.1.7. THz isoplasmon waveguides with metal surfaces
	4.1.8. THz waveguide based on novel two-dimensional materials

	4.2. THz metamaterials
	4.2.1. Research overview of ��THz metamaterials
	4.2.2. Tuneable & reconfigurable THz metamaterials
	4.2.3. THz digital coding with programmable metasurface


	5. THz technology trends
	5.1. Terahertz spectroscopy & imaging
	5.2. Development trend of terahertz technology in material research
	5.2.1. Energy saving thermal insulation material


	6. Conclusion
	Data availability statement
	References



