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Abstract: Terahertz (THz) technique has become one of the most promising analytical methods and has
been applied in many fields. Attenuated total reflection (ATR) technique applied in THz spectroscopy
and imaging has been proven to be superior in functionalities such as modulation, sensing, analyzing,
and imaging. Here, we first provide a concise introduction to the principle of ATR, discuss the
factors that impact the ATR system, and demonstrate recent advances on THz wave modulation
and THz surface plasmon sensing based on the THz-ATR system. Then, applications on THz-ATR
spectroscopy and imaging are reviewed. Towards the later part, the advantages and limitations
of THz-ATR are summarized, and prospects of modulation, surface plasmon sensing, spectroscopy
and imaging are discussed.
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1. Introduction

Terahertz (THz) radiation generally refers to a band of electromagnetic waves (from 0.1 to
10 THz) which spans the region between the mid-infrared (MIR) and the microwave [1-3]. In this
range, the electromagnetic waves are characterized in properties as follow: The energy levels
of photon are quite low (around 1-10 meV), and THz waves are transparent to most dielectric
materials while intensely absorbed by water. Besides, most motions like the hydrogen-bonding
stretches and torsion, molecular rotations, crystalline phonon vibrations, and low-frequency bond
lie in the THz range [4,5], which means THz waves are suitable to explore and analyze these
motion modes. In the past decades, along with the development of THz science and technology,
both THz spectroscopy and imaging technique have been widely applied in various fields including
material [6,7], communication [8,9], imaging [10-12], biomedicine [13,14], pharmaceutics [15,16],
food [17,18], agriculture [19-22], and others, with heated discussions around modulation, sensing,
spectroscopy and imaging analysis. THz time-domain spectroscopy (THz-TDS) is very popular in
the THz region, which uses pump and probe pulses to directly measure the electric field. Both amplitude
and phase information can be extracted by using fast Fourier transform (FFT), further, the optical
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or dielectric parameters could be calculated [2,4]. The interactions between the THz wave and
material have been discussed from various perspectives and the features of the material were obtained
by THz technique, thus making THz spectroscopy and imaging technique become an emerging
characterization method. According to the sample properties and geometrical constraint, three
geometries are usually configured in the THz systems: transmission, reflection, and attenuated total
reflection (ATR). Transmission geometry is the most common method for samples with moderate
absorption. Reflection and ATR geometries are suitable for the strongly absorbing or scattering samples.
Restrictions are inevitable for the surface of the sample when using reflection geometry. ATR geometry
is advantageous for liquid, powder, or thin film samples without further preparation compared to the
others [4].

Research on THz wave modulation, especially amplitude and polarization, is essential for
promoting the rapid applications in THz spectroscopy and imaging [23]. Modulation of visible and
near-infrared light has been easily achieved for decades, while there are still plenty problems to be solved
for modulating THz waves. Modulation devices with metasurfaces, photodoped semiconductors,
conductive thin film, many other artificial or natural materials and structures, show drawbacks such
as limited bandwidth, poor attenuation ability, and slow switching speed. Many THz polarization
controlling components or structures, such as polarization rotators and wave plates, using stacked
birefringent slides, dielectric grating, metamaterials, or prism reflections, still exhibit shortcomings like
the unexpected thickness of the structures, narrow operational bandwidth, and restricted conditions for
large phase differences [24]. Thus, the utilization of ATR geometry in realizing THz wave modulation
have been proposed, which has been proved to be highly efficient and easy-to-fabricate and can reach
high or multiple modulation performance over a broadband THz region [23,24].

Surface plasmon resonance (SPR) sensing in the visible and infrared region has been proven to be
highly sensitive to the changes in the optical properties of the neighboring media. This sensing method
has been widely applied for compounds analysis, especially for biological or chemical molecules [25].
However, in the THz region, large negative permittivity strongly prohibits electromagnetic fields from
penetrating inside a metal [26], thus surface plasmon polariton (SPP) excitation becomes an attractive
challenge. An approach aimed at obtaining the SPP at THz frequencies is an urgent need, since it could
promote the applications in biochemical spectroscopy, medical imaging, and so forth.

This review summarizes the THz-ATR application in modulation, sensing, spectroscopy and
imaging (as shown in Figure 1). The THz attenuated total reflection (THz-ATR) system is first introduced,
including the principle and impact factors. Following this, the recent advances on THz wave modulation
and THz surface plasmon sensing based on this system are demonstrated. Next, the applications in
spectroscopy and imaging are reviewed and discussed. Finally, the challenges and outlook of this field
are summarized.
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Figure 1. A summary of the THz attenuated total reflection (THz-ATR) application in modulation,
sensing, spectroscopy and imaging. Reproduced with permission from [27], Copyright © 2018, AIP
Publishing, [28], Copyright © 2016, WILEY-VCH VERLAG GMBH & CO. KGAA, WEINHEIM, [29],
Copyright © 2018, Elsevier, [30], Copyright © 2012, AIP Publishing, [31], Copyright © 2009, Elsevier, [32],
Copyright © 2016 WILEY-VCH VERLAG GMBH & CO. KGAA, WEINHEIM, [33], Copyright © 2017,
IOP Publishing.

2. Theory of ATR

THz spectroscopy and imaging system, including THz time-domain spectroscopy (THz-TDS),
double-modulated differential THz-TDS, THz time-domain imaging (THz-TDI), pulsed THz imaging,
continuous-wave THz imaging, and THz real-time imaging, were introduced and summarized by
Smith et al. [2], Qin et al. [4], Wang et al. [22]. The THz-ATR system consists of basic THz spectroscopy
or imaging system and ATR geometry. This system mainly utilizes the properties of evanescent wave
resulting from the total internal reflection (TIR). To satisfy the demand of TIR, the ATR crystal should
be a high refractive index material. High-resistivity silicon (HR-5i) is the most typical material for
ATR crystals with the refractive index of ~3.42 at the THz region, along with germanium (Ge) with the
refractive index of ~4.00 at the THz region. The crystal shape, most in the Dove or semicircular prism,
depends on the optical geometry in the system. A beam of an electromagnetic wave is refracted as it is
illuminated from the side of the ATR crystal at the critical angle, then the wave reflects off the internal
surface and thus the evanescent field is generated close to the crystal-sample interface. The optical



Appl. Sci. 2020, 10, 4688 40f18

and dielectric parameters can be obtained and extracted through THz-ATR spectroscopy, including
refractive index, extinction coefficient, permittivity, dielectric loss, and so forth. The methods of
parameters extraction and calculation can be found in the reported research and studies [34]. Choosing
the xz plane as the incident plane, the expressions of the evanescent field and the penetration depth are:

— — 2 2 2
Er=A; exp[—z/\—:[ sin? 0; — 2—32} exp [i(x/\—:[ sin 0; — wt)], 1)
nA
dp = 1 @)

271 \/1112 Sil‘l2 91' - 1/122

while Zz is the amplitude, w is the angular frequency, t is the time, x is the distance in x direction, and z
is the distance in z direction. nj is the refractive index of the ATR crystal, n; is the refractive index of the
sample. Parameter 0; is the incident angle, A; is the wavelength of the incident wave. The amplitude
of the evanescent wave attenuates exponentially in the z direction. While the penetration depth is
usually equal to the order of magnitude of A1, which plays an important role on the sensitivity of the
ATR method. In the THz region, the penetration depth dp of the evanescent waves ranges from several
micrometers to hundreds of micrometers, which is deeper than that in the infrared region, especially at
the low-frequency region. The stability of the THz-ATR system is essential for accurate data acquisition.
It shows that the factors such as prism misalignment [35], delay drift [36], incidence angle change [37],
total propagation efficiency [38], and thermal expansion [39] could impact the system stability. While,
good thermal stability of the system will help minimize the uncertainty of the system [36].

3. THz Wave Modulation and Devices Based on ATR

As mentioned before, amplitude and polarization modulation are quite important in THz spectroscopy
and imaging. THz wave modulation through ATR geometry is proven feasible. Compared to the methods
such as based on semiconductors, dielectric gratings, birefringent slides, metasurfaces, metamaterials, it is
easy to fabricate and achieve high performance or multiple modulation [23,24]. In the following part,
these emerging modulation methods and devices based on ATR are introduced in detail.

3.1. Amplitude Modulation

Most amplitude modulation devices in the THz region are based on graphene. This is because
graphene, which has ultra-wide spectral response from visible to the THz frequency range, shows
remarkable properties both in optics and electrics. It has high electrical current density, tunable
Fermi energy level through optics, electrics, or chemical methods, thus making it a tunable material.
The conductivity of graphene could be adjusted by the applied electric field, which would affect the
interaction between graphene and the THz wave. Besides, the ultra-sensitivity to the conductive
interface changes from ATR geometry could further amplify these interactions. Thus, making the
devices combing graphene and ATR geometry tunable with wider modulation depth, even in the wider
range. Significant enhancement of THz absorption could be realized by a sandwich-structure with
monolayer graphene [40]. Through this structure, the interaction between the evanescent wave and
graphene layer is controlled by the incidence angle. An extremely large attenuation, up to ~70% per
reflection, was observed especially for s-polarization, and the absorptance shows a proportional relation
to the Joule heating amount on the graphene surface. Another approach has been revealed for varied
modulation through experimentally fabricating three graphene devices [28]. These devices couple the
conductive interfaces with the evanescent waves, thus enhancing the attenuation. The modulation
depth of the highly conductive ion-gel graphene (-on-quartz) device (as shown in Figure 2¢) can
be larger than 90% at 0.15-0.4 THz and up to 99.3% at 0.24 THz in s-polarization (as shown in
Figure 2b). Results in Figure 2a,b show an obvious voltage dependence from 0.2 to 2 V due to the
conductivity of graphene changed by the voltage. Further, Sun et al. [23] proposed another method
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to enhance THz modulation, which combines the field confining of metallic gratings and sensitivity
of conductive surfaces from the TIR geometry. Modulation at the range of 0.2-1.4 THz could reach
77%. Besides, a THz wave switch with Kretschmann configuration was proposed [41]. This switch
consists of a prism with a high refractive index, liquid crystal, and periodically grooved metal grating.
The ON-OFF state of the THz switch was realized by the different reflectivity intensity of the geometrical
optics reflection of the THz wave at the specific value of the liquid crystal refractive index, which was
set by the external applied bias voltage. This device showed an extinction ratio of 31.48 dB at the
frequency of 1.0 THz. To conclude, deep, tunable, and broad-band amplitude modulation could be
realized by combing the materials with tunable optical and dielectric properties and ATR geometry.
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Figure 2. Illustration of the THz wave modulation geometries and devices and results. (a) Time-domain
results for the quartz reference and the ion-gel graphene-on-quartz with different voltages.
(b) Modulation depth (MD) from 0.1 to 0.6 THz as a function of gate voltage. (c) The ion-gel
graphene-on-quartz device. (d) The VO, device and its combination with the prism. The polarization
states from 0.8 to 1.5 THz, when the VO, was in (e) insulating and (f) metallic states, respectively.
Reproduced with permission from [28], Copyright © 2016, WILEY-VCH VERLAG GMBH & CO.
KGAA, WEINHEIM, [27], Copyright © 2018, AIP Publishing.

3.2. Polarization Modulation

Similar to the amplitude modulation, high-performance and broad-band and active polarization
modulation can be realized with grating structures. Liu et al. 24] proposed a THz polarization converter
operating in TIR geometry with a metal wire grating, which can achieve three functions, including
achromatic 45° polarization rotation, quarter-wave and half-wave retardance. These states can be
easily transferred by rotating the wire grating. The performance of this device was achromatic over
0.1-0.7 THz. Then, they applied the VO, film and grating structure into TIR geometry and further
realized an active THz polarization controller (Figure 2d). This device shows an average modulation
depth of 99.75% in the range of 0.2-1.1 THz [27]. Unlike the former, the operation state of this device is
controlled by the state of VO,, which is a phase-changed material. When VO, was in insulating phase,
the device worked as a linear rotator with an almost linear p-polarized output from 0.8-1.5 THz (as
shown in Figure 2e). While in the metallic phase, this device became a quarter-wave converter with a
circular polarized output from 0.8-1.5 THz (as shown in Figure 2f). Thus, the polarization state of the
reflect wave is determined by both the grating structure and the conductivity of the interface. Similar
active polarization may also be realized by using material with tunable conductivity.
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4. THz Surface Plasmon Resonance Sensing and Devices Based on ATR

4.1. Surface Plasmon and Surface Plasmon Resonance

Surface plasmon (SP) is a kind of collective excitation, which usually occurs at the interface
between a conductor and a dielectric. This transverse magnetic mode propagates along the interface,
and the field amplitude evanesces exponentially perpendicular to the interface. The surface plasmon
polariton (SPP) will be excited by the collective oscillations of free charge carriers at a metal-dielectric
interface provided the dielectric constant of the two media is opposite. The most attractive property
of the SPP is that the field is confined in the vicinity of the surface. This resonance, usually called
surface plasmon resonance (SPR), can be extremely sensitive to the slight changes in the refractive
index of the surrounding media. Herein, plenty of research has been conducted for SPR sensing.
Besides, studies have shown that graphene can also support well-confined SP modes at both MIR
and THz regions. Gan [30] numerically investigated excitation of SP supported by doped graphene
sheets at THz frequencies with ATR via Otto geometry (Figure 3a). To match the momentum between
the highly confined plasmon modes and the incident radiation, the surface conductivity of graphene
should be adjusted, such as varying doping levels or using few-layer graphene. Polyvinylidene fluoride
(PVDF) is a kind of conducting polymer with efficient metal-like reflectance, which also supports
SP modes at the THz region. Hassani et al. [26] realized THz plasmon-like excitation using PVDF
covering a solid-core polymeric Bragg fiber via phase matching. Sensitivity of the SPR sensor using the
angular interrogation method is defined as the ratio of the change in the resonance angle (6spr) with
the change in the refractive index (n,) of the sensing layer [42]:
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Figure 3. Surface plasmon sensor structure based on Otto or Kretschmann configuration. (a) Surface
plasmon (SP) supported by doped graphene sheets at THz frequencies with attenuated total reflection
(ATR) via the Otto geometry. Reproduced with permission from [30] © 2012 AIP Publishing.
(b) SPR-based gas sensor in THz frequency with the Otto configuration. Reproduced with permission
from [42] © 2016 Elsevier. (c) THz SPP excited on the dielectric-Polyvinylidene fluoride (PVDF) interface
with prism coupling in the Kretschmann configuration. Reproduced with permission from [29] © 2018
Elsevier. n: refractive index, d: thickness, 0: incident angle, MLG: monolayer graphene, FLG: few-layer
graphene, SP: surface plasmon.

Figure of merit (FOM) estimates the performance of the sensor and is defined as the ratio of
sensitivity to the full width at half maxima (FWHM) of the SPR curve [42]:

Sn

FOM = svmm

(4)

The following is advanced research around the SPR sensor based on Otto or Kretschmann geometry.
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4.2. SPR Devices Based on Otto Geometry

Purkayastha et al. [42] proposed an SPR-based gas sensor in THz frequency with Otto configuration
using free standing doped monolayer graphene (Figure 3b). The proposed sensor could achieve an
ultrahigh figure of merit about 1150 RIU™! (refractive index unit). It was found that the gap distance
between the prism and graphene plays an important role in the coupling efficiency, which further
determines the sensitivity and accuracy of the proposed sensor. However, the sample fabricating
becomes a challenge since a tiny air gap needs to be maintained in this Otto geometry. To solve
this problem, another SPR based gas sensor was proposed by using the different dielectric polymer
spacing layer instead of the air gap with the similar structure [43]. This structure achieves the FOM of
741 RIU™! and is more suitable and convenient for practical sensing. Zhang et al. [44] further modified
this structure and realized an active control SPR sensor through the magnetic field. The dielectric
properties of graphene could be changed through the magnetic field, thus the sensitivity of the sensor
could be optimized by properly adjusting the magnetic field. Another hybrid structure consisting of a
double-layer graphene, a thin dielectric film, and planar waveguide was proposed, which can be used
to support a surface plasmon polariton mode in long range [45]. This hybrid sensor structure could
achieve sensitivity of 292 RIU™!. The SPR sensors achieved the matching of the SPR mode between
ATR geometry and graphene, and further confine the THz electric field in the vicinity of the surface.

4.3. SPR Devices Based on Kretschmann Configuration

The SPR coupling in the Kretschmann configuration was designed and numerically
investigated [46]. In this structure, the SPP was excited on the interface between dielectric layer and
PVDE. The sensitivity of the sensor was determined by the thickness of the PVDF and the sample.
Another Kretschmann configuration (Figure 3c) that support two SPP modes coupling was invested [29].
The highest sensitivity of 730 RIU™! in gas detection can be obtained through this structure. The SPP
excitation in this structure was mainly determined by the fermi energy level of graphene, thickness of
PVDF and air (or coupling layer), and the layer number of graphene determines the coupling effects of
the two SPP modes and finally affected the sensitivity. Both the Kretschmann and Otto configuration
need to meet the momentum match condition, thus the effect of these two configurations are similar,
with only differences in structures and materials between each other. The sensing methods above all
are based on inducing THz waves with various incident angles at a certain frequency, which could be a
challenge for their applications due to the optical path needed to be adjusted accordingly. Fixing the
incident angle while using continuous-wave seems a better way to solve this problem.

5. Spectroscopy Analysis

5.1. Dielectric Properties and Absorption Characteristics

The interaction between THz wave and material could result in individual responses according
to the chemical components and microstructure, thus making THz spectroscopy a powerful tool to
analyze substances and detect responses. THz-ATR spectroscopy is very convenient and suitable for
obtaining dielectric properties and absorption characteristics for the substance in the form of liquid,
powder, or thin film. We concluded the samples with the parameter calculated in Table 1. All the
measurements were taken under room temperature. The following are the reports on the dielectric
properties and absorption characteristics of the testing substance.
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Table 1. The optical and dielectric characteristics of certain substance obtained by THz-ATR spectroscopy

reported in the papers.
Material State Region (THz) Parameters Reference
Water 0.1-1.6 a,n [47]
Water 0.3-3.6 ATR [48]
Water 0.5-12 A [49]
Aqueous glycine solution 0.5-12 A
Methanol Liquid 0.3-3.6 ATR (48]
2-Propanol 0.3-3.6 ATR
NaCl
Nal 0.2-1.1 a, na,n [50]
L-(+)-tartaric acid 0.2-1.2 a,n [32]
InAs 1.0-2.1 e [47]
Porcine tissues 0.01-1.00 e [51]
Pyridoxine (vitamin B6) ATR
Riboflavin (vitamin B2) ATR
Thiamine hydrochloride (vitamin B1) 03-3.6 48]
L-tartaric acid o ATR
D-mannitol ATR
D-sorbitol Solid ATR
Xylitol ATR
glycine powder 0.5-12 A [49]
Azotetrazolate (explosive materials) A
Pentahydrate (explosive materials)
Diammonium (explosive materials) A

azotetrazolate 0.2-3.2 [52]
Guanidinium azotetrazolate
(explosive materials)
Triaminoguanidinium azotetrazolate
(explosive materials)
Hexanitrohexaazaisowurtzitane
(explosive materials)
Tetraoxadinitroisowurtzitane
(explosive materials)

U S

A

a: absorption coefficient, n: refraction index, ATR: attenuated total reflectance, ¢: dielectric constants, A: absorbance.

Hirori et al. [47] derived the dielectric functions of InAs and distilled liquid water through
the measured ATR spectra. Sasaki et al. [51] obtained the dielectric properties of porcine tissues,
including dermis, subcutaneous tissue, and muscle. Newnham et al. [48] studied the ATR spectra
of nine kinds of crystalline solid materials and three kinds of liquids, including L-ascorbic acid
(vitamin C), citric acid, L-tartaric acid, D-mannitol, D-sorbitol, xylitol, pyridoxine, riboflavin, thiamine
hydrochloride, water methanol, and 2-propanol. All the solid materials showed distinct absorption
peaks in the 0.3-3.6 THz region, which arise from low-frequency vibrations and phonon modes. Unlike
the solid materials, the liquids, water methanol and 2-propanol, showed unstructured absorption.
Ogawa et al. [49] obtained and analyzed the spectra of the aqueous glycine solution and glycine
powder in the 0.5-12 THz region. The differences of absorption peaks between powder and solution
could be explained by that the low frequency vibrational mode in glycine molecules changed with the
hydrogen bonding in water. Soltani et al. [50] promoted a method to monitor the crystallization of
NaCl and Nal out of watery solution through the variation of the absorption coefficient and refractive
index. Their absorption coefficient shows a similar decrease with the increase of the concentration,
while the change in the refractive index is completely opposite. Based on this, crystallization of
tartaric acid in the act was investigated [32]. Three different stages in the process of crystallization
(supersaturated solution, nucleation stage, and final crystal) were changed in the relative contributions
to the total volume, showing varied absorption character in each stage, which could be caught by
ATR continuous measurements. The absorption characteristics of six prospective explosive materials
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by using transmission and ATR from 0.2 to about 3.2 THz were investigated by Palka et al. [52].
The positions of peaks showed a reasonable consistence to the transmission results, which suggested
the feasibility of ATR for identification of these materials. Figure 4 shows the absorption spectra of
4 kinds of them through the ATR method. Since the ATR geometry is very sensitive to the change of
the interface, the contact between the sample, especially for powder and the ATR prism could also
affect the results. Thus, there is difference between these two measurements. Besides, the penetration
depth at lower frequency is bigger than that in the higher region, according to Equation (2), so the
absorption characteristic could be more distinguishable at lower frequency in the THz region.
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Figure 4. ATR absorbance of four explosives with distinguished character. (a) HNIW:
Hexanitrohexaazaisowurtzitane, (b) TEX: Tetraoxadinitroisowurtzitane, (¢) GUAZ: Guanidinium
azotetrazolate, (d) TAGAZ: Triaminoguanidinium azotetrazolate. Reproduced with permission
from [27], Copyright © 2018, The Optical Society.

5.2. Hydrogen Bonds and Hydration State

Hydrogen bond water network perturbations are referred to as hydration dynamics. The timescales
for the dynamics of water molecules affected by the presence of a solute fall in the sub-picosecond
region correspond to the THz region in the frequency domain. THz-ATR spectroscopy has been proved
as a sensitive tool to analyze the water network in an aqueous solution. The absence of solute can
affect the original dynamics of the surrounding water molecules and will contribute to the change
of the dielectric spectra. For further qualitative and quantitative study of the response characteristic
of aqueous solutions, analysis on hydrogen bonds and calculations around hydration were further
carried out, with the absorption spectra and dielectric spectra as the following.

Hydrogen bonds have been demonstrated in various aqueous liquids. Roth et al. [53] found
that they significantly influenced the Coulomb systems structure in the imidazolium-based ionic
liquids. Nagai et al. [39] analyzed the dielectric dispersion of water in the THz region, indicating
that the high-frequency vibrational modes should a make contribution to the dielectric dispersion.
Then, Yada et al. [54,55] determined the dielectric character of water (Figure 5a) and its isotopes with
different temperature, and decomposed them into four components: slow relaxation, fast relaxation at,
intermolecular stretching vibration, and intermolecular libration. This research shows the unparalleled
superiority of THz-ATR for evaluating the hydrogen-bonding system.
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Figure 5. Explanation of dielectric response in the THz region for hydrogen bonds and hydration
in aqueous solution. (a) The real part (up) and imaginary part (down) of the complex dielectric
permittivity of the pure water. Reproduced with permission from [54], Copyright © 2008, Elsevier.
(b) Model of water molecules and solutes in aqueous, the water molecules are segmented into two
stations, bulk water and solvation shell (hydrated water). Reproduced with permission from [56],
Copyright © 2017, American Chemical Society. (c) Dielectric loss spectra of solute, hydrated water, and
bulk water. Reproduced with permission from [57], Copyright © 2008, Elsevier.

Analysis on the hydration state is an attractive subject in exploring the structures and assessing
the functions of biomolecules or chemical molecules in the aqueous matrix. Figure 5b shows
the simple model of water molecules and solutes in aqueous, the water molecules are segmented
into two stations, bulk water and solvation shell (hydrated water). These components collectively
contribute to the response of the dielectric loss spectra, as shown in Figure 5c. Based on these, the
concentration-dependent hydration state in saccharide solutions was successfully evaluated [57-59],
which further shows the strong relationship with the structure and groups of the saccharide molecule.
For biomolecules, like phospholipid bilayers, amino acids, short peptides, and protein and carbohydrate
polymers, their structure also are found to be related to the hydration state through the analysis
on hydration numbers [56,58,60,61]. For chemical molecules, 2-butoxyethanol (2BE), shows a
temperature-dependent relationship with the hydration number [31]. The hydration state of the
surfactant was also found to be changed by the structural transitions [62]. Thus, the hydration
state could be evaluated through calculating the hydration numbers from dielectric responses in
the THz-ATR system.

5.3. Component Analysis

Based on the obtained characteristics in the THz region, qualitative and quantitative analysis
methods could be used to analyze the components for practical samples. The convenience of the
ATR configuration, such as non-invasion to the sample and without complex pre-treatment, makes it
possible and suitable for the rapid detection and discrimination or even online monitoring.
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Naito et al. [63] analyzed the correlation between the absorption spectra of raw milk and the milk
components by the partial least square regression and full cross validation as a test for the calibration
models, the results showing that THz-ATR spectroscopy is suitable to predict several milk contents such
as milk fat, total solid, and somatic cell counts. Cherkasova et al. [37] analyzed blood plasma specimens
from healthy rats and diabetic rats. The results showed that spectra of blood plasma specimens
obtained from diabetic rats had small but significant differences from those of healthy rats. Further,
they studied the ATR spectra of palm skin in a consecutive measurement after glucose intake [64].
The results show a correlation between the changes in the blood glucose level and the variations of
the ATR spectra, demonstrating the possibility of a non-invasive real-time measurement of blood
glucose concentration. Takeya et al. [65] obtained a concentration dependence of ATR spectra with
NaCl solutions and theophylline solutions. The concentration vibration only changed the amplitude
of the ATR spectra other than the refractive index. Dohi et al. [66] applied THz-ATR spectroscopy
to detect changes in the physical properties of lactose during the lubrication process required for
drug formulation. They found that both the concentration ratio of components and blending time
determined the final magnitude of spectra at the lactose-specific region. Liu et al. [67] obtained the
absorption spectra of three kinds of honey, Medlar, Vitex, and Acacia. The apparent distinction among
them could be attributed to the different types and contents of chemical compositions, such as glucose,
fructose, and water. The quality of honey could be identified by the partial least squares-discriminant
analysis (PLS-DA) model in the range of 0.5-1.5 THz, of which the accuracy of the validation set reached
was 88.46%. Soltani et al. [68] presented a THz-ATR setup and investigated the mixtures of water and
ground calcium carbonate (GCC). Both refractive index and absorption coefficient showed correlation
with the GGC concentration in the range between 30 and 40 wt %, which proved the feasibility for the
distinction of various concentrations of GCC in inline measurements. Qin et al. [69] determined the
complex refractive indices of tetracycline hydrochloride (TCH) in pure water and in pure milk at the
0.3-2.0 THz region. The presence of TCH could lower the complex refractive index at an equivalent
frequency in the whole band, which could be related to the change in the relaxation dynamics of
hydration water. The quantitative determination of TCH in pure water and in pure milk was further
realized by analyzing the concentration dependence of complex refractive indices at 0.5 THz.

5.4. In Situ Research for Biomaterials

The picosecond dynamics of hydration, which could be relative to the characteristics of nucleic
acid, protein, cell, and tissue, can be effectively evaluated through the dielectric properties in
the THz region [70]. Besides, the THz wave is non-ionizing, which is safe for the biomedical samples.
Thus, the THz-ATR system could be suitable for in situ research for biomaterials and biomedicine.
Here, we reviewed research that mainly focuses on the cell samples.

Shiraga et al. [71,72] determined the complex dielectric constant of cultured human cancer cells
(DLD-1, HEK293, and HeLa) in the THz region. They found that the dielectric responses below
1.0 THz best characterize the particular water dynamics of cancer cells. Later in their research [59],
the hydration state of an intact HeLa cell monolayer was investigated. Compared to the bulk
water molecules, these intracellular hydration water molecules exhibited slowed down re-orientation
dynamics relative to that of bulk water. Grognot et al. [73] proposed real-time measurements, which
could monitor the cytoplasm leakage. The THz signal shows great sensitivity to the intracellular
protein concentration. Zou et al. [74] also conducted a study on the cultured living human breast
epithelial cells (MCF10A). The dielectric constant and dielectric loss of cells were determined, and their
evolution under oxidative stress response was discussed. The above all demonstrated that THz-ATR
spectroscopy could allow in situ, noninvasive, real-time, and rapid monitoring of living cells.

6. Imaging Application

ATR shows promise for use in an imaging mode to get precise absorption information without
the inevitable noise induced by Fresnel refraction under general specular reflections [33,75]. Research
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shows THz-ATR imaging methods could ideally monitor and analyze liquid and biological samples.
A typical THz-ATR imaging system is shown in Figure 6. The raster scanning method, point-by-point
scanning by moving the prism in y or z direction, is used for obtaining image data of the samples.

THz laser

chopper

beam splitter

Golay cell

Figure 6. The setup of the vertically scanning imaging system. Reproduced with permission from [76],
Copyright © 2018, The Optical Society.

Wojdyla et al. [77] presented a THz-ATR imaging technique, using the relative differential spectral
phase of two orthogonal polarizations. This system showed advantages on the subwavelength ability in
longitudinal resolution. Martinez-Meza et al. [78] used THz-ATR technology to study three most used
skin-hydrants in commercial moisturizers and their interaction with the skin of a subject. Images of
the forearm were obtained taking THz spectra images in sequential times. The results showed that
the THz amplitude clearly decreased for all three substances between application and first measurement.
Lanolin and hyaluronic acid approximately maintained the amplitude of the THz signal and glycerin
slowly started to recover the reference state of the skin. Liu et al. [33] demonstrated an attenuated
TIR imaging system. The surface information of the sample can be obtained by two-dimensionally
scanning. The effective imaging area, image resolution, and polarization dependence of contrast
enhancement and stability improvement were discussed in detail. The THz-ATR image information of
distilled water (Figure 7a), solid agar (Figure 7b), and porcine tissue (Figure 7c) were obtained, showing
high sensitivity for the proposed method. While comparing the results in Figure 7a, the image obtained
by the p-polarized THz (right one) shows better contrasts than the elliptically polarized one (left one),
thus indicating that polarization is one of the key factors for the quality of the image. In their following
research [76], detailed analysis of the optimization for vertically scanning THz-ATR imaging has been
presented. The optimum prism design was determined, considering the TIR condition, effective ATR
imaging area, utilization of the prism, output heights of the reflected beams, and spatial resolution.
They also found that the p-polarized waves can contribute to achieve minimum error.
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Figure 7. THz-ATR imaging of (a) distilled water, (b) a piece of blood agar, and (c) porcine tissue.
Reproduced with permission from [33], Copyright © 2017, IOP Publishing.

7. Conclusions and Perspectives

Here, we introduce the basic optical geometry of the ATR system and summed up the factors
that influence the system. High-performance, broadband, active, and multi-function modulators
based on ATR have been proposed and discussed, showing attractive potentiality and unrivalled
advantages in amplitude and polarization modulation. Surface plasmon sensing methods based
on ATR configuration, Otto and Kretschmann, have been proposed and theoretically validated the
feasibility, which will open a new window for high performance plasmonic sensor for gas, liquid, and
so forth. The advantage of the ATR method makes it convenient for charactering liquid, powder, and
thin-film materials, especially for the surface layer characteristics, which will be further developed in
the rapid and noninvasive method for both spectroscopy and imaging. Due to the effective control of
intensive absorption of water, the research of solute and water molecules around, including molecular
dynamics, hydrogen bonds, and hydration in aqueous solution, can be realized through ATR geometry.
In particular, the biomaterial-related picosecond dynamics of hydration lies in the THz band, making
it suitable to obtain the characteristics of nucleic acid, protein, cell, and tissue for further application in
biomedicine. To conclude, ATR in the THz region shows unique strengths as following:

(1) Ultra-sensitivity to the conductive interface makes ATR an ideal platform for modulation; active
modulation would also be realized by materials with tunable conductive properties.

(2) The evanescent field supported by ATR offers great opportunity for realizing SPR with specific
materials and structures which support the SPP mode.

(3) In situ research for biomaterials and biomedicine can be convenient and effective through
ATR geometry.

Despite ATR being applied as an interesting platform in THz modulation, sensing, spectroscopy
and imaging, the limitations also make it challenging for further application. The performance of
modulation and SP sensing with ATR geometry is based on the properties of materials, such as
graphene and PVDF and configuration of the device. Thus, the fabrication of this modulator and
sensor remains the biggest challenge for achieving high performance. For spectroscopy and imaging,
the ambiguous response mechanism limits the applications, especially when it comes to both complex
external and internal situations for samples. In addition, the influence factors, such as difference in
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environment and preparation for the samples, can affect the results substantially. Based on these,
further research could be developed from these aspects:

(1) For modulation and sensing, the performance is determined by the fabrication, thus attention
on the uniformity, repeatability, and stability of graphene, PVDEF, and other tunable conductive
layers should be paid. Especially for SPR sensing, a tiny difference from thickness and properties
in each layer even would make it invalid.

(2) Present SPR sensing based on ATR could be a challenge for their application due to the optical
path needed to be adjusted accordingly. Fixing the incident angle while using continuous-wave
could be a better way to solve this problem.

(3) Spectra characteristics of the material should be further mined, which could be realized by some
advanced algorithms such as deep learning. Besides, theoretical explanations for the spectroscopy
response in the THz region also need to be further supplemented and completed. A simulation
study, such as molecular dynamic and vibration, could offer guidance.

(4) Reducing environmental disturbance and standardizing the test process are in great need for
reliable spectroscopy and imaging results. The ambient temperature should be stabilized in a
certain range and humidity should be controlled as low as possible. For thin-films and powder
samples, the pressure, which was usually applied on the sample in order to make the sample and
the ATR prism surface contact well, can also affect the result and should be optimized.

In summary, the ATR technique has broadened the scope of research for THz spectroscopy and
imaging, and it is expected to provide more extensive applications in the future.
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