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 Abstract— Terahertz (THz) technology has firmly established 

itself as an effective sensing and nondestructive testing technique 

for the detection of substances and physico-chemical evaluation of 

materials and structural systems since its first emergence almost 

three decades ago. To date, both the effectiveness and accuracy of 

this technology have been extensively demonstrated in a myriad of 

applications across the spectrum of research and development all 

the way to process analytical technology, quality control, 

nondestructive testing, and structural health monitoring. These 

applications are generally enabled by the production and 

availability of advanced, versatile, robust, highly accurate, and 

industrially rugged THz spectroscopy and imaging systems, the 

unique properties of THz waves compared with other 

electromagnetic waves, as well as the advancements in electronics, 

photonics, and THz metamaterial systems development. This 

article presents a comprehensive state-of-the-art and state-of-the-

practice review of sensing and nondestructive testing applications 

of THz technology and analyzes the role of THz metamaterials in 

enhancing the resolution and sensitivity of THz systems. The study 

also provides a general overview of the fundamentals of THz 

spectroscopy and imaging systems and discusses the suitability of 

THz sensing and nondestructive testing in a variety of real-world 

application scenarios (e.g. composites’ defect detection and 

evaluation, paints and coatings thickness measurement and 

characterization, biomolecule detection, etc.). Aspects such as the 

noise caused by the presence of barriers, challenges with 

experimental implementations and operability of THz systems, 

long times required to acquire THz images, as well as limited 

customizability and portability of currently available THz systems 

are also discussed. 
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I. INTRODUCTION 

A. Motivation and background 

n the electromagnetic spectrum, the terahertz (THz) 

frequency region refers to a narrow band between the 

microwaves (µ-Waves) and infrared (IR) regions. The 

radiation in this region of the electromagnetic spectrum is 

often referred to as THz radiation or THz waves. THz waves 

possess unique characteristics that make them attractive for 

spectroscopy and imaging applications. For example, many 

optically opaque materials are more transparent at THz 

frequencies suggesting that they can be used to reveal concealed 

objects through imaging, and the fact that THz wavelengths are 

much smaller than their µ-Waves counterparts enables THz 

imaging systems to resolve higher-resolution images compared 

to µ-Wave imaging systems [1], [2]. Also, the interaction 

between these waves and the matter in chemical, physical, and 

biological systems exhibits a wealth of fascinating and highly 

complex properties that are often used to evaluate and 

characterize the aforementioned systems [3], [4]. In particular, 

many molecules have unique spectral signatures at THz 

frequencies and this is one of the reasons why THz 

spectroscopy is considered an effective tool for many chemical 

identification and material characterization applications [5]–
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[8]. To put this into perspective, THz waves possess photon 

energies in the millielectronvolt (meV) range (i.e., usually from 

1-100 meV), which enables their strong interactions with 

systems having their lifetime and energy transition 

characteristics in the picosecond and meV ranges, respectively 

[9], [10]. Examples of systems featuring the aforementioned 

lifetime and energy transition characteristics include but are not 

limited to free charge plasmas, excitons, transient molecular 

dipoles, weakly bonded molecular crystals, molecular 

relaxation dynamics in aqueous solutions, hydrated biological 

matter, etc. [3]. This means that by using adequate devices to 

detect the photon energies released following the interaction 

between THz waves and the target materials or chemical 

substances one can easily acquire specific spectroscopic and/or 

imaging information that could help to identify and evaluate 

their different features, hence the capabilities of THz systems 

to perform the sensing and nondestructive testing (NDT) tasks. 

Although the ability to perform the spectroscopy analysis of 

materials and structures in the far infrared has been studied 

since this type of analysis became technically feasible for such 

applications with the development and implementation of the 

first Fourier Transform Infrared (FTIR) spectroscopic system in 

the 1950s [11], [12], the development of related THz 

spectroscopic systems has been delayed for many years even 

though THz frequencies are close to the far infrared frequencies 

in the electromagnetic spectrum [13], [14]. Even though many 

technical limitations could justify the extension of the 

aforementioned delay, the latter has been largely attributed to 

the lack or inefficiency of contemporary THz emission devices 

and detection sensors. 

In the late 1980s, significant advances in electronics and 

photonics have seen the development of femtosecond laser 

modules which enabled the generation and detection of high-

power THz waves. The development of the femtosecond laser 

module is considered by many as the beginning of spectroscopy 

in the THz frequency range [3]. This method was first described 

by Exter et al. in the late 1980s and heavily relied on the optical 

excitation of photoconductive dipole antennas (PCA) to operate 

[5]. After this initial study, subsequent improvements in THz 

spectroscopy followed and were largely facilitated by the more 

general development of optoelectronics and low-scale 

semiconductor technologies [3], [14]. To date, THz technology 

has already been adopted by its earlier users and is now on the 

verge of its desirable plateau of productivity or simply at its 

technological readiness or availability levels with completely 

new functionalities and applications in many different fields 

ranging from medical diagnostics and security applications to 

industrial control of the processes [14], [15]. Although the 

principles behind THz spectroscopy are heavily related to the 

methods developed for µ-Wave technology and FTIR 

spectroscopy, they all operate in different frequency regions 

suggesting that the information obtained from their interactions 

with the target materials/structures are also different. Although 

the information detailing the difference between these types of 

radiation has been extensively documented in the literature, 

some aspects related to the distinct features of THz radiation are 

worth mentioning. In terms of their electromagnetic frequency 

ranges, for example, the THz region belongs to a range of 

loosely defined frequencies ranging from 100 GHz to 10 THz, 

which correspond to their range of wavelengths spanning from 

3 mm to 30 μm  [3]. In most cases, however, this frequency 

band cannot be used entirely by common THz instruments, as 

they only cover the frequency range between 0.1-4 THz.  

Apart from the development and implementation of 

femtosecond laser systems, the popularity gained by THz 

technology and the expansion of its industrial applications in 

recent years were also promoted by several key properties of 

THz waves vis-à-vis the different physico-chemical substances 

and material systems. Typically, THz waves possess photon 

energy levels similar to the excitation energy levels required for 

different rotational and vibrational transitions of molecules in 

many kinds of materials and physico-chemical substances at 

different frequencies in the THz band. This means that some 

information such as low-energy molecular and intramolecular 

vibrational characteristics is contained in their THz 

spectroscopic signals, and this makes THz technology a 

powerful sensing and nondestructive testing (NDT) tool for the 

evaluation of materials as well as the detection of biological and 

physico-chemical substances, respectively. Compared to γ-rays 

and X-rays, THz waves feature low photon energy levels (e.g. 

estimated to 4 meV at 1 THz) and, therefore, form a non-

ionizing type of electromagnetic radiation. Indeed, this property 

makes THz waves safe for use in the inspection and evaluation 

of biological tissues as well as the detection and analysis of any 

other biological samples that may be susceptible to ionization 

or high-energy beam damage [16]. Also, THz waves are 

coherent (i.e., meaning that they are generated by coherent laser 

pulses based on dipole oscillations or nonlinear optical effects 

driven by coherent currents), suggesting that they can be used 

to measure the amplitude and phase information of the electric 

field coherently [9], [17]. This is particularly important because 

not only does coherent detection achieve higher sensitivity than 

direct detection in THz systems, but this type of detection 

scheme can also achieve an increased spectral efficiency 

because it uses the phase, amplitude, and polarization of an 

optical carrier to carry information. Compared with µ-Waves 

and mm-Waves, THz waves possess shorter wavelengths, 

suggesting that THz systems can undoubtedly achieve higher 

penetration capability and spatial resolution than their µ-Waves 

and mm-Waves-based counterparts [18]. Additionally, THz 

pulses have good temporal resolution with their pulse width 

being in the picosecond to the sub-picosecond ranges [19], [20], 

which confers the THz systems the capability to detect and 

analyze transient changes taking place in electrons, atoms, 

molecules, and other ultra-fast processes. 

Consistent with the aforementioned, THz waves have good 

penetration capabilities to common dielectric materials (e.g. 

inorganic materials such as glass and ceramics, rigid fibrous 

reinforced composites, polymers, vulcanized adhesives, 

elastomers and rubber-like materials, plastic films, textile fiber, 

resins, varnishes and silicones, etc.) due to their limited 

electromagnetic absorption levels at THz frequencies, and this 

gives THz technology the ability to detect dangerous goods 

when covered by these types of materials [9], determine the 

aging degree of common electrical insulators [21], etc. 

Although THz waves are heavily absorbed by most polar 

molecules or substances such as alcohols, water, moisture, 

ammonia (NH3), etc. [22], the analysis of the absorption 

spectroscopy of THz waves passing through some samples can 
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also be used to reveal the quantity of these polar molecules in 

their midst [23], [24]. Also, the relatively low scattering losses 

occurring in pharmaceutical tablets due to the long wavelength 

of THz radiation compared to typical sizes of internal 

tablets/capsules common particles make THz spectroscopy and 

imaging (THz-SI) an extremely effective and versatile 

analytical tool for the analysis and evaluation of pharmaceutical 

capsules and tablets (e.g. analysis of the solid-state and 

amorphous formulations of pharmaceutical drug products, 

evaluation of small organic molecular crystals and their 

corresponding solid-state modifications, etc.) [25], [26]. All 

these properties combined with the aforementioned advances in 

the development of high-performance photonic and electronic 

devices have enabled the deployment of highly efficient THz-

SI for several industrial applications including homeland 

security, aerospace, polymer science, polymer testing, 

evaluation of paints and coatings, characterization of wood and 

paper materials, evaluation of electronics and semiconductors, 

detection of petrochemicals, gas sensing, agricultural and food 

products, etc. [4], [14], [15], [27]. This is in contrast to what 

was the main sentiment among researchers in industry and 

academia about a decade ago when most researchers and 

experts could not name even a single “killer application” of 

THz sensing. 

To date, THz technology has evolved into an effective 

sensing/NDT tool and the expansion of its applications stands 

at the center of current interests in the NDT community. In fact, 

some state-of-the-art applications that were not feasible decades 

ago are now being successfully implemented [28]–[30], and it 

appears that the commonly repeated mantra “THz moves out of 

the lab” may finally be coming true [15], [29]. Nevertheless, 

the number of publications in peer-reviewed journals, academic 

monographs, conference proceedings, book chapters, industry 

snippets, patent applications, etc. on THz sensing and NDT 

applications as well as THz systems development is scattered 

and it is becoming increasingly difficult to process it in a single 

reading. Also, the current expansion of deceptive and 

exploitative business models of countless predatory journals 

makes it more difficult for starters to know the publications that 

provide an accurate description of the facts. Therefore, having 

a review article that serves as a quick reference for researchers, 

engineers, and policymakers would help to improve their 

research efficiency by providing them with the most up-to-date 

state-of-the-art and state-of-the-practice governing the 

applications of THz technology in industries and research 

settings. Although there are currently some topical review 

articles on the applications of THz technology [4], [9], [25], 

these studies generally focus on laboratory-based testing and 

the detection of specific classes of materials, structures, and 

substances leaving the industrial applications with real-time 

impact on the development of THz sensing and NDT devices 

largely untouched. Therefore, the present study bridges these 

gaps and provides the readers with contemporary information 

on both the laboratory and industrial applications of THz 

technology, and outlines some of the most innovative practices 

involving the development, and improvement of THz 

technology.  

 

B. Literature review 

Industries generally need accurate and efficient NDT tools 

for the detection, analysis, and testing of materials, substances, 

and structural systems [17], [25], and this is particularly critical 

for products or systems that require regular testing and 

monitoring to guarantee their quality, material composition, 

properties and/or structural integrity at different stages of their 

lifecycles [16], [31]. Although these types of evaluation and 

sensing can be performed using offline testing/monitoring 

systems, some applications may still require the use of in-line 

testing/monitoring systems to allow continuous or batch 

processing, save resources and improve the testing/monitoring 

efficiency. The former can be achieved using both contact and 

non-contact testing/monitoring techniques, while the latter can 

only be achieved by using noncontact testing/monitoring 

techniques. Additionally, modern products such as aircraft 

components, pharmaceutical tablets, wind turbine blades, 

integrated circuits, etc. must comply with their application 

requirements as stipulated by relevant government or private 

agencies consistent with contemporary technological 

advancements [16], [25], [32]. These updates may require the 

use of new and advanced material systems such as composites, 

carbon nanotubes (CNTs), ceramics, graphene, etc., which also 

require the use of upgraded or new NDT techniques for their 

inspection and quality control. As a new and highly effective 

NDT technique, THz technology can easily detect and evaluate 

important structural features such as the thickness, weight, 

surface roughness, damage, density distribution, quality of the 

interfaces in multilayered structures, chemical composition, etc. 

of the target structures [4], [13], [14], [25]. Apart from the 

evaluation of structural features of materials and structures, 

THz technology can also be applied to determine numerous 

types of material properties including complex conductivity, 

dielectric properties, permittivity, refractive index, absorption 

coefficient, etc. Also, the fact that THz technology uses THz 

waves which combine several other characteristics such as high 

resolution, biosafety, the capability of evaluating the molecular 

vibrational characteristics, high penetration into dielectric 

materials, as well as the flexibility of measurement set-up, etc. 

is another added advantage [17], [33].  

Taking advantage of all these properties offered by THz 

waves, THz technology has recently become a valuable sensing 

and testing technique in materials sciences, chemistry, 

engineering, medicine, etc. [15]. The technique is constantly 

being used to study the vibrational spectroscopy of liquids such 

as moisture or water molecules, different types of alcohols (e.g. 

propanol, methanol, ethanol, etc.), and low-frequency dielectric 

relaxation processes [21], [34], [35]. THz technology is also 

used to detect numerous types of chemical substances such as 

amino acids, and peptides in biomedical applications [36], [37], 

concealed liquid drugs, and explosives in safety and security-

related applications [38], etc. To date, researchers are also 

working to optimize THz systems for the detection of bombs 

and other types of dangerous weaponry and initial results have 

produced encouraging results [39], [40]. In the field of materials 

science, in particular, THz-NDT is an ideal testing method to 

measure the density of mobile charge carriers and the 

electromagnetic shielding capabilities of electrically 

conductive and semi-conductive materials based on their 
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capability to reflect and absorb THz radiation [41], [42]. The 

recent advances in the design and implementation of new 

material systems have also attracted considerable attention 

among chemical engineers and material scientists seeking to 

use this technology to study the homogeneity and uniformity of 

emerging two-dimensional (2D) materials including bismuth 

selenide (Bi2Se3) [43], Molybdenum disulfide (MoS2) [44], 

graphene, CNTs, metal carbide, and nitrides or carbonitrides 

(MXene) [45], [46], etc. Interests in using THz-NDT as a 

quality control technique in the pharmaceutical industry to 

monitor the forming and drying processes of coatings on 

pharmaceutical tablets and capsules, as well as measure the 

final thickness of the aforementioned coatings and protective 

layers at reduced costs and process times have also been 

reported [47], [48]. In the biomedical community, the use of 

THz technology as the diagnostic tool for certain diseases such 

as cancer and diabetes has also been growing in recent years 

[49]. In biological science, researchers are increasingly 

focusing on the detection of several types of microorganisms 

and toxins including yeast, bacteria, fungi, aflatoxins, and 

viruses using THz-metamaterials [50], [51]. 

Although THz technology is an effective sensing and NDT 

tool for numerous industrial and scientific applications, THz 

waves have longer wavelengths (i.e., on the order of 300 μm) 

than X-rays and γ-rays suggesting that THz systems can barely 

detect small samples or be used to perform an analysis of trace 

amounts of samples due to their limited resolution and/or 

sensitivity to these types of samples [9]. To improve their 

resolution and sensitivity features, researchers have developed 

several types of THz sub-wavelength structures commonly 

referred to as THz metamaterials  [30]. These structures are 

generally fabricated by using common lithographic techniques 

and are primarily used to enhance the interaction between THz 

waves and the target samples for accurate parameter 

measurements and enable the evaluation of extremely small 

samples or the detection of substances in trace concentrations 

[50], [52], [53]. Advancements in the design and 

implementation of efficient THz metamaterial systems have 

also given rise to the corresponding development of high-

performance THz systems’ components such as filters, lenses, 

beam steerers, perfect absorbers, etc. [30], [54]. Apart from the 

improvement in the sensing and NDT capabilities of THz 

systems, researchers have also worked to diversify the 

configurations and measurement principles of THz systems to 

accommodate new applications/materials in a myriad of 

directions [14], [55]. As such, there are currently many 

published studies on THz sensing and NDT applications, and 

all these studies use a wide variety of THz system 

configurations that cannot be reviewed in a single paper. To this 

end, the present study only focuses on general considerations 

and provides illustrations and explanations pertaining to the 

operation of THz-SI by outlining the process through which the 

time-domain measurements provide the images and spectral 

information describing or providing the features of the structure 

under test. The study also illustrates the method for extracting 

certain structural properties and characteristics of the samples 

from the measured THz signals and potential pitfalls when 

acquiring THz time-domain spectra. 

THz spectroscopy technologies are divided into three main 

classes namely THz frequency-domain spectroscopy (THz-

FDS) and THz time-domain spectroscopy (THz-TDS) [3], [9], 

[14], [56], whereby the most commonly used THz systems 

belong to the THz-TDS class and their imaging variations. To 

date, numerous papers have been published describing the use 

of THz-SI systems and analyzing their various characteristics 

and operation features [3], [57], [58]. To utilize the data 

measured by THz-TDS systems, for example, it is necessary to 

understand certain performance aspects of THz-TDS systems 

and perform a correct interpretation of the results [15]. In their 

operation, THz-TDS systems use pulsed THz waves generated 

by exciting semiconductor heterostructures using ultrashort 

laser pulses [36]. The generated THz pulses will interact with 

the samples and the measured time-domain signals represent 

the temporal variation of the intensity of the spectral pulse 

and/or the transient electric field of THz waves. These time-

domain signals can then be transformed into their frequency-

domain counterparts (i.e., the spectral data) by applying the 

Fourier transformation. In most cases, THz transmission loss in 

the sample is visualized as the difference between the reference 

and sample spectra. The transformed signals or frequency-

domain signals are used to calculate different types of 

information including the phase and amplitude, which are 

subsequently used to determine the sample’s optical and 

electrical properties such as the conductivity, absorption 

coefficient, complex refractive index, complex conductivity, 

dielectric constant, etc. [3], [21]. The THz optical parameters of 

the sample are calculated from the spectral data of the reference 

and sample being measured [59]–[61]. For example, the 

sample’s refractive index is obtained from the phase data, while 

its absorption coefficient is derived from the amplitude data but 

takes into consideration the previously calculated refractive 

index [15]. In fact, either the time domain or frequency domain 

can be used to analyze data measured by the THz-TDS systems 

for sensing and NDT applications depending on the sample’s 

characteristics and/or features of interest.  

THz-TDS operates in a signal-probe configuration and uses 

short pulses (i.e., the THz pulse length is ≈1 ps and the probe 

pulse length is <0.1 ps). As a result, there are no standing waves 

formed in the system itself or the sample being measured which 

further simplifies the data analysis process. Also, the THz-TDS 

system provides users with unambiguous measurements of the 

electromagnetic field amplitude and phase because it uses short 

pulses and coherent detection. In fact, this is also considered 

one of the main advantages of the THz-TDS measurements 

because the measured electromagnetic field amplitude and 

phase directly yield transmission loss and phase delay, which 

are subsequently used to derive the absorption coefficient and 

refractive index of the material measured. Although THz-TDS 

applications require a reference measurement in most cases 

(i.e., a dataset recorded without any sample in place or with 

reference material), these systems do not require repeated 

calibration as one measurement suffices for a specific system 

configuration. The nominal operational bandwidth of a typical 

THz-TDS system is generally between 0.1-4 THz, this 

bandwidth may be reduced by transmission losses (i.e., 

following a well-formulated dependence). The typical 

frequency resolution of most commercially available THz-TDS 
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is usually about 5 GHz, but better resolutions up to 1 GHz are 

also achievable. 

THz-FDS systems are also closely related to THz-TDS 

systems in terms of their physical processes, technological 

solutions, and measurement techniques [21,22,23]. THz-FDS 

systems use two continuous-wave THz lasers with offset 

wavelengths, and dedicated semiconductor-based antennas, 

commonly referred to as “photomixers”, to convert the beat 

signal into monochromatic THz waves. Varying the wavelength 

offset between the two lasers tunes the THz frequency, hence, 

the denomination “frequency-tunable THz emitters or 

detectors”. Unlike THz-TDS systems, THz-FDS systems 

operate with continuous THz waves, with high temporal 

coherence that gives rise to standing waves that must be 

accounted for in measurements. Interestingly, THz-FDS 

systems also use coherent detection, which means that their 

measurements also yield information related to both THz field 

amplitude and phase. The typical operating range of THz-FDS 

systems is generally between 0.05-3 THz [24]. The main 

advantages of THz-FDS are a very high-frequency resolution 

(<5 MHz), the possibility of measuring at a user-selected, fixed 

frequency (or frequency range), and comparatively low system 

costs compared with THz-TDS systems.  The general principle 

of operation of THz-FDS systems is similar to that of THz-TDS 

systems. That is, a reference signal is recorded, followed by a 

measurement of the sample. The phase-sensitive (coherent) 

detection scheme gives rise to phase “fringes” whereby the 

detected signal (i.e., the photocurrent measured in the receiver 

photomixer) oscillates between negative and positive values as 

the THz frequency is scanned. This effect is similar to scanning 

an interference pattern in frequency [26] and must not be 

confused with standing waves that arise due to multiple 

reflections of the beam. In general, the frequency step size in 

THz-FDS measurements is as small as 1 MHz which provides 

THz-FDS systems with high-resolution spectral measurements. 

In the first post-processing step, the envelope spectrum of the 

phase fringes is computed to detect and identify the different 

features of the measured samples. The most straightforward 

approach is a simple identification of the phase maxima and 

minima [26]; however, this method fails if the linewidth of the 

spectral feature is narrower than the fringe period. Phase and 

amplitude information for each frequency step is either 

obtained with phase modulation techniques or by applying a 

Hilbert transform to the raw THz data [62]. The envelope 

spectrum of the sample is divided by that of the reference 

measurement. The square of the resulting ratio produces the 

transmission spectrum, where the ratio is squared because 

“transmission” refers to the intensity, whereas the envelope 

spectra are proportional to the electric field of the THz wave. In 

some studies, for example, the silicon sphere resonator with a 

whispering-gallery-mode resonance that has a Q-factor of 

15,000 and a full-width half maximum (FWHM) linewidth of 

42 MHz, whereby the line shape is resolved with a THz-FDS 

system. Indeed, this type of narrow resonance would not be 

detectable with a THz-TDS system, and this justifies the higher 

performance of THz-FDS systems over THz-TDS systems. 

Similar to the optical measurements in the visible and NIR, it is 

possible to perform THz measurements by using any suitable 

combination of THz sources and detectors [57], [63]–[65]. 

However, the challenge still lies in the inherent low-intensity 

levels of THz sources and the low sensitivity of most THz 

detectors [14]. Interestingly, advanced THz emitters and 

detectors operating in the lower section of the THz frequency 

range (i.e., between 0.1-1 THz) are currently being developed 

[15], and numerous high-performance devices such as 

multipixel detector arrays and video-rate THz camera systems 

are now being deployed for real-time industrial sensing and 

NDT applications. 

Although THz-SI systems are highly effective sensing and 

NDT tools, their accuracy levels can be easily comprised 

because of the attenuation of the THz signals along their 

propagation paths and the strong dispersion of THz waves 

inside the specimens under test [66], [67]. As such, THz-SI 

systems generally require the use of adequate signal-processing 

methods to extract useful features that may be submerged into 

complex THz signals [66]. These include but are not limited to 

traditional signal-processing methods such as wavelet 

transform, short-time Fourier transform, Hilbert-Yellow 

transform, and sparse representation, etc. [67]–[69], and 

advanced signal-processing methods such as traditional 

machine learning and deep learning algorithms [70]–[74]. 

Although traditional signal-processing methods enhance the 

accuracy of THz sensing and NDT results, these methods 

generally rely on manually designed extractors and the 

professional knowledge of the users, which could potentially 

jeopardize feature detection and/or extraction under complex 

THz sensing and NDT scenarios. Also, traditional THz signal 

processing methods generally fail to balance their efficiency 

and accuracy of the measurements particularly when processing 

large amounts of datasets [66], [73].  To meet the constantly 

increasing need for constantly evolving need for automatic 

feature detection, evaluation, and classification in industrial 

inspection settings, the use of machine learning algorithms (e.g. 

support vector machines, decision tree, logistic regression, k-

nearest neighbor, gaussian naive Bayes, etc. has been widely 

explored in recent years to enhance the sensing and NDT 

capabilities of THz-SI systems and achieve autonomous 

processing of large amounts of THz datasets [70], [75]–[78].  

Although many of these signal processing methods can 

significantly improve the accuracy of THz measurements, the 

ability of traditional machine learning algorithms to provide 

accurate evaluation results is highly dependent on the types of 

selected data features when processing raw THz datasets [66]. 

As special and important types of machine learning algorithms, 

deep learning algorithms adopt data-driven approaches for 

feature extraction and retain deep and specific features from 

chaos samples [79]. As a result, these types of algorithms can 

effectively overcome most of the limitations of traditional 

machine learning algorithms, and provide users with powerful 

feature extraction capabilities. Also, deep learning algorithms 

possess significantly high resistance to signal interferences 

coming from complex backgrounds and are therefore capable 

of providing accurate test results even from noisy signals [80], 

[81]. To date, numerous researchers have extensively 

conducted research on the use of current state-of-the-art deep 

learning algorithms to enhance the accuracy of  THz sensing 

and NDT results and promote autonomous feature detection 

and/or extraction and accurate results have been reported in the 

literature [72], [80]–[82]. In fact, most THz signal processing 
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methods using deep learning algorithms have been recently 

reviewed in Refs. [73], [76] and interested readers are directed 

to these specific studies for more information. 

 

C. Content and contribution of the study 

The majority of the studies presented in the literature indicate 

that THz-SI is an effective and highly accurate sensing and 

NDT technique for the detection of molecules and substances 

as well as the physico-chemical analysis and characterization of 

materials and structural systems. A glance into the bibliography 

or the present study indicates that there are currently many 

industrial THz systems are currently being developed 

worldwide, and several field trials of high-performance THz 

sensors and systems are proceeding apace. The literature 

reveals that the great majority of the proposed THz sensing and 

NDT applications mainly focus on the use of THz-SI systems 

for the detection of substances and the physico-chemical 

evaluation of material and structural systems where aspects 

such as feature characterization, thickness evaluation, defects, 

and damage detection and characterization, biomolecules 

detection, etc. are mainly considered. To provide readers with 

an updated status quo of research sensing and NDT 

applications, this paper presents an updated review of the 

current state-of-the-art and state-of-the-practice pertinent to the 

sensing and NDT applications of THz-SI systems. To facilitate 

the understanding, the study first revisits the fundamental 

physics relating to THz-SI, discusses the issues with the 

experimental implementations, and outlines the need for signal 

processing techniques. The study also summarizes the 

suitability of THz-SI technology in different sensing and NDT 

applications, and various challenges in real-world THz sensing 

scenarios where a particular interest is directed toward the 

effects of spectral noise arising from the presence of barriers 

that obstruct the measurements or absorb THz waves, long 

times required for image acquisition that may alter the 

composition and/or integrity of the samples (i.e., especially bio-

medical samples), limited portability of the current THz-SI 

systems, limited customizability of the current THz-SI systems, 

etc. Finally, the study analyzes the role of THz metamaterial 

systems in enhancing the resolution and sensitivity of THz 

systems, and their applications in the sensing of biomedical, 

agricultural, thin films, and food samples are discussed. To 

cover all the aforementioned aspects, this study is divided into 

5 different sections. Section 1 presents the introduction of the 

study outlining the information such as the motivation and 

background, as well as the content and contribution of the 

study. Section 2 presents a brief description of the THz-SI 

system and an introduction to THz metamaterials. Section 3 

presents a broader review of the application of THz-SI in the 

NDT of materials and structural systems focusing on some 

specific areas of application such as the evaluation of composite 

materials, characterization of thermal barrier coatings, oil and 

gas sensing, artwork identification and conservation, safety 

inspection, etc. Section 4 discusses the application of 

metamaterials in THz spectroscopic systems for the detection 

and recognition of materials, structural systems, and 

substances. Section 5 concludes the study.  

II. TERAHERTZ SPECTROSCOPY SYSTEMS AND THEIR OPERATION 

As indicated earlier, the development of femtosecond laser 

systems in the late 1980s has enabled the development of high-

performance THz spectroscopic systems [3], [9]. To date, THz 

spectroscopic systems have been revolutionized and they are 

currently being commercialized as fully-functional NDT 

systems for the evaluation and characterization of the physico-

chemical properties of materials, and structures, as well as the 

sensing and recognition of substances [21], [83], [84]. 

Additionally, the recent development and implementation of 

THz metamaterial systems have also enabled the enhancement 

of measurable THz signals by increasing the sensitivity, 

selectivity, and resolution of THz systems to the extent that they 

are now used in many areas of fundamental science and real-

world applications. In this section of the paper, the operation 

and detailed functions of the different components of the THz-

SI systems are explained and the role of the THz metamaterials 

is discussed. 

 

A. Characteristics of THz waves 

The THz region of the electromagnetic spectrum is situated 

between the µ-Waves and IR of the electromagnetic spectrum 

with frequencies ranging from 100 GHz to 10 THz or the 

wavelengths between 3 mm to 30 μm as illustrated in Fig. 1. 

With the development of the THz technology in the late 1980s, 

this region has been constantly referred to as the “THz Gap” 

due to the lack of effective THz wave generators and detectors 

working in the THz frequency range (i.e., the limited density 

and performance of THz product and devices such as the lack 

of powerful THz sources and sensitive THz detectors, etc.). As 

the technology continues to evolve, this proverbial gap is 

constantly being reduced thanks to the rapid development of 

more efficient THz sources, THz detectors, and various other 

types of THz devices and components capable of operating at 

ambient temperatures and/or open-air [14], [55]. To this end, 

several studies outlining the use and improvement of THz 

technology have been extensively studied and THz technology 

has now become a thriving interdisciplinary field of research 

and development at the frontiers of science and engineering. 

Additionally, THz waves possess some unique properties such 

as biosafety, good penetration, spectral fingerprint, etc. that 

make them very exceptionally attractive for testing, sensing, 

and recognition of materials, structures, and chemical 

substances [9]. Unlike X-rays, γ-rays, or µ-waves, THz waves 

are also nonionizing and are, therefore, safe for even some 

sensitive biological molecules (e.g. ribonucleic acid, 

deoxyribonucleic acid, etc.) during low photon energy wave-

material interactions [30], [85], [86], and these properties are 

indeed crucial for biosensing applications. 
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Fig. 1. Location of the THz frequency band in the 

electromagnetic spectrum (i.e., a narrow band between the 

microwaves and infrared regions) [13]. 

 

THz waves are also sensitive to transient rotational and 

vibrational modes or states of many molecules which cannot 

generally be detected by most of the conventional mid- and 

near-infrared spectroscopic systems [30]. They can also 

penetrate relatively thick nonconducting or dielectric matter in 

physico-chemical and biological systems to provide relevant 

sensing and NDT information [14]. Interestingly, THz 

spectroscopic systems using coherent detection methods are 

capable of measuring the transient electric field and not just its 

intensity, meaning that the samples’ optical properties such as 

the absorption coefficient, transmission coefficient, refractive 

index, etc. can easily be calculated from the amplitude and 

phase measurements without using the Kramers-Kronig 

analysis or other complex/empirical models [25]. Although 

THz waves possess several properties that make the THz-SI 

systems attractive sensing and NDT tools, challenges such as 

weak responses of THz waves to natural materials, low spatial 

resolution caused by the diffraction limit, as well as the costs of 

THz devices still limit their adoption for common inspection 

and sensing applications [16]. To this end, some of the most 

promising solutions to achieve accurate and highly reliable THz 

sensing and NDT include but are not limited to the use of THz 

metamaterial systems, as well as the use of high-performance 

THz wave generators and detectors. 

 

B. Generation and detection of THz waves 

In general, THz spectroscopic systems use two different 

types of THz sources viz. continuous-wave (CW) and pulsed 

THz radiation. The efficient generation and detection of THz 

waves are key prerequisites for achieving high-performance 

THz spectroscopic systems. In most commercial THz 

spectroscopic systems, both CW and pulsed THz radiation are 

emitted and detected using optoelectronic systems (e.g. optical 

rectification devices) [87], [88], and electronic-based systems 

(e.g. PCA) [8]. In fact, PCA-based systems are considered the 

most predominant types of THz detectors and emitters for both 

CW and pulsed THz operations, owing to the extremely wide 

bandwidth available in their semiconductor electrodes at optical 

frequencies [1], [8], [17], [89]–[91]. The structure of a typical 

PCA features a metallic antenna operating at THz frequencies 

and a photo-absorbing semiconductor substrate (e.g. low 

temperature-grown gallium arsenide - LT-GaAs) on which a 

metal antenna is mounted (Fig. 2). To generate THz radiation 

pulses (i.e., pulsed THz waves), the region between the antenna 

arms is illuminated with a femtosecond optical pulse as 

illustrated in Fig. 2(a). Then an external direct current (DC) bias 

voltage is applied between the terminal of the aforementioned 

metal antenna electrodes to drift the photogenerated carriers in 

the active region of the PCA system and induce an ultrafast 

photocurrent (i.e., a narrow time-domain pulse having a full 

width at half maximum in the sub-picosecond range and 

corresponding to a broad THz frequency range with multiple 

frequency components) which drives the THz antenna into 

operation to generate pulsed THz waves. To detect these pulsed 

THz waves, femtosecond pulses are used to pump the active 

region of the PCA system to create photocarriers. Instead of 

applying an external bias field, the incident THz field induces 

an electric field 
THzE  in the active region between the antenna 

arms of the PCA system. This field drifts the carriers to the 

antenna electrodes, and a photocurrent with a magnitude 

proportional to the strength of the incident THz field is induced 

as illustrated in Fig. 2(b) [17]. To generate or detect CW THz 

radiation, a dual-frequency optical beam with a THz frequency 

difference is heterodyned and used to pump the active region of 

the PCA rather than a femtosecond optical pulse (Figs. 2(c-d)) 

[1]. Using this configuration, frequency-tunable THz emitters 

or detectors are realized by changing the frequency difference 

of the dual-frequency optical beam [92]. In most cases, PCA 

systems used for cwTHz operation are usually referred to as 

photomixers because the generation and detection of the 

cwTHz waves are performed via the photomixing process [92], 

[93]. 
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Fig. 2. The operation principle of typical THz PCA emitters and 

detectors: (a) configuration of the PCA used for the generation 

of pulsed THz radiation, (b) schematic diagram of the PCA used 

for the detection of pulsed THz waves, (c) schematic diagram 

of a PCA for the generation of CW THz radiation, and d) 

schematic diagram of a PCA for the detection of CW THz 

radiation [1], [17]. 

 

To achieve high quantum efficiency operation of PCA 

emitters and detectors, higher percentages of photogenerated 

carriers must reach the antenna’s contact electrodes. However, 

photogenerated carriers do not travel long distances, and only 

carriers generated within a few hundred nanometers from the 

antenna’s contact electrodes can adequately contribute to the 

ultrafast operation of the PCA system at THz frequencies [1]. 

As such, it is generally difficult to maintain the ultrafast 

operation of PCAs with a high quantum efficiency, and the 

tradeoff between these two factors will ultimately limit the THz 

emitters’ radiated power and the THz detectors’ sensitivity 

and/or responsivity levels. Recently, numerous researchers 

have devoted their efforts trying to improve the performance of 

these devices by leveraging current state-of-the-art 

technological advancements, of which nanotechnology and 

additive manufacturing seem to be the most important 

technologies leading the charge [1], [94], [95]. Typically, 

several types of nanostructure-enhanced THz PCA emitters and 

detectors such as plasmonic light concentrators, plasmonic 

contact electrodes, optical nanoantenna arrays, optical 

nanocavities, etc. have been experimentally proved to 

significantly improve the performance of THz PCA emitters 

and detectors [1], [96], [97]. Fig. 3 presents some of the 

aforementioned nanostructure-enhanced THz PCA emitters and 

detectors. 

 

 
Fig. 3. Typical PCA systems based on (a) plasmonic light 

concentrators fabricated in the photoconductive active region to 

enhance the optical pump intensity, (b) plasmonic contact 

electrodes connected to the THz antenna to enhance the optical 

pump photon intensity close to the antenna, (c) nanoantenna 

arrays to enhance the optical field around the THz radiating 

elements, and (d) plasmonic nanocavity formed by a set of 

plasmonic nanostructures and an optical reflector to confine the 

optical pump photons in the active region [1]. 

 

As indicated earlier, the use of optoelectronic systems such 

as optical rectification devices, ultrafast spintronics, and PIN 

diode junctions is also a common procedure used by researchers 

and engineers to generate and detect THz waves. In the case of 

the optical rectification method, for example, a static electric 

field is induced while an optical field interacts with a nonlinear 

crystal to generate THz waves [98]. The detection of the electric 

field of the THz waves is performed through the electro-optical 

sampling method which relates to the use of the Pockels effect 

(i.e., an inverse process of the optical rectification method) 

where the magnitude of the THz electric field is evaluated by 

measuring changes in the polarization levels of the probe beam) 

[25], [99]. Also, ultrafast spintronics and PIN diode junctions 

are other options currently being explored for high-performance 

THz emitters and detectors [8], [100], [101]. Although these 

structures are also capable of providing ultrafast carrier 

dynamics in THz photoconductors and photomixers, they 

generally rely on the use of short-carrier-lifetime 

semiconductors [100], [102] whose manufacturing process 

requires the use of rare elements and non-standard processes 

with limited accessibility and implementation platforms [8]. To 

address these challenges, researchers are currently developing 

alternative techniques for realizing THz photoconductors and 

photomixers that do not rely on defect-introduced short-carrier-

lifetime semiconductors, by using low-dimensional materials 

such as graphene, black phosphorus, etc. [103]–[109]. The 

materials are generally scalable and their continued 

development will undoubtedly lead to many breakthroughs 

This article has been accepted for publication in IEEE Transactions on Instrumentation and Measurement. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TIM.2023.3318676

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: University of Liverpool. Downloaded on October 05,2023 at 18:26:41 UTC from IEEE Xplore.  Restrictions apply. 



9 

 

which could easily expand the availability, applications, and 

scalability of THz-SI systems. 

In summary, both the generation and detection of THz 

radiation are generally performed using PCA systems for both 

CW and pulsed THz wave operations. These devices are 

generally fabricated using semiconductor materials such as LT-

GaAs, which are generally difficult to manufacture and require 

specialized manufacturing facilities. Interestingly, recent 

advances in nanotechnology and additive manufacturing have 

recently fueled the development of high-performance PCA 

systems that are cost-effective and highly scalable. The key idea 

of these novel material development and manufacturing 

technologies is to take advantage of various nanostructure 

systems to improve the optical absorption levels of the THz 

waves in the active region of the PCA system and reduce the 

photocarrier transport path length to the THz antenna’s 

electrodes to minimize the inherent tradeoff between ultrafast 

operation and high quantum efficiency [1]. The potential use of 

2D nanomaterials such as graphene, black phosphorus, etc. is 

also another area being explored by researchers and engineers 

to manufacture high-performance PCA systems. These 

materials present unique electrical and optical properties not 

offered by many bulk semiconductor substrates (e.g., versatile 

fabrication process compatibility, broadband optical response, 

high charge carrier mobility, etc.), making them highly 

attractive for the fabrication of numerous optoelectronic 

devices operating in different electromagnetic frequency bands 

ranging from ultraviolet (UV) to THz [110]–[113]. The use of 

these advanced nanomaterials as the active region of PCA 

systems was successfully explored for the generation and 

detection of THz waves and encouraging results were reported 

[114]–[116]. In fact, the combination of these novel material 

developments and advanced manufacturing technologies would 

generate even better PCA systems. For example, experts 

believe that the use of PCA systems combining nanoplasmonic 

structures and optical nanocavities with 2D nanomaterials 

would further enhance the radiated power levels and detection 

sensitivities of PCA at THz frequencies. Unlike conventional 

semiconductors-based PCA systems, the realization of 

nanostructures-enhanced PCA systems usually involves several 

layers of challenges including but not limited to lower 

throughput, lower yield, and more expensive fabrication 

processes, etc. Typically, most nanostructures or cavity systems 

used to improve the performance of these novel PCA devices 

have their sizes in tens to hundreds of nanometer ranges, which 

are much smaller than the resolution of conventional 

photolithography techniques (i.e., the manipulation of light to 

etch the desired features onto a surface). Interestingly, the use 

of higher-resolution nanofabrication techniques such as 

electron beam lithography, immersion UV lithography, 

nanoimprinting, soft lithography, extreme UV lithography, etc. 

can help address these challenges [117]–[119]. To this end, it is 

believed that the significant performance enhancement offered 

by various structures such as nanoantennas, nanomaterials, 

plasmonic nanostructures, and optical nanocavities combined 

with advanced nanomanufacturing techniques will pave the 

way for the next generation of low-cost, high-performance THz 

PCA emitters, and detectors with various unique spectroscopy 

and imaging applications. 

 

C. Principle of operation of THz time-domain spectroscopy 

As indicated earlier, the majority of THz sensing and NDT 

applications are performed using THz-TDS systems which may 

be configured differently to accommodate their application 

requirements [58]. Interestingly, all THz-TDS systems 

comprise the same main modular components viz. a 

femtosecond laser module, a THz emitter, a delay line between 

the pump and probe beams, as well as a time-gated THz detector 

and they operate based on the same principle [13], [21], [98]. 

Although THz measurements can be performed in transmission, 

reflection, or ATR modes, the literature suggests that most 

commercially available THz-TDS systems generally use the 

transmission and/or reflection modes as illustrated in Fig. 4(a) 

and Fig. 4(b), respectively [13], [120]. In these two geometries, 

the general principle of operation of THz-TDS systems is such 

that after the splitting of the femtosecond laser pulse into the 

probe and pump beams by a dedicated beam splitter, the pump 

beam excites the charge carriers in the PCA emitter to generate 

the THz radiation. The latter is then collected and guided by a 

set of off-axis parabolic mirrors/reflectors into the PCA 

detector, while the probe beam is directed toward the THz 

detector through the delay line. This component introduces a 

time delay ∆t between the probe beam and pump beam, which 

is locked in time to the femtosecond laser pulse generating it by 

down-conversion [98]. The life of the probe beam pulses is 

generally much shorter (i.e., usually between 5 and 100 fs) than 

the THz transient. In this context, a variable time delay allows 

a smooth tracing of the electric field of the THz pulse, while 

equally sampling the electric field vector, and averaging within 

each optical gate pulse. 

 

 
Fig. 4. The schematic diagram of the THz-SI system configured 

in (a) transmission, and (b) reflection geometries. 

 

In general, two different techniques are used to implement 

the requisite variable time delay between the pump and probe 

beams of the THz-TDS system viz. the mechanical stages  

[121], [122], and optoelectronic techniques [123], [124]. The 

mechanical delay is the most widely used approach because it 

is generally cheap and simple to design as it only uses a set of 

mirrors/reflectors mounted on its mechanical translation stage 

as illustrated in Fig. 4 [13], [21]. These mirrors should have 

little dispersion and high broadband reflectivity levels to 

preserve the integrity/quality of the femtosecond laser pulse. In 

this way, the delay line can be adjusted by increasing or 

reducing the path length of the pump beam vis-à-vis the path 
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length of the probe beam to alter the phase between these two 

beams, and subsequently the sampling rate of the THz electric 

field. The magnitude of this THz electric field is usually 

between 10-100 V/cm and possesses an approximate time 

duration of a few picoseconds depending on the speed of the 

system’s time-gated detection mechanism [90], [98]. Although 

mechanical time delay systems provide THz-TDS systems with 

excellent reproducibility, low jitter, and low noise levels, the 

type of time delay introduction mechanism also presents several 

disadvantages such as slow measurement speed, etc.  In this 

context, the use of fast and highly sensitive detection methods 

of the THz electric field is generally required to achieve greater 

temporal resolution levels. However, achieving greater 

temporal resolution levels using direct electrical circuits and 

detectors is generally difficult because these types of systems 

usually have larger rise and fall times, and the current state-of-

the-art systems can only achieve their best rise and fall times in 

picosecond or nanosecond time scales. As such, it is generally 

recommended to use optoelectronic delay methods which 

require two lasers with synchronized, yet slightly offset pulse 

repetition rates to generate and detect the time-dependent THz 

electric field to achieve a temporal resolution in the sub-

picosecond range. Although the THz-TDS systems benefit from 

extremely fast data acquisition, this type of design also reduces 

their signal-to-noise ratio (SNR) because of shorter time 

intervals per data point (i.e., the SNR decreases with faster 

acquisition rates) and adequate singnal processing may always 

be required to obtain accurate results. 

Consistent with the aforementioned, the measurement of the 

THz signals is referred to as the short read-out pulse process, 

and based on the description provided in the above paragraphs, 

this process consists of sampling an unknown electric field of 

the THz pulse with an intensity profile of a known femtosecond 

laser pulse. To extract useful information from the measured 

signals, the aforementioned short read-out pulse is convolved 

with the longer THz pulse. That is, THz detectors only measure 

the electric field THz pulse rather than its intensity, and the 

instantaneous THz signal  iS t  is obtained only when the 

optical read-out pulse arrives at the detector simultaneously 

with the THz pulse. 

       Opt THz 1,2,3... 1i iS t I t E t i    

where  Opt iI t  and  THz iE t  denote the instantaneous values of 

the intensity profile of the laser pulse and the electrical field of 

the THz pulse at the time it t , respectively. Although the 

signal  iS t  should be detected with a time resolution in the 

subpicosecond range, most of the currently existing THz 

detectors can hardly reach this resolution level, hence the 

convolution of the two pulses is measured instead. Also, since 

the optical pulse is significantly shorter than the THz pulse 

itself, it can be approximated to a delta function following the 

demonstrations presented in the following expressions. 

       Opt THz 2i iS t I t E t  

             Opt THz THz THz 3 i i i iS t I t E t t E t E t    

The electric field of the THz pulse is measured as a function 

of time because the optical pulse is significantly shorter than the 

THz pulse and the detector is only sensitive when both pulses 

arrive simultaneously. Also, the fact that the THz detector is 

sensitive to the sign of the electrical field of the THz radiation 

allows the THz spectroscopic system to measure the 

generalized time-dependent amplitude of the THz signal  E t  

as opposed to other spectroscopic techniques such as the FTIR 

that measures the generalized intensity of the electromagnetic 

signal  2E t , and therefore, unable to capture the phase 

information. To obtain a proper measurement, precise micro-

positioning of the sample is achieved using a computer-

controlled positioning stage also known as the X-Y scanning 

stage. To minimize/eliminate the influence of moisture or water 

molecules in the air, the THz beam path is generally enclosed 

in a box filled with dry air, liquid 
2N , or vacuumed using 

higher-level engineering designs [21], [58]. To obtain the 

spectral information of the THz pulse, the measured transient 

THz electric field is Fourier transformed as follows:  

     
 

 
 

1
, 4

2

FT j t
E t

E t E E t e dt
E








 
  


  

It follows that: 

       5
j

E A e
 

   

where  E t  and  E   denote the time- and frequency-

domain THz signals, respectively, while  A   and     

denote the amplitude and phase of the frequency-domain THz 

signal. The sign in the exponential function and the 

normalization factor  1 2  are defined differently in 

different fields, algorithms, and applications/studies, so users 

should always ensure the above expression is used 

appropriately to guarantee accurate results. Also, the discrete 

Fourier transform (DFT) or fast Fourier transform (FFT) is used 

for discretized experimental data. Unlike the FTIR, THz 

spectroscopy uses a coherent detection scheme that eliminates 

environmental factors such as thermal background and 

incoherent signals which yields a much higher SNR. Also, the 

fact that only the THz electric field is measured directly rather 

than the intensity of the THz signal means that the data for both 

the phase and amplitude is measured directly as opposed to 

other techniques such as broadband infrared, visible 

spectroscopy, and single wavelength CW THz measurements. 

As such, the determination of the material’s complex refractive 

index  n   does not require the use of Kramers-Kronig 

analysis [58], [125]. Additional parameters such as the 

material’s dielectric constant and absorption coefficient are also 

derived directly from the amplitude of the measured THz signal 

by considering the refractive index. 

In summary, the wide variety of applications of THz-TDS 

systems has resulted in quite a number of different 

configurations. However, all THz-TDS systems operate based 

on the same principle and feature the same main components 

albeit additional computational steps may be involved to 

accommodate the application requirements [58]. Their principle 

of operation relates to the use of single-cycle THz pulses with 

a complete source spectrum (broadband spectroscopic systems 

in nature), and the measured THz data (THz electric field) are 

acquired in the time domain, hence, the denomination time-

domain spectroscopic systems. The spectral information (i.e., 

namely the amplitude and phase information at every frequency 
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in the usable bandwidth) is derived by applying the FFT to the 

measured time-domain data, and this information is used to 

evaluate properties such as the complex refractive index, 

conductivity, dielectric constant, etc. of the device under test 

critical for its structural characterization and/or evaluation. The 

system’s time-domain sampling resolution can be significantly 

enhanced to reach the femtosecond range by adjusting the 

relative distance traveled by the two ultrafast laser pulses 

coming from the probe and pump beams. 

 

D. Principle of operation of THz frequency-domain 

spectroscopy 

Unlike THz-TDS systems which use pulsed THz waves 

generated by femtosecond laser systems, THz-FDS systems 

typically use a pair of cwTHz lasers with a THz frequency 

difference to generate and detect cwTHz waves through the 

photo-mixing process, which is frequency-tunable in the band 

of interest. Fig. 5 illustrates the general setup and principle of 

operation of common optoelectronic THz-FDS systems. In 

terms of their performance, THz-FDS systems can provide 

high-frequency resolution determined by the linewidth and 

stability of the cwTHz lasers [126]–[132], which is very hard to 

achieve in THz-TDS systems due to limitations in laser 

repetition rate and/or range of optical delay line [56]. 

Additionally, THz-FDS systems are compact and cost-effective 

because they do not require the use of expensive femtosecond 

laser modules used in THz-TDS systems. In fact, many THz-

FDS systems operate in regular telecommunication wavelength 

ranges (≈1550 nm), which enables the design of systems with 

smaller footprints and more reliable operations at room 

temperature than those of regular THz-TDS systems [126]–

[130]. Nevertheless, the source spectrum of a cwTHz system is 

relatively narrow, and only limited information can be obtained 

from THz-FDS systems [14]. In most cases, for example,  only 

the intensity information of the THz signal is recorded from the 

THz-FDS systems’ measurements [133], while THz-TDS can 

provide both the intensity and phase information due to their 

broadband emission capabilities of up to several THz.  

 

 

 

 

 

 

 

 
Fig. 5. Typical configuration of a common optoelectronic THz-

FDS system. The system features a fixed-frequency (i.e., static 

cw-laser) and a swept laser (i.e., swept cw-laser), an erbium-

doped fiber amplifier (EDFA), a PIN-photodiode emitter (Tx), 

and a photoconductive receiver (Rx) as well as a data acquisition 

unit (DAQ). The Tx and Rx paths are indicated with yellow- and 

green-shaded arrows, respectively. The different path lengths 

LTx and LRx indicate the path lengths relevant for the total delay 

time that arises from the path length asymmetry in the Tx and 

Rx arm of the THz-FDS system and they are a prerequisite for 

the operation of the THz-FDS system [134], [135]. 

 

The generation and detection of cwTHz for THz-FDS use 

several types of devices such as quantum cascade lasers, free-

electron lasers, and short-carrier-lifetime PCAs [14], with the 

latter being the most commonly used type of cwTHz emitters 

and detectors for THz-FDS systems [126]–[132], [134]. 

Although short-carrier-lifetime PCAs provide THz-FDS 

systems with sub-picosecond photoconductive responses which 

enable their efficient operation at THz frequencies, their 

photoconductive gain, carrier mobility, and thermal 

conductivity levels easily degrade over time, and this greatly 

affects the overall performance of the host THz-FDS systems. 

Also, the fabrication of short-carrier-lifetime photoconductors 

usually requires the use of non-standard semiconductor growth 

processes and/or doping elements that are often difficult to 

access in many semiconductor manufacturing facilities [56]. 

Interestingly, some of these challenges can be addressed by 

using structures such as plasmonic and nanocavities PCAs to 

reduce their response times of CW THz PCA emitters and 

detectors even in the absence of short-carrier-lifetime 

photoconductors components [8], [96], [97], [110], [136]–

[139]. In plasmonic PCAs, for example, the presence of 

plasmonic nanostructures significantly enhances the optical 

intensity close to the metal/semiconductor interfaces upon 

optical excitation [1], [137], [140]–[145], and by tight confining 

the optical pump photons near the plasmonic antenna, the 

transport path distance of most photogenerated carriers is 

substantially reduced, thereby enabling efficient operation of 

THz-FDS systems at THz frequencies. The detailed numerical 

electromagnetic analysis and fabrication process of the 

plasmonic PCA in Refs. [56], [138], and additional information 

on the operation and requirements of different CW THz PCA 

components is provided in Refs. [134], [135]. Interested readers 
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are directed to these specific studies for more information on 

these devices and operation requirements. 

In summary, PCAs are considered the most common means 

of cwTHz generation and detection in THz-FDS systems. 

Although THz-FDS systems provide several advantages over 

THz-TDS systems, the source spectrum of common cwTHz 

emitters is relatively narrow and only limited information can 

be obtained from THz-FDS measurements [133]. Additionally, 

the fact that CW THz PCA systems are generally supported by 

relatively thick substrates with high relative permittivities 

usually reduces their effective radiated power levels because of 

the Fabry-Perot effect and unnecessary excitation of substrate 

surface waves [146]. To increase the effective radiated power 

of CW THz PCA systems and enhance the performance of THz-

FDS systems, several methods such as the enhancement of the 

induced photocurrent inside the photoconductive 

semiconductor, improvement of the radiation characteristics of 

the antenna structure, provision of a stronger optical pump 

concentration, reduction of the plasmonic loss, use of a smaller 

barrier height for photocarriers at the metal/semiconductor 

interface, etc. are generally considered [146], [147]. 

Additionally, the integration of plasmonic nanostructures and 

gratings into the excitation gap of CW THz PCAs significantly 

increases their laser absorption capabilities and the resultant 

photocarrier generation levels which increase the THz 

photocurrent levels in the active area of CW THz PCAs thereby 

enabling ultrafast operation of the THz-FDS systems [148]–

[150]. Also, the use of nanostructured electrodes in tip-to-tip or 

interdigitated configuration is proved to be an effective method 

of enhancing the electric field strength in the active area of CW 

THz PCAs, which equally increases the THz photocurrent 

levels in the active area of CW THz PCAs, and improves the 

performance of the host THz-FDS systems [151], [152]. Apart 

from improving the photocurrent generation capabilities of CW 

THz PCAs, the enhancement of their radiator element has also 

been the focus of several studies in recent years [153]–[159]. 

However, both the thermal damage threshold of the 

photoconductor and the space-charge screening effect generally 

limit the emitted power of CW THz PCAs below the optical 

pump power or the DC bias voltage [160], [161]. To overcome 

this limitation and achieve higher THz power, some studies 

suggested the use of CW THz PCA arrays instead of a single 

CW THz PCA system with a fixed optical pump power [162], 

[163]. The combination of high-mobility intrinsic 

photoconductors and largely reduced photocarrier transit times 

is also another possible solution currently being explored for 

the efficient operation of THz-FDS systems without relying on 

short-carrier-lifetime photoconductors. 

 

D. Terahertz image acquisition process 

In general, THz evaluation of materials and structures is not 

consistently achievable if the target samples do not exhibit any 

apparent features such as absorption, attenuation, or scattering 

peaks in the measured THz signals. Interestingly, the capability 

of THz systems to generate useful images and spectral 

information by exploiting other unique features of THz waves 

such as the rotational and vibrational transitions of molecules 

enables alternative material characterization possibilities using 

THz technology. To achieve that, the low power or 

electromagnetic energy interactions between THz waves and 

the matter is used to obtain the material’s spectral information, 

which is then used to reconstruct the image establishing the 

structural composition of the sample [14], [15]. The process of 

obtaining this image is such that the THz waves pass through a 

sample placed at the focal plane, gets raster scanned through a 

set of motorize axis, or gets scanned in angular mode with a 

scanning mirror, and the system produces a high-contrast image 

that enables THz users to distinguish between the different 

features and/or composition of the sample (i.e., by analyzing the 

low-scattering regions of THz waves in the image).  

As the diameter of the focused THz beam usually varies in 

size depending on the wavelength of the THz radiation in the 

bandwidth being used, a specific set of scanning intervals (i.e., 

usually expressed either in radians or mm and remains fixed 

during the entire experiment) will produce an image using on 

the over-sampling or under-sampling methodology depending 

on whether lower frequency components or higher frequency 

components are considered. And while the spectral 

interpretation of the image obtained using either one of these 

two methodologies remains relatively unaffected, THz users 

should consider this aspect when extracting features from the 

images. Also, there are currently several types of THz imaging 

methodologies to obtain THz images but most of them are 

based on the measurement of the amplitude, phase, or a 

combination of the two. All these methods provide different 

types of information about the composition and/or structural 

features of the target samples and THz users should select the 

best methods for their applications based on the type of 

information they are seeking. For example, the amplitude-based 

imaging method relates to the measurement of the THz signal’s 

magnitude using numerical FFT over a particular frequency 

band to obtain the peak signal of the THz waveform at each 

pixel. The reconstruction of the THz image is performed by 

using the measured THz signal at each position pixel by pixel. 

The quality of the reconstructed image is improved by 

processing or denoising the measured THz signals one at a time 

and reconstructing the image from the processed or denoised 

THz signals. Image processing algorithms are generally based 

on the Fourier deconvolution algorithm particularly when 

wanting to extract the phase and amplitude information from 

the measured THz signals, but may also involve other image 

processing algorithms such as probabilistic pulse extraction, 

sparsity-based reflectometric methods, synthetic aperture 

imaging, compressive imaging, hybrid Fourier image 

reconstruction methods, etc. depending on the application 

requirements, accuracy levels, and type of the THz images to 

be processed. Individual THz signals at the different pixels also 

hold a wealth of information that can be extracted separately 

using the system’s integrated digital signal processors to obtain 

the characteristics or features of the measured sample at each 

pixel. 

 

E. Terahertz metamaterial sensing 

A metamaterial is a type of artificially constructed 

electromagnetic material that can provide certain properties 

such as negative refractive index, super transparency, super 

absorption, negative permeability, etc., and structures such as 

cloaks, superlens, etc. that are not easily achievable in real-life 
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materials [30]. The concept of metamaterials started in 1968 

when Veselago used the Maxwell equations for the theoretical 

prediction of the negative permittivity and permeability of 

materials [164]. In this study, the authors demonstrated that the 

materials’ effective permittivity and permeability can be 

artificially regulated or tailored by designing artificial 

structures that are not naturally available. These findings were 

later reiterated by Pendry et al. [165] who further derived the 

mathematical expressions for both the negative permeability 

and effective permittivity thereby laying the theoretical 

foundation for research on metamaterials. To date, substantial 

progress has been made in the development of high-

performance THz metamaterial systems and substrates, which 

provided scientists and engineers with new approaches for 

studying the functional, structural, and sensing characteristics 

of THz metamaterial devices as well as their correlations with 

the performance of THz sensors. In this context, numerous 

studies have demonstrated the relationship between dielectric 

properties and the structural design of certain metamaterial 

systems including left-handed materials [166], ground-plane 

cloaks [167], photonic crystals [168], and super magnetic 

materials [169], as illustrated in Fig. 6. The extraordinary 

properties of THz metamaterial systems have allowed the THz 

metamaterial sensing technology to go above and beyond the 

physical properties of naturally available materials with 

significantly high spatial confinement, and have even broken 

the diffraction limit of THz waves. In this context, the use of 

THz metamaterial devices decreases the requirement for sample 

preparation [170] and increases the sensitivity and selectivity of 

traditional THz-SI systems [171]. Also, the remarkable 

characteristics of THz metamaterial systems in regulating 

parameters such as the amplitude, phase, magnitude of the 

polarization impedance, etc. [30] have made the THz 

metamaterial sensing technology particularly attractive for the 

detection and evaluation of thin films and biomolecules. 

 

 
Fig. 6. Typical THz metamaterials structures: (a) a ground-

plane cloak [167], (b) photonic crystals [168], (c) a split-ring 

resonator (SRR) [169], and (d) a left-handed metamaterial 

[172], [173]. There are certainly many other types of structures 

used for the design of THz metamaterial systems, some of 

which may be independent variations of these, hybrid, or 

completely different structures. 

 

Although the design of ideal THz metamaterial devices 

requires a proper selection of functional materials to achieve a 

wide range of functionality or applications, a proper 

understanding of the underlying principles of the THz 

metamaterial mechanisms involved is also important especially 

when seeking to enhance the overall performance of the THz 

metamaterial devices [30]. Its operation is such that when the 

target sample is placed on the surface of the metamaterial 

system or sensor, its resonance frequency will change when 

certain parameters such as the concentration, permittivity, or 

thickness of the sample change [174], [175]. That is, the 

sensitivity of a THz metamaterial system can be significantly 

improved by simply improving the electromagnetic resonance 

between the THz sensing device and the target sample itself. 

And depending on the application, low- and high-frequency 

resonance may be considered. The magnitude of the low-

frequency resonance of the metamaterial system is produced by 

the coupling between both the inductance L and capacitance C 

of the metamaterial as expressed in (6) [176], [177], while the 

high-frequency resonance denotes the plasmon resonance 

whose frequency is evaluated using the expression in (7) [171], 

[178]. 
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where d denotes the equivalent length or geometric 

configuration of the unit cell of the metamaterial structure, 
0  

the permittivity of vacuum,   the space variable, and     

the permittivity of the material used for the design of the 

metamaterial structures. Additional parameters include the 

electric field  E   and the effective dielectric constant eff of 

the environmental medium where the test is conducted. It can 

be seen that the magnitude of the aforementioned resonance 

frequency is mainly determined by two most important factors 

viz. the effective permittivity eff  of the testing or surrounding 

environment and the geometric parameters of the unit cell of the 

metamaterial system [30]. The value of the effective 

permittivity eff  of the testing or surrounding environment is 

obtained by using the following expression: 

   1 8eff sub air a         

where the parameters
sub ,

a  , and
air denote the 

permittivities of the substrate, the analyte, and the air, 

respectively, while the parameter   denotes the air volume 

ratio of the surrounding medium. In case both the metamaterial 

system and the material composition of the target substance 

change, the effective dielectric constant, and related resonance 

frequency will also change. In this context, it can be inferred 

that both the material composition of the metamaterial system 

and its structural topology determine the magnitude of the 

resonant frequency 
0  of the corresponding metamaterial 
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device, and these factors should, therefore, be considered 

carefully to achieve the desired performance. 

Apart from using the inductance-capacitance (LC) 

resonances of THz metamaterial systems, the plasmon 

resonance modes are also other parameters considered when 

exploiting the use of metamaterial devices in THz sensing and 

they include toroidal-dipolar and Fano resonances [179], [180]. 

To reduce the metal losses observed in plasmonic metamaterial 

systems with toroidal-dipolar resonance effect and obtain good 

performance metrics such as high-quality factor, it is generally 

beneficial to use high-refractive-index dielectric metamaterial 

such as LiTaO3 micro-tubes [179]. On the other hand, the Fano 

resonance mode which was first observed in asymmetric split 

ring arrays widely exists in nearly all metamaterial systems and 

both the theoretical and experimental studies concurred that the 

associated resonance effect can be achieved by destructive 

interference steming from different excitation modes of the 

metamaterial systems [181]. Interestingly, the literature 

indicates that the characteristics of all the aforementioned types 

of resonances (viz. the L-C, Fano, and toroidal dipolar 

resonances) are closely related to the metamaterial structure, 

and this probably explains why the bigger part of previous 

research on THz metamaterial sensing has largely focused on 

the performance optimization of the metamaterial devices by 

designing high-performance metamaterial structures such those 

illustrated in Fig. 6 [182], [183]. In addition to structure 

optimization, resonators made from different metamaterial 

systems also exhibit different resonance characteristics [184]. 

Also, their resonance frequency is highly affected by the 

effective dielectric constant of the surrounding medium as 

highlighted in (6) and (7). To this end, the target substance, the 

measuring environment, and the metamaterial composition 

must be carefully controlled to ensure optimal sensing 

capabilities of the THz metamaterial device. 

To evaluate the performance of THz metamaterial devices, 

several performance metrics which include the figure of merit 

(FOM), quality factor (Q), and sensitivity (S) of the THz 

metamaterial devices are generally used. The mathematical 

expression of the sensitivity (S=∆ω/∆n) reflects the ratio 

between the change in the resonance frequency (∆ω) and the 

refractive index (∆n) of the target substance. This mathematical 

expression suggests that the unit of the sensitivity S is THz/RIU 

where RIU denotes the refractive index unit. Similarly, the 

quality factor Q is also another performance measure for THz 

metamaterial devices. This parameter reflects the resonance 

characteristics of the THz metamaterial device and describes 

the the sharpness of resonance peak. Its mathematical 

expression (Q=ω/FWHM) denotes the ratio between the center 

frequency of the resonance window and the full width at the 

FWHM frequency. This expression for the quality factor Q 

suggests that a combination of higher sensitivity and smaller 

FWHM will lead to a better sensing performance of the THz 

metamaterial device [171]. Although the expression for the 

quality factor Q suggests that this parameter is determined for a 

single frequency, it is important to indicate that THz 

metamaterial devices usually do operate in a single waveband, 

but rather in different wavebands. To obtain the full 

performance characteristics of THz metamaterial devices in 

different wavebands, the value of the figure of merit 

(FOM=S×Q) is generally used as their performance indicator 

because it simultaneously characterizes their sensitivity and 

resolution levels.  

In more general applications, there is a direct relationship 

between the sensitivity of the metamaterial device and the 

different physical characteristics of the target sample such as 

the thickness, concentration, and refractive index as well as the 

type of metamaterial system used to fabricate the sensor, the 

configuration of the different unit cells of the metamaterial 

system, etc. [30]. To indicate the performance of the current 

state-of-the-art THz metamaterial systems, Table I summarizes 

the detection sensitivities of the different THz metamaterial 

systems that have been achieved to this date and their 

corresponding configurations in Fig. 7. To put this into 

perspective, Zhong et al. [185] used a metasurface-enhanced 

THz-ART sensor (Fig. 7(a)) to detect the concentrations of 

sucrose in aqueous solutions from 0.03125 mol/L to 1 mol/L. 

Their results indicate that they manage to achieve a sensitivity 

level of about 0.03125 mol/L on their metasurface-enhanced 

THz-ATR sensor, which is 4 times higher than that of 

conventional THz-ATR sensors. Apart from obtaining accurate 

detection results, the above authors also posited that their 

metasurface-enhanced ATR sensor presented greater 

advantages in detecting analytes and measuring their 

concentrations in aqueous solution than metamaterial sensors 

featuring SRR structures or conventional THz-ATR systems. In 

another study [186], Yan et al. demonstrated the feasibility of 

an ultrasensitive tunable THz sensor presented in Fig. 7(b) and 

achieved a frequency sensitivity of about 4.2 THz/RIU with a 

figure of merit of about 12.5. Additional studies [168], [187], 

[188] have also proposed the use of thickness sensitivity and 

wavelength-shift sensitivity to achieve THz metamaterial 

systems with higher performances, and some of the most 

important designs are presented in Figs. 5(c-e). 

 

TABLE I: Typical indices and detection sensitivity obtained for 

different device configurations of THz metamaterial systems. 

 
N

o 

THz 

metamaterial

s 

Operating 

frequency 

System’s 

detection 

sensitivity 

The figure 

of merit 

(RIU-1) 

Refs. 

1 Au 1.7 THz 0.47 

THz/RIU 

49 [185] 

2 Graphene  2.3 THz 12.66 

μm/RIU 

12.66 [186] 

3 InSB 0.43 THz 146600 

nm/RIU 

Not given [187] 

4 Au+Graphene 0.95 THz 0.2 ng/L Not given [188] 

Note: The acronym RIU stands for “refractive index unit”. 
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Fig. 7. Typical examples of THz metamaterial sensing device 

configurations with different indices: (a) the conceptual view 

(left) and geometrical view (right) of complementary split rings 

with ATR features [185], (b) the side and front views of a single 

layer graphene-based gratings integrated with a Fabry Perot 

cavity [186], (c) three-dimensional structure of a square-shaped 

perfect absorber [187], (d) a dielectric multilayer featuring nine 

alternating polyvinylidene fluoride (PVDF) and polycarbonates 

(PC) dielectric layers with thicknesses equal to 5 μm and 7 μm, 

respectively [168], and (e) a monolayer graphene-coated 

metamaterial system [188].    

 

To this end, there are currently several types of metamaterial 

systems used for different applications, and they all operate 

differently. In fact, these systems can be grouped into different 

categories based on their operation mechanisms including 

metasurfaces, metallic mesh devices, metamaterial absorbers, 

graphene metamaterials, all-dielectric metamaterials, etc. with 

the first 3 being the most commonly used types of sensors in the 

THz frequency range [30], [54]. Table II provides a 

comparison between the performance characteristics of the 

current state-of-the-art THz metamaterials and other 

metamaterial sensors. 

 

TABLE II: The performance comparison between the 

characteristics of the current state-of-the-art metamaterial 

sensors. 

 
No Methods Sensitivity Other 

advantages 

Limitations 

1 Fluorescent Relatively 

high 

Easy operation 

and rapid 

detection 

Photobleaching 

2 Calorimetric Relatively 

low 

Simple 

preparation and 

rapid detection 

Interference 

from sample 

compositions 

3 Surface 

plasmon 

resonance 
(SPR) 

Relatively 

high 

Label-free, and 

real-time 

detection 
capabilities 

High cost of the 

instrument 

4 THz 

metamaterials 

Relatively 

high 

Fruitful structure 

design and rapid 

detection 

Complex 

fabrication 

process 

III. APPLICATIONS OF TERAHERTZ SPECTROSCOPY AND IMAGING 

SYSTEMS 

As indicated earlier, the THz-SI system enables 

measurements of both the phase and amplitude of THz pulses 

reflected from or transmitted through different types of 

samples. The changes in the phase and amplitude of the 

measured THz electric field are related to the changes in the 

absorption coefficient and subsequently the complex refractive 

index and dielectric constant of the target samples and are 

important for their spectroscopic and imaging characterization 

[17]. Recently, advanced material identification algorithms 

based on machine and deep learning algorithms as well as 

statistical pattern recognition principles have been introduced 

into THz applications to enable automatic samples detection 

and characterization and improve substance detection 

capabilities [189], [190]. Although the current majority of the 

THz spectroscopic measurements for the analysis and 

characterization of biological, physical, and chemical materials 

and/or substances have been primarily performed in single-

point measurements or some cases in 2D images, developments 

in the three-dimensional (3D) reconstruction of the THz signals 

are also being implemented and 3D spectroscopic analysis is 

currently feasible [191]. To date, THz sensing appears to be 

reaching the threshold of the desirable plateau of productivity 

at the technology readiness or availability levels with many 

applications being developed, worldwide industrial 

installations of THz systems constantly expanding, and many 

field trials of THz sensors being conducted [15]. This section 

presents a comprehensive review of the state-of-the-art and 

state-of-the-practice review of the most conspicuous and 
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potentially promising applications of THz technology such as 

the NDT of composite materials, thermal barrier coatings, and 

the sensing of substances in biomedical and agriculture 

engineering settings. 

 

A. Evaluation of polymers and polymer composites 

In general, both polymers and polymer-based materials are 

known to be transparent or semi-transparent to THz waves, 

suggesting that they can easily be inspected by the THz-SI 

systems. The use of THz-SI for the evaluation and/or 

characterization of polymers and polymer-based materials is 

especially relevant for the determination of their macroscopic 

and morphological properties and the evaluation of their 

structural integrity [192]–[196]. Apart from simple inspection 

routines, polymers, and polymer-based composites are among 

the most important materials for the implementation of THz 

technology, the design of THz optical devices, as well as the 

fabrication of THz emitters and detectors [197], [198]. 

Although there are currently several types of polymers and 

polymer-based composites, the present section only covers pure 

nonconductive polymers and polymer foams, as well as 

polymer-based composites, and adhesives.  

 

A. 1. Polymer materials and polymer components 

The statistics indicate that one of the most important 

applications of THz-SI is in the field of NDT of polymers and 

polymer-based products, where nondestructive tests are 

conducted to produce high-quality polymer products and reduce 

material wastage during the manufacturing process [13]. The 

NDT of polymers and polymer-based products also help 

minimize their catastrophic failures during their in-service life 

[16], [32], [199]. This is particularly important because these 

types of materials have become a crucial part of our everyday 

lives, and the fact that they are generally nonconductive and 

transparent to THz waves makes them great candidates for 

THz-SI inspection and/or analysis [200]. In fact, recent studies 

[9], [16] argued that the advantages offered by the THz 

technology in applications such as inline inspection of plastic 

extrusion processes could make THz technology replace some 

of the most established NDT techniques for polymers and 

polymer-based components. Also, THz waves are considered 

biologically safe, suggesting that users could save costs entailed 

in devising and implementing extensive radiation protection 

processes, hiring safety officers and buying expensive 

personnel protective equipment (PPEs), and regular compliance 

documentation and/or inspection routines required for other 

NDT techniques such as X-ray, and neutron scanners [16]. In 

addition to being completely nondestructive, THz systems do 

not require any point of contact or contact medium with the 

sample systems [13], [16]. Also, THz waves can penetrate 

polymers, while IR waves are scattered, and ultrasonic waves 

are strongly damped. Compared to µ-Waves, THz waves 

provide greater spatial resolution and both the µm-thin polymer 

coatings and sub-millimeter-sized flaws can be easily and 

accurately detected/evaluated by THz systems. 

To demonstrate the suitability of the THz-SI systems for the 

NDT of polymers and polymer-based components, the authors 

in Ref. [121] used the THz system to analyze the internal 

structures of a polyamide-based step wedge sample with two 

internal air pockets of approximately 5 mm and 10 mm in size 

(i.e., the internal air pockets were invisible to the naked eye 

externally). Fig. 8 presents the THz image of the 

aforementioned polyamide-based step wedge with 3 distinctive 

regions of different thicknesses. The specimen was raster-

scanned to evaluate its structural features over the area of 40 

mm × 100 mm using a commercial THz-SI system. The 

thicknesses of the individual sections on the image of the 

specimen were 1 mm, 2 mm, and 4 mm (from left to right). The 

red and blue colors denote the regions of the specimen 

corresponding to the high and low transmission, respectively, 

which also correspond to the thinnest and thickest regions of the 

step wedge specimen. The authors posited that the air bubbles 

appear in “blue spots” because THz waves are acutely scattered 

at the interfaces between the air and polyamide, which 

significantly reduces their transmission capabilities.  

 

Fig. 8. A polyamide-based step wedge where the air pockets are 

visualized using the THz-SI system [121]. 

 

Apart from defects and damage detection and 

characterization, THz-SI systems can also reveal the 

deformations caused by thermal aging or mechanical stress in 

polymers and polymer-based components. These types of 

evaluations are generally conducted by observing changes in 

the static and dynamic properties of polymeric samples and 

correlating these changes to their thermal aging or mechanical 

stress levels [201]. For example, the thermal aging process of 

polymers and polymer-based materials can be evaluated by 

monitoring changes in the dielectric properties of the target 

samples using the THz spectroscopic systems [21], while their 

crystallization levels can be monitored by examining the glass 

transition temperatures ( ,gT   and ,gT  ) using temperature-

variable THz spectroscopic systems [202]. Additional dynamic 

behaviors of polymer materials such as their polymerization 

[203], intermolecular vibrational modes [204], curing process 

[195], etc. can also be monitored using THz spectroscopic 

systems. 

In summary, the application of THz-SI for the NDT of 

polymer materials has had a lot of success in recent years, 

thanks to the high optical penetration capabilities of THz 

waves. Although there are currently many established and cost-

effective NDT techniques for polymer and polymer-based 

materials (e.g. ultrasonic sensors, X-ray scanners, and µ-wave 

transceivers, etc.), THz spectroscopic systems have now 

reached satisfactory levels of cost-effectiveness, modular size, 

performance, industrial ruggedness/robustness, measurement 
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speeds, and feature discrimination quality of most of the 

aforementioned gold standard NDT techniques for the 

evaluation and characterization of polymer materials [205], 

[206] and their applications are now expanding into the 

characterization of their structural abnormalities such as 

defects, damage and/or material degradation as well as the 

evaluation of their properties such as crystallization, 

isomerization, polymerization, intermolecular vibrational 

modes, and curing process among others. 

 

A. 2. Polymer-based composite materials 

In general, plastic components are not always made of pure 

polymers but of a blend of polymers or reinforced composite 

materials. In this context, the physico-mechanical 

characteristics of polymer materials are adapted to meet 

specific application requirements by incorporating 

reinforcements, additives, or filler materials during the 

compounding process to confer them with specific properties 

relevant to their design functions. These include, for example, 

dyeing with colorants, reinforcing with carbon and glass fibers 

or other filler materials, filling with chalk, etc. As such, it is 

important for the plastics industry to always examine certain 

parameters such as the additive content levels [207], 

homogeneity, adequate distribution or degree of dispersion of 

fillers [208], moisture content levels [209], the orientation of 

fiber in the polymeric matrix [210], the presence of internal 

fillers or particles [211], molecular chains composition [212], 

etc. In addition, several properties of composite materials such 

as their electromagnetic interference shielding and conductivity 

[213], [214], complex refractive index and absorption 

coefficient [215], dielectric properties [21], [84], etc. at THz 

frequency range can also be determined.  

Taking advantage of the concept of permittivity difference, 

the content of carbon-based reinforcements has been 

extensively measured in different rubber compounds and 

composite materials using the THz spectroscopic systems 

[216], [217]. In 2013, Fischer et al. [215] investigated the 

morphology and material characteristics of wood-plastic 

composites using THz-SI and demonstrated moisture-contrast 

imaging. Figs. 9(a-b) presents both the photograph of a wood-

plastic composite with a 0.6 volume percent of wood fibers and 

the corresponding THz image obtained by using the THz-TDS 

in transmission mode, which had been immersed in water for 

four days. To compromise between the strong THz absorption 

levels observed at higher frequencies and poor spatial 

resolution levels observed at lower frequencies, the THz image 

presented in Fig. 9(b) was obtained using a frequency between 

0.4 and 0.5 THz. The presence of water clusters is revealed by 

the presence of areas of reduced THz transmission in the THz 

image due to the strong absorption of THz waves by the water 

molecules. Also, taking advantage of the fact that commonly 

used polymer additives (i.e., these are chemicals added to the 

base polymers during the manufacturing process of polymeric 

components to enhance their processability, extend their life 

span during their in-service stages, and/or achieve the desired 

chemical or physical properties of the final products, etc.) 

exhibit significantly higher dielectric permittivities than the 

polymer materials themselves, Wietzke et al. [207] used a fiber-

coupled THz system to measure a variety of different additive-

polymer combinations a process that is commonly referred to 

as the polymeric compounding process in the polymer industry. 

The extracted refractive indices provided reliable in-line 

information regarding the concentration of additives and other 

material combination used during the polymeric compounding 

processes (Fig. 9(c)), suggesting that THz-NDT could be an 

effective tool for quality control in polymeric compounding 

processes. As part of their conclusions, the above authors 

indicated that standard polymers are generally transparent at 

lower THz frequencies, but their THz properties are 

distinctively affected by the types of additives and their 

respective concentrations when processed into compounds. 

 

 
 

Fig. 9. (a) The photograph and (b) THz transmission image of 

a wood/polymer composite specimen after immersion into 

water for 4 days. The THz system was configured in 

transmission mode and the spatial distribution of the water 

clusters in the sample was easily detected and visualized in the 

THz transmission image due to significantly higher absorption 

levels of the water molecules compared to those of the 

polymeric matrix [215]. (c) The results of the refractive indices 

for different standard polymers (i.e., averaged in a dependable 

frequency range) with different additives (viz. calcium 

carbonate, glass-fiber, and magnesium hydroxide) at different 

volumetric contents. The obtained regression lines and their 

correlation coefficients R suggests there is a linear dependency 

of the refractive index on the additive contents/concentrations 

[207]. 

 

In fiber-reinforced composite materials, for example, the 

manufacturing defects such as the reduction in fiber content, 

erroneous orientation, resin shrinkage, fiber waviness, ply 

buckling, etc. significantly affect the mechanical performance 

of the resulting components. Given that fiber exhibits 

significantly higher dielectric and optical properties than the 
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polymeric matrix, these properties can be measured to 

determine the fiber concentration and orientation in fiber-

reinforced composites. In [212], the authors demonstrated that 

the refractive index can be used to characterize the fiber content 

in simple GFRP composite plates, while the dielectric and 

optical properties to determine the ply stacking sequence of the 

angled GFRP composites in [192]. Earlier studies [210], [218] 

also showed that THz systems provide accurate information 

about the fiber orientation and subsequent preferential fraction 

patterns in GFRP composite material based on their THz 

birefringent properties. In addition to the aforementioned 

properties, the monitoring of parameters such as the degree of 

conversion is also crucial because it allows manufacturers to 

control the properties of the final product and helps them to 

avoid using unnecessarily extended curing cycle times during 

the composite manufacturing process. Additionally, the 

characterization of the degree of conversion of GFRP 

composite materials during the curing process has also been 

monitored using the THz spectroscopic system and 

demonstrated that its optical properties varied with the changes 

in the degree of conversion [219]. To this end, a dedicated THz 

system can be used for in-line monitoring of the curing process 

of GFRP composites [220], owing to the adequate sensitivity of 

THz waves to different material phase changes (e.g. oil 

composition, density changes, ply sequences, orientation, etc.). 

In addition to the aforementioned, several studies have been 

conducted aiming to detect and characterize the damage and 

defects-related features including delamination, cracks, voids, 

burns, etc. in composite materials. For example, the lower THz 

absorption of air and the penetration capabilities of THz waves 

in composite materials make the THz spectroscopic system a 

suitable NDT tool for the detection of voids located at the 

surface and/or inner regions of polymer-based composite 

materials. To this end, Lu et al. [70] established a novel strategy 

to detect porosity levels in GFRP composites by analyzing the 

interaction mechanisms between THz waves and porous GFRP 

composites (i.e., with the porosity levels ranging from 0.29% to 

4.01% and with the pore sizes estimated to 20-600 μm). They 

used the transmission and absorption spectra of GFRP plates 

and established a porosity prediction model featuring the 

combination of the supervised learning approach of the support 

vector regression and the ensemble methods and they were able 

to predict the porosity levels in a series of GFRP composite 

specimens with a coefficient of determination 2 0.976R   and 

a root mean square error or 0.174%RMSE  . The results 

indicate that the combination of THz spectroscopy with 

algorithms such as the support vector regressor (SVR) provides 

a robust and accurate method for porosity analysis in GFRP 

composites. In an earlier study [221], Stoik et al. demonstrated 

the capabilities of the THz-SI system to detect, visualize and 

evaluate deeply-buried circular voids of 3 mm diameter, and 

other types of in-service damage such as delamination, 

mechanical damage, and heat damage in aircraft composite 

materials. Although frequency-dependent information was 

obtained, the above authors indicate that single-frequency 

amplitude or phase data proved to be enough for void detection 

and localization. In this study, the measurement of the 

electromagnetic properties of the specimens with localized heat 

damage did not show any noticeable change in the refractive 

index or absorption coefficient of the specimens with localized 

burn damage, but the material blistering was easily detected 

from the measured THz signals. Also, the depth of delamination 

damage was measured by evaluating the timing of the Fabry-

Perot reflections occurring after the main THz pulses, while 

flaws such as cracks and bending stresses were visualized as 

distinct specimen features in the measured THz images. 

Additionally, delamination damage and defects with variable 

sizes, shapes, and orientations have also been detected and 

accurately evaluated using THz-NDT in numerous studies by 

analyzing the transmission attenuation levels of THz waves 

similar to that used in the void detection setups [13], [222], or 

by analyzing  THz signals reflected from different interfaces in 

the composite specimens [13], [193]. In a recent study [193], 

for example, the authors used the THz-SI system to visualize 

three delamination points with thicknesses of 96.52 μm, 109.03 

μm, and 107.40 μm, respectively. Wang et al. [223] used the 

THz-SI system to evaluate defects in polymeric composite 

samples and successfully determined their horizontal sizes and 

locations as well as their vertical depths and thicknesses in three 

dimensions. In a similar study [224], Wang et al. used the THz-

SI to detect foreign objects in GFRP panels, and good results 

with approximately 2.26% mean measurement error were 

achieved, which further proved the practicality and efficacy of 

THz-SI in inspecting different types of polymer-based 

composite structures. Recently, Nsengiyumva et al. [13] used 

the THz-TDS system to detect, localize and evaluate hidden 

multi-delamination defects in multilayered GFRP composite 

samples. The measured THz signals were denoised using a de-

noising algorithm based on stationary wavelet transform (SWT) 

and features such as the thickness and location of each 

delamination defect in the through-the-thickness direction were 

accurately calculated (Fig. 10). In an earlier study [194], the 

authors used this method to evaluate both intra- and inter-

laminar types of damage in hybrid GFRP/CFRP composite 

laminates subject to low-velocity impact and successfully 

detected and visualized delamination damage generated by a 

low-velocity impact strike with corresponding thicknesses of 

and 150.08 μm, 139.61 μm, and 118.67 μm for 3 different 

points. Additional testing and analysis of polymer-based 

composites include the detection and analysis of burn damage 

and mechanical fatigue [221], water intrusion [225], impact 

damage [226], [227], etc. 
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Fig. 10. (a) The schematic representation of the prepared multi-

delaminated GFRP specimens, and (b) the corresponding THz 

time-domain signal showing all 3 levels of delamination 

defects. The highlighted areas in the signal indicate the peak-

to-peak times at which THz waves pass through each 

delamination defect [13]. 

 

In summary, the above studies have proved that THz 

spectroscopy is a suitable technology for characterizing and 

analyzing both surface and underlying properties and features 

of nonconductive polymer-based composite materials (e.g. 

basalt, and aramid fifer-reinforced composites, etc.) beyond the 

point of proof of concept. Although the application in 

conductive composites such as carbon fiber-reinforced 

polymer-matrix (CFRP) composites is limited due to the 

conductivity of carbon fiber that hinders THz radiation’s 

penetration at depth, several attempts have been made to use 

this technology to analyze their properties and structural 

integrity and some promising results have been reported 

although the proposed methods though still requires a lot of 

experiments for validation. Among these advancements include 

the use of polarization-resolved THz imaging which is 

constantly viewed as one of the most salient THz inspection 

methods that could help to efficiently evaluate the properties 

and structural integrity of CFRP composites despite their 

conductivity levels that quickly attenuate the in-depth 

propagation of THz waves [194], [227]. The use of 

polarization-resolved THz imaging and advanced signal 

processing methods can help to reveal surface and sub-surface 

damage as well as other finer structural features of CFRP 

composites by taking advantage of the sensitivity of polarized 

THz waves to the orientation of carbon-fiber in the composites. 

As such, THz spectroscopy has gradually become a popular 

technique for the NDT of composite materials. 

 

 

A. 3. Polymer foams 

In recent years, polymer foams have become one of the most 

important categories of polymers, albeit the growing call to 

limit the use of these types of materials worldwide and favor 

the use of eco-friendly, low-carbon emitters, and sustainable 

materials [228]. Polymer foams have outstanding mechanical 

and thermal properties at low weight and are used in industries 

such as aerospace, construction, automotive, and renewable 

energy to increase energy efficiency, maximize profits, and 

minimize costs. The key types of polymer foams available on 

the market include but are not limited to polyvinyl chloride 

(PVC), polyolefin, phenolic, polystyrene, melamine, and 

polyurethane foams [229], [230]. In the past, the techniques 

used to test polymer foams include but are not limited to optical 

or scanning electron microscopy, X-ray CT, neutron 

tomography, etc. Optical or scanning electron microscopy is 

used to examine the cell size distribution of the polymer foams 

but this approach can only examine the sample surface unless 

the specimen is cut into pieces to expose its internal structures 

[231]. Although X-ray CT [232] and neutron tomography [233] 

allow for 3D imaging of polymer foams, these techniques are 

costly and time-consuming, and their radiation is ionizing. The 

FTIR and Raman spectroscopic methods are the routinely used 

techniques for the chemical characterization and analysis of 

polymer foam materials [234], [235]. Also, polymer foams 

strongly damp ultrasound making it difficult for ultrasonic 

testing to reveal their inner structures and/or features. Although 

several techniques have been used for the testing of polymer 

foams, most of them are generally time-consuming, only 

possible offline, and partially destructive. Interestingly, 

polymer foams present numerous features such as very low 

absorption [236] and good transparency [237] to THz waves, 

making THz spectroscopy and imaging one of the most suitable 

NDT techniques for these types of materials. 

THz spectroscopy and imaging systems are increasingly 

being used in the extrusion industry to evaluate the quality 

parameters and structural features of polymer foams such as the 

wall thickness [238], effective density, and cellular structure 

[239], etc. The cellular structure and the effective density of 

polymer foams can be evaluated using inline THz-NDT during 

the production process. It has been demonstrated that the cell 

size is related to both the transmission and scattering of THz 

waves through the foam [239], [240]. Werner et al. [239] 

demonstrated that the foam cells act as the scattering centers for 

THz waves, and measured their sizes by evaluating the THz loss 

coefficient that combines the contributions from scattering and 

absorption. Their study also revealed that there is a linear 

relationship between the material’s effective THz refractive 

index and its bulk density, which is proportional to the thickness 

of the material in the THz beam path. Fig. 11(a) shows the 

example of the aforementioned relationship at 0.5 THz and it is 

observed that the refractive index increases linearly with the 

increasing effective density. THz imaging techniques can also 

be used to detect and evaluate defects and damage in polymer 

foams. Fig. 11(b) depicts the photograph and THz transmission 

image (inset) of a 100 mm × 60 mm × 20 mm specimen 

obtained from a PVC foam component used in rotor blade 

systems (i.e., the defects in the imaged section of the specimen 

are exposed as green and red dots). In another study, Abina et 
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al. [240] demonstrate that the THz-SI system has the potential 

to analyze the macroscopic structural features of foamed 

polymer materials including analysis of internal voids, 

inclusions, and bead distribution in a submillimetre-scale 

resolution range. As part of their methodology, the above 

authors extracted the THz spectroscopic/electromagnetic 

parameters of polymer foams from the measured THz data and 

were able to visualize the beads structures of their polymer 

foamed specimens by considering their structural features such 

as size, shape, distribution, air gaps, and interconnections. As 

part of their conclusions, Abina et al. indicated that they 

successfully imaged and characterized several types of defects 

in their foamed polymer structures including the impurities, and 

voids as well as the prebuilt inclusions such as thin metal wires 

and silica gel granules. 

 

 
Fig. 11. Illustration of the (a) relationship between the effective 

density and the refractive index for various types of polymeric 

foams. The refractive indices reported in this graph are all 

calculated at 0.5 THz [208]. (b) The photograph and THz 

transmission image (60 mm × 100 mm) of a 20 mm-thick piece 

of PVC foam component as used in rotor blades of wind turbine 

systems [15]. 

 

In summary, the industrial use of polymer foams and their 

structural components is becoming gradually important due to 

their sustainable weight reduction and value-added properties 

such as their outstanding energy-absorbing capabilities that are 

related to the special deformation mechanisms of their cell 

structures (i.e., cell wall buckling and subsequent collapse of 

the cells). The testing of polymer foam materials has always 

been a time-consuming process, partially destructive, and only 

possible using ex-situ measurement platforms for many years. 

The advent of THz spectroscopic and imaging systems has 

changed the way NDT is administered for these types of 

materials, thanks to their good transparency to THz waves. 

Apart from the detection and analysis of the structural features 

of polymer foams, their decide quality parameters such as the 

cellular structure and the effective density can also be evaluated 

using THz spectroscopy and imaging systems by evaluating the 

transmission and scattering properties of THz waves such as 

their loss coefficient, absorption, and scattering levels. 

 

A. 4. Adhesives 

Adhesives or adhesive materials constitute another important 

category of polymers that are widely used in the construction 

and manufacturing industries to form adhesive joints and their 

NDT is still a challenge for most manufacturers of the materials 

and structural systems. In particular, adhesive layer connection 

technology is currently considered a crucial area of expertise 

that focuses on the optimization of the adhesive materials for 

uniform stress distribution, high connection efficiency, and 

good sealing of the host materials and structural systems as well 

as the development of adhesive materials with adequate 

lightweight and high fatigue resistance features [241]. This is 

particularly important because both the structural uniformity 

and thickness distribution of the adhesive layer are important 

structural features that determine the strength of the 

bondage/interlocking between the components. As such, these 

two features should be adequately examined not only to 

guarantee their design quality and functions but also to save the 

adhesive and reduce its possible contamination of the host 

structure [242]. To this end, one of the most critical steps in the 

evaluation of the glue/adhesive layer uniformity involves the 

determination of its exact thickness across its entire surface, and 

the THz-TDS appears to be one of the most promising NDT 

methods for the thickness evaluation and structural analysis of 

the adhesive layers in nonconductive materials and structural 

systems [195], [243]–[245]. It is also considered an alternative 

NDT method that could alleviate some of the most daunting 

limitations of conventional NDT methods such as limited 

inspection capabilities, time-consuming, costly, etc. as detailed 

in Ref. [240]. 

THz spectroscopic systems have been proven capable of 

accurately measuring the thicknesses of adhesive joints and 

evaluating their thickness distributions between polymeric 

components and structures [246]. As is the case with other 

polymeric materials, the monitoring of moisture content [245] 

and the curing behavior of adhesive materials can also be 

performed using THz-SI systems [195], [243]. In the case of a 

2-component adhesive system, for example, the polymerization 

process starts when the two base monomers (viz. the hardener 

and the binder) are mixed, while the same process is initiated 

by the absorption of electromagnetic waves of appropriate 

wavelengths in a light-curing glue/adhesive system. Fig. 12 (a) 

depicts variations of pulsed THz waves transmitted through 

both a UV light-curing system (green) and a 2-component 

adhesive system (blue) during their curing process [15]. In this 

experiment, the Schottky diode is used to measure the intensity 

of pulsed THz waves [247], and the observed drops in the 

intensity of the transmission signals for both materials after 2 

and 4 minutes mark the beginning of their polymerization 

reactions/processes. These reactions are exothermic for both 

samples, meaning that the adhesive starts by heating up, 

softening, and absorbing THz waves sharply. The curing 

process starts after the polymerization and it is marked by a 

significant increase in the adhesive’s refractive index and a 

sharp decrease in the adhesive’s absorption of THz waves. The 

essence of these variational trends relates to the fact that the 

increase in the adhesive system’s refractive index is directly 

proportional to the increase in the concentration of the base 

polymers and their optical density, while the decrease in their 

absorption coefficient is explained by the decrease in the 

concentration of the base monomers in the adhesive system 

which have absorption than their polymeric forms [195]. 

Recently,  Xing et al. [244] tested the polymethacrylimide 

(PMI) foam with an adhesive debonding structure using the 

THz-TDS system configured in reflection mode. The results 

indicate that the detection, clear identification, and 

quantification of the degree of adhesive debonding from about 
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0.1 mm to 3 mm are readily achieved with THz-NDT (Figs. 

12(b-d)). In addition to the degree of adhesive debonding, the 

authors also managed to identify a 0.0665 mm thick paper 

inclusion that was used to simulate the delamination defect in 

the sample by both the time and frequency domain imaging. 

 

 
Fig. 12. Presentation of the (a) THz transmission signal 

obtained by measuring THz waves passing through a pure UV 

light-curing adhesive system and a 2-component adhesive 

system during their curing processes [15], (b) THz TOF signal 

reflected from a perfectly bonded thick nonporous honeycomb 

structure adhesive composed of a modified epoxy resin and its 

curing agent (SJ-2A) on an aluminum (Al) plate, (c) THz TOF 

signal reflected from a perfectly bonded polymethacrylimide 

bonding with the SJ-2A on an Al plate, and (d) THz TOF signal 

reflected from adhesive debonding damage [244]. The adhesive 

bonding damage exhibits multiple internal reflections of THz 

waves at the different interfaces which are translated into the 

presence of multiple peaks in the measured THz TOF signals. 

 

In summary, THz technology has demonstrably proven to be 

an effective NDT technique for the detection and analysis of 

features in adhesive materials and it is currently considered an 

alternative to traditional NDT techniques for thickness 

measurement and quality evaluation of the adhesive layers and 

joints. However, special care should be taken when measuring 

the thicknesses of thin layers because the echo signal may 

partially or completely overlap due to the thin thickness of the 

sample, or the THz signal may be scattered and attenuated when 

penetrating thick adhesive layers or substrates, making the SNR 

of the echo signal decrease and these challenges significantly 

affect the accuracy and precision of the adhesive layer thickness 

measurement or estimation and its distribution within the entire 

adhesive joint [248]. To date, most of the optoelectrical 

properties of commonly used adhesive material systems (e.g. 

complex dielectric properties, complex refractive index, 

complex conductivity, etc.) have been evaluated in the THz 

frequency band [245]. This is particularly important because 

many of the structural features and characteristics of adhesive 

materials such as their thermal and fatigue aging, 

manufacturing defects, in-service flaws, etc. can be accurately 

detected and evaluated using the same property measurement 

principles, which makes THz-SI systems effective NDT tools 

for adhesive materials, as well as their structural joints, and 

systems.   

 

B. Evaluation of paint and coatings 

The evaluation of paints and coatings using THz-SI relates to 

the evaluation of thermal barrier coatings (TBCs), car paints, 

and marine coatings forming the high-tech protective surfaces 

in aircraft, automotive, or marine structures. Coatings are not 

only to protect the surfaces of the aforementioned structures 

operating in harsh environments such as excessive heat, frost, 

water, sand, stone chips, etc. but also to make them look 

visually attractive [14]. To guarantee the functional design and 

maintain the lifecycle of aircraft, automotive, and marine 

structures, the thickness and the structural integrity of their 

protective coatings must be adequately evaluated [15]. 

However, the complexity of the currently available coatings is 

constantly pushing the established NDT technologies to their 

limits, while some of them even fail to provide the 

measurements altogether. To this end, the magnetic gauges or 

eddy-current measurements fail to provide measurements when 

used to evaluate non-metallic substrates such as polymer, 

ceramic, and paints. Until recently, only destructive methods 

were considered the most effective techniques to evaluate 

protective coatings and paints of the aforementioned substrates, 

but their quality, debonding, and thickness can now be 

evaluated using the THz-SI systems [244], [249], and the 
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present section reviews the most important studies on this 

subject. 

 

B. 1. Evaluation of thermal barrier coatings 

The TBC is a type of protective layer applied onto the surface 

of metal substrates to provide them with high-temperature 

resistance capabilities [14], [250]. A TBC system consists of a 

ceramic topcoat and metallic bondcoat of about 200-600 μm 

and 100 μm thick, respectively but when the temperature of the 

TBC system exceeds 700 °C a thin thermally grown oxide layer 

(TGO) starts to grow between the topcoat and the metallic 

bondcoat of the system [251]. Although a relatively thin TGO 

can protect the alloy substrate and extend its lifecycle by 

reducing the oxidation rate, excessive growth of thin TGO will 

result in the development of thicker TGO which induces a 

phenomenon called topcoat thinning. The latter inflicts 

unbearable thermal oxidation stress on the TBC system and 

degrades its thermal performance. In severe cases where the 

thickness of TGO extends 10 μm, several types of damage such 

as delamination, cracks, spalling, etc. will start developing and 

propagate into the structures of the TBC system and the latter 

will eventually fail by peeling off from its substrate [252], 

[253]. Indeed, each of the aforementioned types of damage can 

be examined by using suitable NDT techniques and evaluating 

the different features of the THC system [254], and the topcoat 

thinning is one of the types of damage that can be detected and 

accurately evaluated by measuring the thickness of the topcoat 

layer using THz-SI systems [251], [254], [255]. In an actual 

evaluation of TBC systems using THz-SI, however, the 

research indicates that the roughness of the topcoat surface 

often affects the accuracy of features such as the refractive 

index, and thickness of the different layers, particularly because 

these types of measurements are conducted with the THz 

system configured in the reflection geometry [254]. To this end, 

a suitable surface roughness correction factor should be used 

taking into consideration the frequency characteristics of the 

THz-SI system to ensure accurate refractive index and 

thickness measurements. 

THz spectroscopy has been extensively used to measure the 

thicknesses of topcoat and TGO layers of TBC systems and the 

obtained results always agreed strongly with those measured 

using microscope systems [255], [256]. As early as 2010, Chen 

et al. [257] conducted one of the pioneering works to measure 

the thickness of the TGO layer in a TBC system, where the 

authors used the THz-NDT to monitor the formation and 

growth process of the TGO. The sample was placed in a furnace 

and heated to 1100°C for 1350 hours to emulate the typical 

operational service temperature and time of the TBC system for 

commercial aircraft systems. The results revealed both the 

formation and progressive expansion of the TGO thickness 

from 0 to 5 mm and to 9 mm for 348 h and 1300 h thermal 

exposure times, respectively. In another study, 

Unnikrishnakurup et al. [258] evaluated the degradation levels 

of an atmospheric plasma-sprayed ceramic TBC system. In this 

application, the authors managed to accurately monitor the 

changes in the original thickness of the aforementioned TBC 

system by using both IRT-NDT and THz-NDT systems, and 

their results indicate that their THz-NDT system outperformed 

their IRT system further highlighting the higher efficacy of the 

THz-NDT as compared with other NDT systems. Recently, 

Waddie et al. [259] used a normal incidence THz reflectivity 

method to determine the birefringence properties and optical 

thickness of a ceramic  TBC system and reported accurate 

results. Similarly, Ye et al. [260] explored the feasibility of 

THz-NDT for porosity evaluation in TBC samples and reported 

that porosity levels ranging from 9.09% to 21.68% were 

accurately measured in their TBC samples. 

In summary, the application of THz-SI systems for the 

evaluation of ceramic TBC systems has been extensively 

demonstrated and numerous examples of the efficacy of these 

systems to effectively evaluate these structures have been 

presented in the literature. For example, all the demonstrations 

indicate that the results of the TGO or topcoat thickness 

measured by THz-TDS systems are always consistent with the 

results measured by well-established systems such as 

microscope systems [42,43]. Although the THz-SI system is 

capable of accurately measuring the thickness of TGO layers in 

TBC systems, the average thickness of these layers is generally 

a few micrometers thick (e.g. generally less than 10 mm during 

its initial formation stages),  which is smaller than the pulse 

width of THz waves. Under these circumstances, the thickness 

of the TGO layers cannot be adequately resolved by THz waves 

and additional measures are required to achieve accurate 

results. To solve this problem, the development of high-

resolution THz systems and the use of advanced signal 

processing methods should be envisioned to guarantee accurate 

thickness measurement. In fact, the efficacy of such 

developments has already been demonstrated in our previous 

studies where highly accurate results have been reported by 

leveraging the use of advanced signal processing methods with 

the THz systems in reflection mode [251], [261]. In addition to 

thickness measurements of the TGO layers, THz-SI systems are 

also capable of evaluating other defectious features of TBC 

systems such as porosity, delamination, cracks, and different 

types of microstructure properties, etc., which are all necessary 

to guarantee their structural design during the manufacturing 

process and structural integrity during their in-service stage. 

 

B. 2. Evaluation of car paints and coatings 

As indicated earlier, one of the most prominent industrial 

usages of THz-TDS systems is the measurement of individual 

layer thicknesses of multilayered structures such as 

coatings/paints of the car bodies or chassis. Car paints are 

extremely important not only because they provide the car with 

a beautiful and elegant look with distinct colors, but also 

because they provide adequate protection to the car chassis 

from UV radiation damage, corrosion damage, scratches, etc. 

Therefore, the car painting process is considered an important 

step of the entire automotive manufacturing process. In general, 

the thickness of paint films is one of the most critical and 

limiting quality parameters in the painting process for 

automotive or aeronautics. This is particularly because the 

thickness of individual paint layers is a critical factor in 

determining their capacity to appropriately satisfy their design 

requirements such as film functioning, appearance, cost, natural 

effect, etc. Each paint layer is deposited with the expectation 

that when film organization is finished at the end of the process, 

each painted layer will present a thickness inside the 
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predetermined target limits as defined by the designers. As 

such, safe testing of the dry film thickness is performed to 

guarantee the individual layers have the right optical and 

geometrical properties. Although there are currently many NDT 

techniques used to evaluate the thicknesses of car paints and 

coatings including but not limited to ultrasonic testing (UT), X-

ray micro-computed tomography (X-µCT), and eddy current 

testing (ECT), etc. but many of these techniques generally do 

not meet the industrial standards for real-time quality control 

requirements and are, therefore, unsuited for deployment in 

industrial environments. Typically, both the sensors or 

measurement probes used by both UT-NDT and ECT-NDT 

systems require a point of contact with the target area of the 

painted car surface), while the safety of operating X-ray sources 

in industrial X-µCT systems should be carefully considered 

especially when using it for tests in real engineering 

applications.  

Recently, several researchers have reported heartening 

results pertaining to the use of THz-SI systems for the 

evaluation of car paints and coatings [47], [262], [263] which 

prompted even further developments relating to the 

measurement and characterization of optically thin car paint 

layers using THz-SI systems. For example, the study conducted 

by Yasui et al. [264] presented a novel THz paint meter to 

monitor the thickness growth and drying process of thin film 

paint for paint films’ quality control in car body painting 

processes. Their device used the TOF measurement of the echo 

signal of a THz pulse to effectively perform a 2D mapping of 

the thickness distribution in single- or multilayer paint films and 

collect adequate parameters such as monitoring the 

transformation of the paint layers from their wet to dry states 

during the drying process. In another study [265], Yasuda et al. 

presented a numerical parameter fitting algorithm similar to a 

multiple-regression analysis-based method to improve the 

sensitivity of their THz system and decrease the size of the 

minimum detectable thickness. Using this algorithm, the above 

authors managed to accurately evaluate the time delay between 

two temporally overlapped echo pulses in their THz thickness 

measurement data. In 2014, Su et al. [47] demonstrated the 

excellent performance of the THz pulsed imaging system in 

evaluating the thickness and structural quality of car paint films 

up to four layers deposited on both metallic and non-metallic 

substrates. The authors combined their numerical fitting 

algorithm with a highly accurate single-dimensional 

electromagnetic model simulating the propagation of THz 

waves in a multi-layered medium to obtain the parameters such 

as the extinction coefficient, and the refractive index of 

multilayered car paint film structures, as well as the thickness 

of their base paint layers as thin as 18 μm each. Fig. 13 presents 

the B-scan map and TOF signal of a single pixel as obtained 

from their thickness measurement results. It is observed that the 

reflection peaks stemming from the different interfaces between 

the individual thin film paint layers can be effectively identified 

using the THz-SI system. The accuracy of the thickness 

measured by using the THz pulsed imaging system for the 

aforementioned multilayered car paint specimen was also 

verified by other traditional methods commonly used to 

measure the thicknesses of car paints and coatings (viz. UT, 

ECT, and X-µCT), and the thickness measurement results 

obtained from these methods strongly agree with those obtained 

using the THz-SI system. These results indicate that THz pulsed 

imaging systems are ideal NDT tools for the evaluation of 

thickness values and structural characteristics of multilayered 

car paint and coating structures and the fact that the measured 

THz signals can effectively reveal the inner structures of the 

multilayered paint films similar to UT systems is another added 

advantage. However, it appears the THz-SI technique is more 

advantageous when compared with traditional NDT techniques 

such as UT, X-µCT, and ECT because of its noncontact nature 

and its capabilities of spatially obtaining the information related 

to the size of the thickness and its uniformity distribution from 

2D THz images. 

 

 
Fig. 13. THz imaging data obtained from a four-layer paint film 

deposited on a metal substrate as imaged by the THz-SI system 

configured in reflection mode: (a-b) the B-scan map of the four-

layer paint film measured along the Y-direction. (c-d) the THz 

TOF signal of single points in the scanned area of the four-layer 

paint film. The labeled reflection peaks of the THz signal 

correspond to the following interfaces: The reflections (1), (4) 

denote the air-clearcoat interface, (2) the basecoat (solid black)-

primer1 interface, (3), (7) the electro-coat-metal substrate 

interface, (5) the clearcoat-basecoat interface, and (6) the 

basecoat (metallic silver)-primer1 interface [47]. 

 

Considering all the aforementioned applications, it is clear 

that THz-SI systems are highly capable NDT tools for car paint 

thickness measurements and characterization but the method 

requires a high SNR and a large THz bandwidth to be able to 

resolve thin layers of car paints and coatings with thicknesses 

ranging from a few nanometers to a few micrometers at a 

relatively high speed [266]. In addition, THz-SI systems should 

be rendered robust, fast, portable, and cost-effective. Also, 

these systems should feature advanced and smart algorithms to 

accurately calculate the thickness of the individual layers in car 

paint films in real-time and be able to handle common industrial 

measurement conditions where factors such as excessive 

vibrations, electrical noise sources, high temperatures, etc. 

often influence the accuracy of the measurements. To put this 

into perspective, factors such as the vibration of the target 

automotive parts can significantly interfere with the THz signal 

and impede or obstruct the provision of accurate thickness 

measurement capabilities of the THz system. As a result, such 

vibrations should be measured separately using some of the 

current state-of-the-art optical NDT systems, and the THz pulse 
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traces can be adjusted or corrected in the THz data analysis 

software to increase the ruggedness and robustness of THz-SI 

systems and be able to reveal all the important features of the 

measured paint films. In addition to the aforementioned sources 

of environmental noise, it is also important to indicate that polar 

particles such as water molecules, moisture, or vapor in the air 

may jeopardize the accuracy of the measurements [5]. These 

substances often present multiple absorption lines in the THz 

frequency range which can eventually mask relevant thickness 

information of the target paint films leading to errors and 

confusion in the interpretation of the measured THz signals, 

thereby jeopardizing the accuracy of the measurements. 

Interestingly, the effect of these noise sources introducing 

undesired features into the measured signals can be effectively 

minimized numerically either by devising robust signal 

processing algorithms to remove them from the measured 

signals [267], [268], or by purging or expurgating the path of 

the THz pulse with dry air or other inert gases such as liquid N2, 

or ideally by vacuuming the path of the THz pulse to ensure 

there is no contamination by polar molecules [5]. In most 

practices involving car paint thickness measurements, the THz 

reflection head is generally aligned to the car body with the help 

of a robot arm, and the optical sensors are used to measure the 

relevant distance and orientation of the robot arm to provide 

closed-loop positioning of the THz head relative to the car body 

and correct the vibration-related interferences that could 

potentially jeopardize the accuracy of the measurements. 

In summary, THz-TDS systems offer unique advantages as 

the capability of measuring nondestructively and contactless as 

compared with the already-established NDT techniques. In 

addition to the TOF signals, the cross-section method is 

generally used as a “golden standard” method for thickness 

measurement practices even though this method also features 

lots of uncertainties because both the location of the measured 

cross-section area and the location of the microscopic 

investigation device significantly affect the representativeness 

of the measured results (i.e., these two parameters should 

always be taken into consideration). Also, for applications 

involving the measurements of relatively thick car paint films 

and coatings, the thickness of individual layers in the paints can 

be accurately evaluated by using the simple TOF approach and 

estimating their thicknesses by evaluating the position of 

consecutive reflections at their front and back interfaces as 

illustrated in Fig. 13. This generally applies to thick paint layers 

where the reflections from the different interfaces are 

distinctively separated in time such as marine paint systems. 

However, modern automotive and aircraft paint and coating 

systems can involve the application of thin paint and coating 

layers due to the continued desire to make lightweight and 

therefore fuel-saving structures, making it difficult to 

accurately identify the individual interface reflections 

associated with the individual layer thicknesses. To date, not all 

car body parts are manufactured using metal or alloys, but also 

plastics and composites, especially crash-relevant structures of 

the cars, which are expected to return to their original 

design/shape after minor car crashes. Plastic and composite 

structures also provide modern cars with increased noise and 

vibration absorption capabilities, as well as adequate 

intercompartmental insulation levels to absorb the kinetic 

energy of shocks in the case of head-on collisions or other types 

of road accidents. As these structures must ideally be 

indistinguishable from the rest of the car body for design and 

aesthetic purposes, they are coated with multilayer paint and 

coating structures to provide this function. Indeed, both the 

thickness and structural configuration of these paint and coating 

structures can also be evaluated by the THz-SI system as long 

as the refractive index contrast between these coatings and the 

substrate or the individual layers is sufficient, particularly 

because the performance of THz-SI does not entirely depend on 

the nature and composition of the metallic substrate. Several 

examples of such an application have been thoroughly 

demonstrated in the literature, particularly in the case of coating 

and paint evaluation on fiber-reinforced polymer-matrix 

composite materials such as GFRP or CFRP [269], [270], and 

this is of growing interest, especially because many types of 

structures in modern vehicles often contain these types of 

materials. 

 

B. 3. Evaluation of marine coatings 

In the marine industry, protective coatings play a key role in 

the protection of marine and/or offshore structures such as ship 

panels, bottoms, etc. Although the gradual wear and tear of 

these structures are almost inevitable in the long term, the 

deterioration, aging, or failure of their protective coatings may 

exacerbate their aging processes by paving the way to more 

serious damage (e.g. bubbling, rust, cracking, shedding, etc.). 

Importantly, these types of damage occur at a different pace 

depending on the chemical/material composition and physical 

characteristics (e.g. thickness, number of layers, etc.) of the 

coatings. As such, the chemical or material composition of the 

coatings should be optimized to guarantee their functional 

design [271]. Additionally, their thickness, which is considered 

the most important physical parameter of the coating’s quality 

control and quality evaluation in the coating process by many 

standards, should be adequately controlled to optimize the 

structural performance and the life of the protective coatings 

altogether [249]. As such, quality control and evaluation of the 

thickness of the protective coatings in marine and offshore 

structures have always been one of the most important 

parameters carefully monitored during the coating process 

[272], and several techniques have been devised for this 

purpose in recent years [249], [272]. The use of THz waves for 

the evaluation of the thickness of marine coating has also 

attracted significant attention in recent years, thanks to the 

capabilities of THz waves to penetrate most of the materials 

used for protective paints and coatings on the surfaces of 

offshore or marine structures. 

In general, THz pulse-echo reflection techniques are 

combined with adequate peak-finding methods to analyze the 

measured when measuring the thicknesses of the different types 

of marine coatings [251]. In the THz-TDS configured in 

reflection geometry, the THz echo pulses reflected from the 

specimen are routinely analyzed using the Fourier 

deconvolution algorithm to obtain the impulse response 

function [261], and the thickness of the marine coating can 

easily be evaluated from the THz TOF signals considering the 

reflections from the surface of the paint layer and the coating 

interface [261], [273]. The thickness of the marine coatings is 

also evaluated similarly to the evaluation of the car paint 
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thickness illustrated in Fig. 13. Although this method is 

generally effective in measuring the thickness of the coating 

layers using the THz-TDS systems [274], [275], the achievable 

depth resolution (i.e., the minimum detectable thickness) is 

generally constrained to half the coherent length of the THz 

pulse in the sample [265]. Typically, a bandwidth of 

approximately 1 THz presents a corresponding coherence 

length in free space of about 100 μm [276], suggesting that it is 

generally not possible to distinguish the reflections from any 

spaced interfaces (consecutive or otherwise) if the separation 

between them is considerably smaller than the coherence 

wavelength of the electromagnetic wave (i.e., Rayleigh 

criterion) [277]. To put this into perspective, the successive 

THz echo pulses reflected from the outmost surfaces and inner 

interfaces of optically thin paint layers or paint layers at their 

earliest painting stages cannot be utterly distinguished by the 

THz-SI system because of the apparent overlap between the 

individual reflections coming from the different surfaces and 

interfaces. In fact, even using the “peak-finding” would not 

necessarily work in this case because the method is generally 

used for discrete and precise thickness quantification of the 

different layers. In addition, the deconvolution process using 

traditional band-pass filters (e.g. Gaussian or double Gaussian 

filters, etc.) often results in unfavorable over-smoothing of the 

measured THz signals. As such, the loss of useful information 

from the measured THz signals and the subsequent inability of 

the THz technology to quantify thinner coating may be almost 

inevitable [278]. 

To overcome the aforementioned challenges, researchers 

proposed several other signal processing methods to extract the 

thickness and structural information from THz raw signals 

without using the deconvolution process [279]. These signal 

processing methods include the already mentioned parametric 

fitting method by Yasui et al. [264] which was used to construct 

the theoretical THz echo signals instead of using the numerical 

Fourier deconvolution method. Iwata et al.  [280] also proposed 

a modified version of the partial-least-squares-1 algorithm and 

used it to process the THz data and were able to accurately 

predict the thickness of a single-layered paint film while Chady 

et al. [281] adopted the harmonic analysis method to process 

THz signals to accurately detect and evaluate different types of 

damage and defects in GFRP composite laminates which could 

also be used for the evaluation and characterization of marine 

coatings. In another study [279], Roth et al. extracted the power 

spectral density of the THz signal to evaluate the structural 

features of typical foams used for shuttle external tank thermal 

protection systems. It is important to indicate that while all 

these methods provide good results, their utilization should be 

evaluated on a case-by-case basis or improved to guarantee 

accurate THz-NDT results of the marine coatings. Typically, 

the methods proposed by Chady et al. [281] and Roth et al. 

[279] principally processed the measured THz time-domain 

signals using DFT which only represents the average spectral 

power distribution of the THz signal but fails to provide its 

time-frequency characteristics while the latter could provide 

relevant information for the detection and characterization of 

more localized features in the THz signal. 

In addition to the thickness measurement, defects detection, 

localization, evaluation, and classification in marine coatings 

have also been at the top of the list of priorities. Tu et al. [271] 

used the THz-SI to evaluate the marine coatings by combining 

the finite-difference time-domain and stationary wavelet 

transform (SWT) algorithms to denoise the measured THz data. 

As part of their conclusion, Tu et al. were able to detect and 

evaluate the defects underneath marine protective coatings 

which further demonstrates the capabilities of the THz-SI for 

health monitoring of the marine protective coatings. Choi et al. 

[282] proposed a realistically employable method to analyze a 

series of THz data obtained from angled THz reflection 

measurements in an ambient atmosphere. Their methodology 

consisted of successive decomposition of the measured THz 

signals to identify the individual layers constituent of the 

marine coating specimens. Although their experimental system 

was largely designed to perform qualitative monitoring and 

evaluation of multilayered marine paint films, Choi et al. 

indicated that they managed to extract the spectrum of each 

paint layer that presented sufficient information for effective 

monitoring and evaluation of different types of features in the 

multilayered structures for real-world applications. Tu et al. 

[283] investigated various multilayer organic coating systems 

using the THz-TDS and explored the inspection capabilities of 

THz-NDT for marine coatings. They measured several types of 

defective coating samples and compared the signals measured 

from the pristine and damaged regions of the sample to explain 

the changes observed in the THz signals at the different levels 

of the sample. Also, the samples' structural analysis was 

conducted and three types of defects viz. paint bulge defects, 

corrosion defects, and paint detachment defects were clearly 

distinguished and quantitatively evaluated. In another study, In 

an earlier study [249], Tu et al. used the SWT combined with 

the neural network to enhance the THz-TDS system’s 

capabilities of resolving thinner coating layers. Their method 

took advantage of the time-frequency localization 

characteristics of wavelet analysis and the prediction accuracy 

of the neural network-based algorithm to obtain a good 

approximation of the organic coating’s thickness. 

In summary, several traditional methods such as 

electrochemical-based techniques and some commercially 

available thickness measurement systems (e.g. eddy-current 

testing, ultrasonic testing, infrared thermography, etc.) are used 

to measure and evaluate the thickness and quality of protective 

paint coatings. However, each of the methods has its testing 

bottleneck, some of which lead to limitations in applications 

pertinent to the measurement and quality evaluation of 

protective coatings in marine and offshore structures. The TD-

THz technology provides users with the capability to perform a 

noncontact inspection of organic coatings and holds greater 

NDT potentials not only for thickness measurement but also for 

the detection, localization, evaluation, and classification of the 

different types of damage and defects that may compromise the 

coatings’ design performance and/or limit its life cycle. In 

recent years, several methods have been devised to improve the 

capabilities of the THz-TDS systems in these types of 

measurements, and THz-TDS systems can now resolve thin 

layers of coatings up to a few tens of micrometers.  
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C. Evaluation of pharmaceutical tablets and capsules 

The pharmaceutical industry is a particularly favorable target 

area for THz-NDT applications, particularly in the R&D and 

NDT of pharmaceutical tablets and coatings during the 

manufacturing and quality control processes. This is generally 

because pharmaceutical tablet and capsule materials are either 

transparent or partially transparent to THz waves and often 

present specific THz spectral signatures that make their 

evaluation by common THz-SI systems easy, accurate, fast, and 

cost-effective. Also, high-precision quality monitoring of 

pharmaceutical tablets and their coatings is highly important 

because of their efficacy and safety requirements (i.e., accurate 

chemical composition, adequate microstructure, mechanical 

properties, etc.). In addition, pharmaceutical tablets are high-

value products, suggesting that achieving reduced product 

wastage and increased product consistency brings significant 

cost benefits to the pharmaceutical industry [15]. Since its first 

emergence as an analytical method a little over 20 years ago, 

THz technology has been proven capable of revealing 

variations in molecular configurations (e.g. chirality, 

polymorphs, crystalline or amorphous states, cocrystals, etc.) 

[25], monitoring their porous microstructures [284], coatings 

thickness measurements [285], etc. Although the feasibility of 

the approach for all the aforementioned applications has been 

extensively demonstrated, our literature survey revealed that 

the application of THz sensing and NDT in the pharmaceutical 

industry has focused on two main areas viz. the monitoring of 

the porosity and pore size in pharmaceutical tablets as well as 

the inspection of coatings on the capsules and pharmaceutical 

tablets.  

 

C. 1. Inspection of tablet and capsule coatings 

As part of their structure, pharmaceutical tablets and capsules 

generally consist of an external soluble casing/shell containing 

a loose powder or fine particle blend that combines different 

active pharmaceutical ingredients (API) substances and 

excipients, while pharmaceutical tablets are made of 

compressed powder blends to which a coating is applied for 

protection and preservation purposes. To this end, the most 

important functions of capsule and tablet coatings are twofold 

viz. to preserve the tablet’s functionality while in the storage 

facilities (e.g. mask their odor or protect them from 

disintegration) and to facilitate its timely dissolution (e.g. 

release control of the API in time and location of the 

gastrointestinal tract) when in contact with physiological fluids 

or water in the body [14], [26]. In most cases, the performance 

of pharmaceutical coatings is affected not only by their 

chemical composition but also by their physical characteristics 

including their structural uniformity, thickness, number of 

layers, structural composition, porous microstructure, defects, 

etc. Although the evaluation of such coatings is very 

challenging (especially when optically thin coatings are 

involved), the THz-SI systems have demonstrably proven 

capable of measuring the thickness of thin pharmaceutical 

coatings on film-coated tablets, soft gelatin capsules, 

controlled-release tablets, etc. [286], determining/predicting the 

dissolution profile in drug tablets [287], [288], evaluating the 

coating features of push-pull osmotic systems [289], etc. In all 

these testing and characterization processes, THz-SI systems do 

not require any sample preparation and the fact that they are 

capable of evaluating most of the solid pharmaceutical dosage 

forms with common/regular shapes and surfaces is another 

added advantage. 

In general, the thickness of the coating on a pharmaceutical 

tablet is determined directly by evaluating the difference 

between the arrival times of THz pulses reflected from the 

outmost surface and inner structures of the target sample (Fig. 

14(a)) [27]. In this context, the coating thicknesses can be 

mapped out by calculating the thickness from the time delay at 

each point on the outmost coating layer and other adjacent/sub-

surface layers within the tablets. In 2011, May et al. [290] 

developed a highly accurate in-situ measurement method to 

determine the tablets’ coating thicknesses during the film-

coating process. The results of these real-time THz 

measurements indicated that THz-NDT is capable of providing 

a direct methodology to evaluate the thicknesses of 

pharmaceutical tablet coatings without using any chemometric 

calibration models (Fig. 14(d)). THz-NDT is also capable of 

detecting and characterizing tablets and capsules’ features such 

as the coating defects alongside their site, depth, and size (Figs. 

14(b-c)) [14], [27]. The success of THz-NDT in the evaluation 

of tablet and capsule coatings has been translated into the 

promotion of more studies that are constantly focusing on some 

specific industry-relevant aspects and/or features of THz 

technology including the development of fully automated 

commercial THz systems such as the use of a THz-based 

robotic arm to handle the tablets and position them at the THz 

focus with their surfaces perpendicular to the THz probe during 

the measurement [287], [291], [292], as well as the 

development of advanced signal processing algorithms to 

resolve thin tablet coating layers up to a few tens of 

micrometers [290], [293]. Although the aforementioned 

developments still require significant improvements for real-

time industrial implementation, they are nonetheless considered 

the first steps toward moving the THz systems from laboratory 

developments to the manufacturing industry for applications 

such as process control, process analysis, and quality control by 

designing and implementing adequate film coating processes in 

the pharmaceutical industry. 
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Fig. 14. (a) Typical THz waveform measured from a single-

layer coated pharmaceutical tablet (this example illustrates the 

coating layer thickness evaluation methods based on the time 

delay between the reflections from the outmost surface and 

inner interface separating the tablet from its coating). (b) The 

average thickness of the coating layer on each tablet with 

respect to the coating time. The inset presents the coating 

thickness map measured from 8 different tablets in mm by 

using the same coating time of about 120 min and large coating 

thickness variations are observed [27]. (c) A 3D THz false-

color image illustrating the distribution of the coating thickness 

on the surface and central band areas of the tablet [294]. (d) The 

coating thicknesses of the tablets measured using an in-line 

THz sensor at different time intervals of the coating process 

times (open circles) [290]. 

 

The possibility of evaluating the dissolution profile of the 

pharmaceutical tablets using THz-SI systems has also been 

demonstrated and accurate results have been reported. For 

example, Spencer et al. [287] confirmed that the tablet’s mean 

dissolution time, which is the standard reference technique used 

to evaluate the dissolution performance of solid-dosage 

medicines in the pharmaceutical industry, can accurately be 

correlated with the average thickness of the coating on the 

pharmaceutical tablets. In another study [295], the authors also 

used THz signals to examine the possibility of estimating the 

dissolution performance of sustained-release tablets from the 

lab- and pilot-scale batches. Their results revealed that both the 

thickness of the coating and variations in its density distribution 

levels are good dissolution performance indicators for coated 

pharmaceutical tablets. A few years later, Malaterre et al. [289] 

used the THz time-domain signals to evaluate the coating 

features of push-pull osmotic systems and managed to identify 

some of the most important internal physical characteristics of 

common dosage forms affecting their drug release kinetics. 

Instead of using the coating’s thickness and density variation 

data to predict the tablet’s dissolution performance as 

previously indicated in Refs. [287], [289], [295], Ho et al. [288] 

developed another methodology that used the data obtained 

directly from the measured THz waveforms to accurately 

predict the tablets’ dissolution performance and determine their 

in-vitro mean dissolution time. In another study, Ho et al. [296] 

examined the coatings conformity in a batch of round-biconvex 

tablets using the THz-SI system and found that the thickness of 

the coating of the tablets was significantly smaller around their 

central band domain. The measured data revealed that the 

central band domain of their biconvex tablet samples presented 

lower film coating density and higher surface roughness than 

their bottom and top domains. Interestingly, results from 

conventional dissolution performance tests concurred that the 

drug release process from the central band was quicker than that 

from the bottom and top surfaces, which further confirmed the 

accuracy of the feature distribution measured by the THz-SI 

system. In a similar study [297], Ho et al. also used the THz-SI 

system to examine the effects of features such as drug layer 

uniformity, the thickness of film coating, and the curing process 

on the in-vitro drug release of sustained-release coated pellets. 

The above authors used eight batches of pellets to conduct the 

study and their results indicate that drug release usually tends 

to slow down with the increasing thickness levels and curing 

time of the coatings on the tablets. The above authors also used 

the THz-SI system to examine the structural integrity of the 

coating on the aforementioned pellets and recorded significant 

differences in surface roughness, film coating thickness, and 

drug layer uniformity in all eight batches of pellets examined. 

Their THz-SI results were also corroborated by those measured 

by the SEM system.  

Additionally, accurate identification and monitoring of weak 

spots/areas in the film coatings on pharmaceutical tablets are 

considered the two major pressing issues in the pharmaceutical 

industry, because they are vital to the success of product and 

process developments [15], [296]. Accurate mapping of these 

weak spots on pharmaceutical tablets provides scientists with 

useful information describing the subsequent dissolution 

performance. In fact, both the feasibility and utility of the 

approach have been extensively demonstrated in recent studies, 

and successful industrial applications have been presented and 

in some cases, THz-SI systems outperformed conventional 

NDT systems [293], [297]–[299]. Typical examples of such 

applications include the use of THz-SI as a PAT tool to evaluate 

numerous tablets features such as the thickness and structural 

integrity of the coatings applied to pharmaceutical tablets under 

different manufacturing conditions [298], [299], to observe the 

effect processing conditions of the tablets on their intra- and 

inter-coating thickness and porous microstructure variations 

[293], etc. The speedy and easy usage of THz-SI systems to 
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map up different features in the tablets’ coatings may also be an 

attractive replacement for wet dissolution tests used to evaluate 

dissolution performance during the product development and 

process analysis stages of the tablets’ manufacturing process. 

Although the use of THz-SI systems may be a plausible solution 

that could help scholars and scientists in the pharmaceutical 

industry to accurately evaluate the dissolution performance of 

common dosage forms, THz-SI tests may not always provide 

accurate results especially when delayed drug-release processes 

are involved. This is particularly because many scholars and 

scientists have acknowledged on numerous occasions that the 

delayed drug-release process or the dissolution performance of 

pharmaceutical tablets and capsules is rather a very complex 

process and depends on many other factors in addition to the 

coating thickness and density distribution. To this end, several 

studies [27], [300] have been conducted to determine the ability 

to control the dissolution process during the tablet scale-up 

process, predict the dissolution profile through tablet imaging, 

control process transfer of a multi-layer tablet, examine the 

effects of film coating process on structural integrity and 

performance of a finished drug product, define the compression 

process window, investigate failure in an enteric coated 

product, as well as to determine the moisture uptake and gel 

formation in modified release tablets, etc.  

In summary, THz-SI has been proven to be an effective NDT 

tool for pharmaceutical tablet and capsule coatings evaluation. 

This system is capable of providing useful NDT information 

related to the tablets’ transformation dynamics, identification, 

and quantification of polymorphs/hydrates in pharmaceutical 

tablets, off-line and online quantitative characterization of 

tablets and capsules’ functional coatings, evaluation of the 

tablets’ coating and dissolution profile, performing the 

spectroscopic imaging and chemical mapping of the 

pharmaceutical tablets, etc. In particular, factors such as the 

capability of using in-line THz sensors for real-time 

measurement of the tablets’ coating thicknesses during the 

manufacturing/coating process combined with the many highly 

advantageous properties of THz waves (e.g. non-destructive, 

non-ionizing, and ability to image and probe at depth, etc.), 

make us foresee that THz-SI has the potential to become an 

industrial NDT measurement standard for pharmaceutical 

tablets evaluation practices. To live up to the enormous inherent 

potential of THz-SI systems, these systems have to be made 

fast, rugged, and affordable, which requires the development of 

new measurement approaches, the use of advanced signal 

processing algorithms, and the implementation of new system 

architectures that minimize the effect of environmental noise of 

the accuracy of the NDT measurements. In addition, it would 

be gratifying and extremely beneficial if the operational 

spectral range of the currently available THz devices could be 

extended from roughly 100 cm−1 to about 300 cm−1. Extending 

the current range to the aforementioned range will undoubtedly 

allow the THz spectrum to cover both the intra- and inter-

molecular vibration modes of pharmaceutical tablets in the 

upper THz frequency range, thereby providing the THz system 

with better spectral specificity and selectivity that could allow 

THz systems’ users to achieve accurate discrimination and 

mapping of the physico-chemical properties of solid dosage 

forms. In fact, this broader spectral coverage would also allow 

THz users to be able to accurately evaluate and characterize 

optically thin tablet coating layers with higher spatial 

resolution. In addition to the aforementioned applications, 

quantum chemical modeling is also another area of interest that 

could provide drug manufacturers with additional knowledge 

on the vibration modes of pharmaceutical solids. However, the 

use of quantum chemical modeling processes to explore the 

chemical behavior of molecules and substances via quantum 

mechanics generally depends upon the development of 

adequate quantum chemistry theories and related computer 

algorithms, which requires the use of high-performance 

computational platforms to obtain accurate results. As such, the 

development of the aforementioned high-performance 

computational simulation platforms to simulate THz spectra 

would help scientists to fully understand and accurately 

interpret the vibration modes of pharmaceutical solids, which 

would ultimately improve our understanding of their 

performance, formulations, and operation processes. 

 

C. 2. Evaluation of porosity and porous microstructures 

In general, pharmaceutical tablets are manufactured by the 

uniaxial compaction of a mixture of granules or powders of 

drugs with excipients. The manufacturing process is such that 

the aforementioned mixture is compressed radially in a rigid die 

and undergoes several modification processes such as particle 

fracture, particle rearrangement, particle deformation, etc. 

before forming the tablet in a form of an agglomeration of inter-

particulate bonds and pores. In this context, this unidirectional 

compaction of the API and excipients in rigid die results in the 

formation of tablets with anisotropic mechanical properties and 

the microstructure with their elongated pores being 

predominantly aligned in the plane of the tablet due to the 

nature and orientation of the compaction forces [284]. In most 

cases, however, factors such as the morphology, structure, and 

distribution of these pores in tablets greatly affect a range of 

their mechanical stability including their mechanical hardness, 

friability, tensile strength, etc. as well as their 

biopharmaceutical properties such as solubility, dissolution 

rate, bioavailability, etc. [301]. For example, the tablet’s timely 

dissolution is considered an extremely important parameter in 

the drug delivery process because the kinetics of drug release 

must match a proper dosage form. Interestingly, this process is 

controlled by the liquid penetration rate into the pore networks 

as well as the chemical and mechanical properties of the tablet 

[27]. That means that certain pore properties such as their 

density, size, orientation, and connectivity in the tablet 

determine the rate at which water or physiological fluids enter 

the tablet to initiate the swelling of the excipient particles and 

break the bonds between particles. The tablet starts to 

disintegrate and deliver the excipients into the body when 

sufficient inter-particulate bonds are broken and the tablet has 

achieved its design disintegration threshold [284]. Therefore, 

accurate control and measurement of the porosity levels of 

pharmaceutical tablets could help scientists and drug 

manufacturers to understand the detailed liquid penetration 

kinetics into pharmaceutical tablets and the API delivery 

processes thereof. This information would indeed help in the 

design and manufacturing of high-performance tablets and pave 

the way toward achieving the long-coveted quality of the tablets 

with adequate biopharmaceutical properties. 
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The evaluation of porosity levels in pharmaceutical tablets is 

generally carried out using traditional methods such as mercury 

porosimetry, helium pycnometer, X-ray microcomputed 

tomography (X-μCT), etc. [25], [284]. However, most of these 

methods are partially destructive, harmful, and time-

consuming, and cannot achieve real-time measurement of pores 

in pharmaceutical tablets. The pursuit of continuous and speedy 

NDT methods for this type of evaluation has recently ushered 

in the use of THz technology due to its ability to directly 

measure the porosity and porous microstructure of 

pharmaceutical tablets. This type of measurement is performed 

by measuring the effective refractive index of a flat-faced or 

biconvex tablet using the transmission geometry of the THz 

spectroscopic system (Fig. 15). The refractive index denotes the 

measure propagation speed of electromagnetic radiation in the 

tablet with respect to the in-vaccuo speed of light and is termed 

“effective” because several components such as air, excipients, 

and API, etc. are mixed to form an effective medium with bulk 

properties that are governed by effective medium models [284]. 

The effective refractive index decreases almost linearly with the 

decreasing porosity levels because the effective interaction 

distance between THz waves and porous samples shortens (i.e., 

there is less substance in the path of the THz beam). Apart from 

the refractive index, the transmission loss can also be used to 

determine the porosity levels but its accuracy is always disputed 

because it is highly dependent on factors such as material 

absorption, pore geometry, pore distribution, etc., and combines 

the contributions from the absorption and scattering of the 

sample’s materials that are difficult to evaluate. 

 

 
Fig. 15. Illustration of the measurement of the (a) reference and 

(b) sample transmission signals of pharmaceutical biconvex 

tablets. The time delays 
rt  and 

st  denote the peak times of the 

THz pulse for the reference and sample measurements, 

respectively, and the difference between these two peak times 

denotes the TOF between these two signals [302]. 

 

The literature indicates that three approaches viz. traditional 

and anisotropic Bruggeman effective-medium approximation, 

as well as zero porosity approximation approaches, are 

generally used to detect the porosity levels in pharmaceutical 

tablets using THz data [284], [302]. The mathematical 

expressions used by these methods indicate that they are mainly 

based on exploiting the relationship between the porosity levels 

and the refractive index of the tablets in the THz frequency 

range, suggesting that these two parameters must be known a 

priori for these methods to be used [302]. It is important to 

indicate that the accurate prediction of the refractive index may 

be limited particularly for tablets containing a high 

concentration of API or composed of highly porous excipients 

such as functionalized calcium carbonate, and care must be 

taken when deciding the best prediction methods to use for such 

an application [302], [303]. In addition to these effective 

medium models, studies have also used other optical parameters 

in the time and frequency domains including the time delay, the 

effective absorption coefficient, the loss coefficient difference 

before and after soaking the tablet, the effective permittivity, 

etc. [301], [302], [304], [305]. The use of these parameters to 

predict the porosity levels of pharmaceutical tablets is 

particularly advantageous because they help THz users to 

overcome some of the limitations and difficulties associated 

with the aforementioned effective refractive index-based 

methods [284]. Apart from porosity measurement, the tablets’ 

porous microstructure can be measured using the Wiener and 

Hashin-Shtrikman bounds [284], [302] which exploit the 

relationship between the tablet’s porous microstructure and the 

effective dielectric constant.  

In summary, THz technology has great development and 

application prospects for pores and porous microstructure 

evaluation in pharmaceutical tablets. The use of THz-SI 

systems for these types of applications mainly involves the 

quantitative analysis of the porosity levels of the tablets and the 

qualitative analysis of their porous microstructure. The former 

relates to the determination of the volume percent of the 

individual components in the tablets and the tablet’s optical 

parameters such as the absorption coefficient, complex 

refractive index, complex permittivity, etc. using adequate 

effective medium theory models, while the latter analyzes the 

tablet’s porous microstructure using the Hashin-Shtrikman or 

Wiener bounds which do not provide the specific value of the 

porosity levels but rather their bound limits. Although THz-SI 

systems have had some impressive success in the evaluation of 

porosity levels and porous microstructure properties of 

pharmaceutical tablets [284], [302], the proposed methods only 

use single-parameter models (e.g. effective refractive index, 

effective absorption coefficient, effective permittivity, etc.), 

meaning that the information provided by each of these models 

cannot be obtained simultaneously by using single-parameter 

models [306], [307]. To ensure accurate porosity measurement 

results, the development of robust porosity detection models 

based on multi-parameter fusion should be considered. Also, 

with researchers being unable to handle the strong absorption 

levels of THz waves by the API substances and excipients in 

pharmaceutical tablets [308], [309], current porosity 

measurement methods largely ignore the presence of these 

ingredients which might be affecting the accuracy of the 

reported results. To this end, reflection THz measurements 

should be considered not only to limit the effect of the strong 

absorption of the pharmaceutical substances, excipients, and 

thickness of the tablets but also because it is more practical and 

expedient to determine pore characteristics by reflection 
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measurements in industrial settings [80]. Also, reflection THz 

measurements are more amenable and easier to integrate into 

pharmaceutical processes than their transmission counterparts. 

 

D. Analysis and characterization of electronic components 

In the early days of their development, THz technologies 

were primarily developed to be used for the inspection of 

electronic devices in the electronics industry because certain 

electrical properties such as carrier mobility and concentration 

of semiconductor materials determine the magnitude of their 

dielectric properties in the THz frequency range [310]. THz 

technology is particularly effective in the spectroscopic analysis 

and imaging of electronic devices and circuits because of the 

opacity of these substrates and/or their packaging materials. To 

date, THz technologies are primarily used for the inspection of 

electronic circuits such as integrated circuits (ICs), printed 

circuit boards, transistor/gate scales [311], the inspection of 

solar cell materials such as Silicon wafers, perovskite materials 

[312], as well as the measurement and/or mapping of the 

conductivity of graphene-based thin films [313], etc. This 

section of the paper presents the main applications of THz 

sensing pertinent to the evaluation and/or characterization of 

electronic devices such as ICs, solar cell materials, and 

graphene.  

 

D. 1. Inspection and characterization of integrated circuits 

As opposed to X-rays or γ-rays, THz waves present long 

wavelengths, and the spatial resolution of most commercially 

available THz-SI systems is generally limited to about 1 mm, 

which is not sufficient for a detailed inspection of electronic 

circuits [15], [310]. To improve this spatial resolution and 

increase the details of detectable features, researchers and 

engineers are constantly working to develop state-of-the-art 

THz-SI systems capable of delivering up to the sub-wavelength 

resolution. These include the recent development and 

progressive refinement of the Laser Terahertz Emission 

Microscope (LTEM) and its hardware system capable of 

achieving a spatial resolution of a few µm when imaging 

photoconductive structures such as Auston-type switches, 

Schottky contacts, p/n junctions, etc. [314]–[318]. After the 

first demonstration of the LTEM imaging system in 2003 by 

Kiwa et al. with a spatial resolution exceeding that of the laser 

beam diameter of about 20 µm [319], its resolution was later 

enhanced to less than 3 µm in 2005 by Yamashita et al. [314]. 

In 2010, additional groundbreaking developments were also 

presented which primarily focused on the imaging of the 

transistors’ p-n junctions using the LTEM devices, whereby 

defective transistor circuits were accurately differentiated from 

correctly functioning ones [316], [317]. These developments 

further enabled the imaging from the rear side of the transistor 

circuits, hence, the non-contact inspection of transistor circuits 

where interconnected structures prevented optical access from 

the front side was accurately performed [318]. To facilitate the 

characterization process of semiconductor devices, laser-

activated THz waveforms produced from the p-n junctions in 

the LTEM configuration were also analyzed in detail where 

open defects in the multi-layered interconnections of large-

scale ICs systems were accurately identified [315]. As the 

research continued, improvements were also being made and 

further developments were being achieved. It is in this spirit that 

Kim et al. [311] demonstrate the combination of a 

hemispherical solid immersion lens (SIL) and an LTEM with a 

transmission-type detection mode for the imaging of an IC 

device with a spatial resolution of 1.5 μm. Murakami et al. 

[320] demonstrated the capabilities of the LTEM systems were 

further extended and its spatial resolution was increased to 0.6 

µm by incorporating near-field techniques, while a similar 

approach was applied to time-resolved transmission imaging 

[321], thereby effectively demonstrating the capabilities of the 

THz systems to measure the carrier mobilities and lifetimes 

with a spatial resolution of up to 60 µm. 

In general, a spatial resolution of more than 100 nm is 

necessary to be able to efficiently image individual 

microelectronic components, and the use of the scattering near-

field optical microscopy (SNOM) may be one of the solutions 

as it helps to achieve a resolution up to 40 nm [322]. In addition, 

the THz-SNOM imaging system can also be used to reveal 

individual transistors, identify the materials in a device, 

measure the carrier concentrations, etc. THz time-domain 

reflectometry (THz-TDR) is also a widely used NDT technique 

for detecting discontinuities and faults in electronic circuits and 

devices, a task that was traditionally reserved for some specific 

instruments such as the pulse generator or the oscilloscope 

[323]. Recently, Ahi et al. [324] developed a comprehensive set 

of techniques for authentication and quality control of packaged 

IC using the THz-SI system. Their tests revealed several 

features in the IC materials including the existence of features 

such as blacktopping layers, irregular thickness distributions in 

the hidden layers, unexpected materials in counterfeit 

components, contaminated and sanded components, as well as 

the dissimilarities between the morphologies of the inner 

structures of the counterfeit and authentic components of the 

ICs (Fig. 16). A simple approach of testing µ-wave monolithic 

and very large-scale ICs based on the electrical response 

generated at the circuit pins illuminated by THz waves was also 

reported in Ref. [325]. 
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Fig. 16. (a) THz image of the authentic Intel flash-memory chip 

before improving the system’s resolution, (b) the same THz 

image after improving the system’s resolution in the z-plane of 

the die-frame, (c) the same THz image after improving the 

system’s resolution on the z-plane of the lead-frame, and (d) 

the X-ray image obtained to confirm the THz imaging results. 

[1 pixel = 100 μm] [324]. 

 

In summary, many THz-NDT methods have been 

successfully devised to test and evaluate the structural integrity 

of ICs systems and other semiconductor devices in laboratory 

conditions but users still struggle with their limited cost-

effectiveness for commercial applications or sometimes fail to 

achieve NDT results similar to those obtained by well-

established NDT techniques during real-world testing in 

dynamic and harsh environments housing the current state-of-

the-art IC manufacturing facilities. As such, THz-NDT is 

poised to be initially adopted by companies with significantly 

higher budgets and used in highly controlled or clean 

environments sheltering the current state-of-the-art 

semiconductor fabrication facilities where hostile 

environmental factors such as humidity, temperature, and dust, 

among other THz measurement-limiting factors, can be 

appropriately controlled and monitored. Considering their 

measurement capabilities, THz waves provide extreme 

flexibility in terms of polarizations and spectral precision across 

many frequencies which is highly beneficial for the 

implementation of highly accurate and automated product 

classification devices. Also, the femtosecond data collection 

speed and wide bandwidth of the commonly available THz 

systems create vast amounts of data to sort out, process, and 

classify, and this amount of data is expected to increase with the 

constant development of big data and cloud computing-related 

technologies. To keep up with the constantly growing cloud 

computing and big data-related technologies and enable real-

time inspection of seemingly uncharacteristic IC features by the 

human operator, several technologies and algorithms are 

constantly being developed. Typically, artificial intelligence 

systems based on deep learning algorithms are being developed 

and combined with THz-NDT systems to enable high-quality 

data collection and advanced data analysis and classification 

capabilities with unparalleled performances. As the complexity 

of ICs systems and semiconductor devices continues to expand 

with infinitesimally smaller and high-performance features, 

advanced NDT methods will be needed across all scales to keep 

up with the demand for quality assurance and verification 

requirements of these systems and devices. Interestingly, 

preliminary investigations indicate that THz waves can allow 

for high-throughput passive monitoring of sensitive 

semiconductor devices and ICs systems during fabrication that 

might be damaged by induced electric currents if other NDT 

techniques were to be used, suggesting that THz-NDT would 

be the best technique to perform common NDT measurements 

in the semiconductor industry. Also, considering the unique and 

characteristic signature properties of different types of material 

systems in the THz frequency range, the evaluation of 

fingerprint characteristics of most ICs and semiconductor 

devices can be accurately achieved using THz spectroscopic 

systems. This type of information would also be used by 

scientists to identify materials that would uniquely enable the 

development of adequate THz-NDT methods to detect 

anomalous or counterfeit IC devices. Interestingly, the use of 

hybridized or data fusion-based methods featuring information 

from multiple NDT systems is a regime where THz-SI data can 

be combined with existing NDT methods to offer support to the 

increasingly complex failure analysis and verification 

requirements of ICs systems and semiconductors devices in the 

semiconductor industry from the nano- to macro-scale features 

and components. For THz-NDT systems to become self-reliant 

semiconductor production monitoring systems in laboratory or 

industrial settings, it will require a confident level of statistical 

process control for THz signal generation, detection, and/or 

processing. Taken together, all these developments and 

obstacles indicate that the implementation of applied and highly 

accurate industrial THz systems for the inspection of ICs and 

semiconductor devices will likely come from the combination 
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of research into cutting-edge THz hardware systems and the 

development of high-performance signal processing or signal 

reconstruction algorithms, as well as the widespread usage of 

the machine and deep learning algorithms (i.e., the introduction 

of artificial intelligence algorithms into the NDT of ICs).  

 

D. 2. Inspection and characterization of solar cells 

Application of THz-NDT for the inspection and evaluation 

of solar cells generally serves two separate purposes viz. the 

evaluation of solar cells’ performance characteristics and the 

evaluation of their structural integrity. The determination of 

solar cells’ performance characteristics involves the 

determination of their electrical properties to predict their 

performance and efficiency and the parameters measured for 

this purpose are typically the charge carrier density, complex 

conductivity, carrier mobility, as well as charge transportation 

and/or recombination dynamics and their dependence on solar-

type illumination levels to ensure efficient interfacial transfer 

of photogenerated holes and electrons, etc. [20], [326]. These 

measurements are particularly important because they allow 

solar cell manufacturers to estimate the diffusion levels of holes 

and electrons, which directly affects their performances, and 

can all be measured by THz spectroscopic systems. Taking the 

carrier mobility and lifetime features as an example, the 

determination of these two parameters is particularly important 

because they are generally considered the ideal metrics for 

quality evaluation in semiconductor materials and provide 

critical guidelines for the development of more efficient 

semiconductor devices. In particular, adequate levels of charge 

carrier mobilities are generally desirable for the semiconductor 

materials used in photovoltaic solar cells (i.e., to enable 

efficient charge injection and extraction), and microelectronic 

systems (i.e., to increase the achievable data processing speed) 

[326]. In addition, the investigation into the THz field 

transmission through photoexcited thin films and the 

subsequent comparison of the different conductivity models 

such as the Drude conductivity, plasmon models, hopping 

transport, etc. against the THz transmission data, the type of 

photoconductivity of the solar cell can be easily established 

[41]. Indeed, this type of analysis is particularly important 

because it provides valuable information relevant to the 

determination of charge transport properties in novel 

semiconductor materials, which is particularly crucial for the 

enhancement of their optoelectronic properties during the 

optimization process. Apart from using simple THz 

spectroscopic systems, additional performance properties of 

solar cells such as the semiconductor’s transient 

photoconductivity can be evaluated by combining both the 

photo-excitation process with the optical pump-THz-probe 

technique [327]. Information related to the transient 

photoconductivity is particularly important because it reveals 

other features describing the dynamics, resistivity, and mobility 

of photo-excited charge carriers of the solar cells directly 

without the need for metal contacts. The obtained information 

of the resistivity of the solar cell can also be used to estimate 

the density of the background dopant when paired with charge-

carrier mobility measurements, thereby providing a complete 

characterization of the target solar cell structures.  

In addition to the characterization of the performance 

properties of solar cell materials, THz technology is also used 

for the inspection and structural evaluation of solar cell 

materials and devices, which involves the detection of a variety 

of flaws, defects, and irregularities in solar cell structures that 

occurred during the manufacturing process [312]. In most 

practices, however, the spatial resolution of the THz system has 

always been reported to be a limiting factor, particularly when 

used for the inspection of solar cell materials. However, the 

introduction of the LTEM technique was welcomed by the NDT 

community as a significant development toward the 

implementation of adequate THz systems to image and analyze 

solar cell devices and materials. In fact, some researchers even 

went further and provided a detailed performance comparison 

of the LTEM technique with some conventional solar cell 

testing techniques such as electroluminescence (EL), 

photoluminescence (PL), and laser beam-induced current 

(LBIC) based methods, and similar results were recorded in the 

literature [328]. As part of their conclusions, the authors in 

[328] also pointed out that the LTEM technique is an 

exceptionally useful NDT technique that could be 

complementary to well-established NDT techniques owing to 

its numerous advantages such as higher spatial resolution, and 

its capability to accurately map out the distribution of some 

important solar cells’ features such as electric fields, grain 

boundaries, surface defects, etc. The LTEM technique can also 

observe the dynamic movements of photoexcited carriers in the 

purlieu of the depletion layer adjacent to the surface of the solar 

cells, which influences a number of their properties such as their 

fill factor (FF) and the open-circuit voltage (
ocV ). Interesting 

development surrounding the use of THz-SI systems for the 

evaluation of solar cells also include the use of the THz 

spectroscopic system in reflection mode to evaluate the 

structural integrity of commercial solar cells, where several 

types of manufacturing flaws such as defects in the soldering 

and tab wires, doping variations, cracks, irregular thickness 

distribution, etc. were successfully detected and evaluated 

[328], [329]. Additional applications featuring tip-based near-

field transmission measurements were also used to map out the 

carrier mobility and chemical doping levels of solar cell devices 

were reported where significant improvement of the THz 

system’s spatial resolution up to 10 µm in the measured images 

[330]. In addition to providing maps of the carrier mobility and 

density as well as the chemical doping levels of solar cells, 

THz-SI systems can also produce maps of sheet resistances 

capable of revealing different types of flaws in individual 

devices constituents of the solar cell systems, which further 

highlights the invaluable capabilities of THz-NDT systems for 

the analysis and evaluations of solar cells. 

 

D. 3. Graphene 

The history of graphene material (a type of honeycomb 

carbon crystal made of a one-atom-thick planar sheet) synthesis 

using the chemical vapor deposition method with a metallic 

catalyst can be traced back to the late 1960s [331]. Several years 

later, the first successful synthesis of monolayer graphene using 

mechanical exfoliation from bulk graphite was also reported in 

Ref. [332]. The synthesis of monolayer graphene opened up 

new opportunities and lead to the experimental verification of 
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the unique quantum electromagnetic properties in the early 

2000s [333], [334]. To date, several other methods have been 

devised for graphene manufacturing, and the most 

representative methods include liquid-phase exfoliation, 

mechanical exfoliation, redox reaction, chemical vapor 

deposition, etc. [335]. The aforementioned advanced 

manufacturing achievements enabled the development of large-

area graphene films and promoted the initiation of advanced 

research that helped to identify useful graphene properties (i.e., 

some exceptional electronic, optical, and mechanical 

properties) [336]. To date, the aforementioned advances have 

enabled the development of some state-of-the-art graphene-

based electronic and/or optical devices used in a wide range of 

applications including but not limited to the development of 

THz photonic devices, optoelectronic devices, electrodes for 

electrochemical energy storage systems, flexible sensors, 

protective coating layers, advanced composite materials, 

biomedical devices, etc. [337]. In the electronic industry, for 

example, large-area graphene sheets are used to manufacture 

high-frequency THz electronic devices as well as the 

development of highly flexible, transparent, and durable 

electrodes for touch screens, monitors or displays, and solar cell 

devices [330]. Apart from the aforementioned devices, 

graphene is also used for the manufacturing of transistors and 

photodetector devices. In the particular case of graphene-

channel transistors, for example, recent reports indicate that the 

use of graphene to manufacture these types of transistors has 

significantly increased their cutoff frequencies and the latter are 

now approaching the THz frequency range. Additionally, 

graphene-based photodetectors have also demonstrated 

spectacular high-speed operation capabilities in the mid-

infrared frequency range and experts believe that this level of 

high-speed operation will soon reach the THz frequency range 

[337], [338]. Recently, several types of graphene-based THz 

devices such as plasmonic THz oscillators, graphene THz 

lasers, as well as graphene THz modulators (owing to the 

graphene’s plasmon resonances with large oscillator strengths 

and prominent optical absorption peaks at room temperature) 

have all been developed.  

Although graphene has had tremendous success since it was 

first synthesized in the 1960s, most of the aforementioned 

applications require the utilization of large-area high-quality 

graphene sheets. However, the development of large-area high-

quality graphene for large-scale applications requires graphene 

manufacturers and users to rapidly and accurately assess its 

electrical properties and evaluate structural integrity for quality 

assurance, conformity, and validation purposes. To this end, 

properties such as graphene conductivity and carrier mobility 

must be accurately controlled and minimized, especially for 

applications where the spatial variability of these properties 

might jeopardize the smooth operation of the host systems 

[339]. In addition to the conductivity and carrier mobility, the 

quality of graphene also depends on its structural integrity and 

uniformity of graphene sheets. Indeed. all these quality 

attributes are essential for the commercialization of graphene 

products and require large-scale noncontact and rapid 

inspection techniques to ensure they remain in acceptable 

ranges that meet the application requirements of the final 

products [15], [339]. In most cases, the evaluation and 

characterization of the main electrical properties of graphene 

films generally involve the use of Raman spectroscopy 

combined with field-effect or Hall bar devices, though these 

techniques are generally complex and time-consuming, 

especially when used to evaluate large graphene film samples. 

However, graphene films usually have to be moved away from 

their growth substrate which may be extremely complicated if 

their electrical properties and/or structural integrity attributes 

are not properly evaluated [340]. To this end, not only is the use 

of highly accurate NDT systems to measure and map out the 

key electrical properties and structural integrity attributes of 

graphene films beneficial for the optimization of the graphene 

manufacturing process, but also for the optimization of the 

transfer, and structural evaluation processes. Interestingly, both 

THz transmission and reflection measurements allow users to 

perform direct and accurate mapping of graphene conductivity 

and carrier mobility over large areas and produce highly 

accurate graphene intra-band transition data similar to the 

Drude model analysis [313], [330]. In the THz transmission 

measurements, for example, the complex conductivity of 

graphene is evaluated using data from THz pulses transmitted 

through a thin graphene film layer deposited on the support. The 

measured THz data is then analyzed using Fresnel coefficients 

to determine the complex conductivity where the 

aforementioned graphene layer is modeled as an extremely thin 

conducting film. In doing so, both the drift and field-effect 

mobilities of the graphene film can be easily extracted by fitting 

the conductivity spectra to the Drude model [313] and 

measuring its conductivity changes as a function of the applied 

back-gate voltages on gate-stack support [330]. To evaluate the 

conductivity or carrier mobility map and obtain an adequate 

characterization of the electrical properties of the target 

graphene film, the aforementioned measurement, and analysis 

are repeated across the entire graphene area [330], [336]. As 

indicated earlier, the evaluation of structural integrity is also 

paramount to the quality assurance of graphene films in 

addition to conductivity/carrier mobility measurements, and 

THz systems have been equally proven capable of detecting 

defects in graphene on polyethylene terephthalate (PET) not 

visible to the naked eye nor with optical microscopy [340]. 

Although THz systems can provide accurate large-area 

spatial maps of common electrical properties as the key 

performance indicators for graphene films relevant to graphene 

production in batch production and roll-to-roll manufacturing 

processes, multiple legitimate hurdles still need to be addressed 

to achieve effective integration of THz systems into graphene 

manufacturing pilot plants or production lines. For example, 

this type of integration generally requires the establishment of 

well-controlled laboratory environments where factors such as 

measurement variabilities, instrument downtime, and artifacts 

can be timely and effectively dealt with for the production of 

high-quality graphene films. However, most commercial THz-

SI devices cannot easily be implemented in graphene 

production facilities because of the difficulty of controlling the 

aforementioned factors, and the speed at which the THz 

measurements are performed. In addition to the aforementioned 

obstacles, THz systems require to be installed in electrically 

insulated shelters to limit the effect of environmental noise on 

their measurements and guarantee accurate test results. Also, 

establishing the long-term stability of operational THz-SI 

systems will guarantee the reproducibility of their 
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measurements and help users to eliminate false-negative and 

false-positive results. However, achieving adequate long-term 

stability of THz metrological systems in graphene 

manufacturing plants is not an easy task to perform and this 

limits the use of these systems as standard testing equipment to 

provide reliable performance characteristics of graphene films 

in large-scale graphene production settings. To this end, 

Whelan et al. [341] recently indicated that an overall good 

reproducibility of THz measurements is only possible when 

THz systems are utilized to measure graphene samples 

continuously over a short time scale (i.e., usually within a few 

days time-span). The same study also revealed that the 

electrical properties measured from the same graphene films 

over longer time scales often change (i.e., measurement 

variability) due to the effects of the environmental conditions 

in graphene pilot or production lines. In real-time production 

lines, mechanical disturbances such as vibration noise and 

mechanical drift often lead to phase errors and jeopardize the 

accuracy of the measurements. The vibration noise signals 

generally originate from other processes in the production line, 

the manufacturing environment, or systems in the vicinity such 

as the mechanical rollers in a roll-to-roll production system 

where the THz system is installed. In most cases, however, 

these types of noises cannot easily be eliminated through 

mechanical insulation alone, so care must be taken when 

selecting the place to install the THz systems [336]. Although 

the THz signals obtained in reflection and transmission modes 

can be used to evaluate the electromagnetic properties and 

structural integrity of graphene films, reflected THz signals are 

more desirable than transmitted signals because they are cost-

effective, and easy to reconstruct particularly when seeking to 

generate property maps or NDT images. Reflected THz signals 

also provide higher accuracy than transmitted signals when 

performed on opaque or THz-absorbing materials and 

substrates. In terms of robustness, reflected THz signals are also 

far more sensitive to variations in probe-sample distance than 

their transmitted counterparts which generally provide 

inaccurate results when used to determine the carrier density 

and/or carrier mobility of graphene films.  

In summary, THz inspection of graphene films is a highly 

advantageous NDT technique, but more work still needs to be 

done to ensure the transmission measurements can achieve the 

performance level of the reflection measurements. This 

development is generally expected to meet serious resistance 

from the conductivity of graphene films which already limits 

significant depth penetration of THz waves to probe the inner 

surfaces with only superficial features and/or extremely thin 

layers of graphene currently being measured. Interestingly, 

significant advances have been implemented and solutions are 

constantly being presented to deal with some of the 

aforementioned shortcomings related to THz transmission 

measurements. As an example, studies indicate that variations 

in the probe-sample distance are more critical, especially when 

moving from far-field to near-field transmission measurements. 

Indeed, the results indicate that a proper adjustment of this 

distance can improve the system’s spatial resolution from 

hundreds of µm down to a few µm [338]. To date, commercial 

near-field THz systems that can reach 10-50 µm resolution on 

continuous graphene film samples are available on the market 

and the development of scattering-type scanning near-field 

microscopy operating in the THz frequency band such as that 

recently developed by Neaspec GmbH is expected to bring the 

spatial resolution down tens of nm [341].  Although these 

systems are primarily research tools due to their greater 

complexity and low measurement speed, this development has 

contributed to the overall understanding of non-Drude THz 

spectral features and the connection between these features and 

the physical appearances of graphene samples such as the 

presence of defects, grain boundaries, local contaminants, etc. 

[342]–[344], which highlights their importance on the overall 

research and development efforts as well as the structural 

feature diagnosis of graphene films. In addition to the 

aforementioned developments, the use of Monte Carlo 

simulations is also considered another possible route that could 

help THz users in their efforts to reconcile the measured 

features with the analytical understanding of graphene films. 

However, this method still evolving and requires additional 

research to adapt to the analysis of graphene films using THz 

systems. Therefore, the integration of the THz systems into the 

graphene manufacturing industry requires users to address all 

the aforementioned obstacles for THz systems to perform 

accurate contactless measurements of the key electrical 

properties that would in the optimization of the growth, transfer, 

and post-transfer processes of graphene films. 

 

E. Gas sensing with THz systems 

Gas sensing involves the detection of toxic, harmful, and 

natural gas leaks in areas such as coal mines, environmental 

monitoring, petroleum, breath analysis, chemical plants, 

transportation, medical diagnostics, etc. Interestingly, THz 

spectroscopy has proven to be one of the most effective gas 

detection systems and presents numerous advantages such as 

high selectivity, fast measurements, high sensitivity, reagent-

free, continuous monitoring of multiple gaseous components, 

faster online data processing, etc. that makes it an attractive gas 

sensing tool. Its principle of operation relates to the irradiation 

of confined gaseous compounds by THz waves at a fixed 

pressure and the acquisition of their spectral information as 

illustrated in Fig. 17 [82], [345]. Specifically, THz waves excite 

the molecular bonds in the target gas and initiate the molecular 

roto-vibrational movements, which cause changes in the dipole 

moments of the affected molecules and result in the emission of 

specific absorption lines or bands in the THz region [346]. This 

is particularly interesting because most gases have relatively 

few absorption lines in the THz frequency range as compared 

to the infrared region, which facilitates their detectability by 

common THz spectroscopic systems. In this section of the 

paper, the use of THz systems in three key areas viz. 

environmental monitoring (i.e., particularly the pollutant 

monitoring and Earth observation practices), quality 

monitoring of natural gas in the production and supply chain as 

well as human breath analysis are analyzed to exemplify the 

effectiveness of THz systems and present the main 

achievements in THz gas sensing applications. Also, special 

features that enable THz users to achieve accurate qualitative 

identification and quantitative evaluation of gaseous 

components are presented. 
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Fig. 17. Illustration of the (a) interaction mechanism between 

THz waves and single/multi-component gas mixtures in the 

THz vibrational spectroscopy, (b) schematic layout of a typical 

THz spectroscopic system configured in transmission mode 

using switched PCA in gas sensing application, (c) typical 

temporal profile of the THz electric field which is also referred 

to as the THz time-domain signal), and (d) typical THz power 

spectral signal which is also referred to as the THz frequency-

domain signal  [82]. 

 

E. 1. Environmental monitoring using THz systems 

In environmental monitoring, THz technology offers 

effective alternative experimental systems for gas sensing and 

recognition for subsequent remediation of contaminants. 

Although gas sensing devices operating in the IR region of the 

electromagnetic are more advanced with so many options 

available on the market, THz waves offer numerous advantages 

such as the presence of specific and unique roto-vibrational 

transitions of molecules, nonflammability of common gases 

observed in environmental monitoring applications in the THz 

frequency range, as well as their resistance to aerosol scattering 

effects.  Indeed, these features combined enable the successful 

usage of THz technology in various environmental monitoring 

applications. Nevertheless, it is important to indicate that THz 

waves strongly interact with or are rather absorbed by polar 

molecules such as alcohol, water, moisture, and NH3, and this 

limits the ability of THz systems to provide accurate gas-

sensing results in an open atmosphere [16], [347]. To overcome 

this challenge and utilize the THz systems efficiently, two 

different approaches have been proposed in the literature, viz. 

the use of an isolation chamber or gas cell to separate the target 

gas sample from the outside environment (Fig. 17) [348], [349], 

and the use of a strong electric field, usually the atmospheric 

plasma-based THz waves generation method, etc., to produce 

high-power THz waves [350], [351]. In the presence of a 

mixture of gases, in particular, partial overlapping of the 

absorption lines of the different gases in the mixture exhibits 

complex absorption spectra and this makes the recognition or 

identification of the individual gas components in the mixture 

difficult to achieve. This challenge is generally solved by using 

classic signal processing and post-processing methods based on 

time, frequency, and time-frequency signal processing 

methods, or even advanced signal processing methods featuring 

state-of-the-art machine learning or deep learning algorithms 

are often recommended [73], [82]. In addition to the use of these 

classic and advanced signal-processing methods, the use of gas 

or THz wave concentrators has also been proposed as an 

effective method for accurate detection, identification, and 

analysis of ultra-small concentrations or trace amount of 

different types of gas samples. For example, applications 

involving the detection and analysis of trace amounts of gases 

generally require the use of supplementary devices based on 

plasmonic, metamaterials, and resonant systems to extend the 

natural dielectric response of the target gas samples in the long-

wavelength regime and overcome the THz system’s optical 

resolution limits [175], [352]. Also, microporous structures 

may be used for the adsorption of the target analyte/gas 

samples. In this case, accurate detection and quantification of 

the different target gases can easily be achieved by analyzing 

the attenuation levels of THz waves and the variation of the 

overall refractive index of the sample system. 

As indicated earlier, gas sensing in environmental 

monitoring applications relates to the detection and 

measurements of contaminants and pollutants in the air to meet 

the health, municipal/legislative, and safety regulations 

requirements. These types of monitoring also involve the 

detection and measurements of atmospheric gaseous 

components for climate and weather observation purposes. In 

all these applications, monitoring atmospheric gas composition 

often has less stringent requirements, while the detection and 

measurement of pollutants mandate highly accurate results, and 

the use of highly sensitive instruments with an exceptional level 

of selectivity and specificity is highly warranted. Interestingly, 

THz spectroscopic systems have proven to have all these 

characteristics and are therefore reliable tools for gas sensing in 

environmental monitoring settings. Although the use of THz 

systems for gas sensing applications is relatively a new 

technology, commercial THz spectrometers with tunable diode 

lasers and photomixers for trace gas sensing have already been 

developed almost a decade ago [346]. In a recent study, Yang 

et al. [353] presented an exhaustive list of toxic chemical 

compounds detectable by THz spectroscopy and pointed out the 

most effective THz frequency range that should be targeted by 

THz users to achieve accurate gas detection results. In a similar 

study, Smith and Arnaldo [354] examined eight different types 

of gases viz. acetaldehyde, methanol, acetonitrile, water, NH3, 

propionaldehyde, ethanol, and propionitrile and demonstrated 

the selectivity of chemical compounds by THz spectroscopic 

systems. In another study [355], the authors sought to improve 

the sensitivity of a THz spectroscopic system and reported 

accurate detection of methanol, acetonitrile, carbon monoxide, 

and water at significantly low concentrations (i.e., all the 
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samples were detected with concentrations less than 10 ppm). 

To date, researchers are working to develop customized 

electronic systems for gas sensing applications including THz 

sources and detectors as well as gas cells for collecting and 

concentrating gas samples, etc.  

Consistent with the aforementioned, researchers have 

recently proposed typical all-electronic THz systems with 

special types of gas cell systems to collect and concentrate gas 

samples to boost their detection capabilities [356], [357]. 

Among their many advantages, these systems are especially 

compact, robust, and consume extremely low power and the 

fact that they operate at a narrow frequency range is another 

added advantage. One of their main characteristics is that these 

systems present a narrow frequency range that can be 

effectively tailored to provide specific gas-sensing targets in the 

ppt range [358], [359], and easily meet the Clean Air Act 

requirements [360]. Another positive achievement relates to the 

development of a custom-built food spoilage monitoring system 

[361]. The system was designed to detect the amount of 

hydrogen sulfide (H2S) at around 611.4 GHz with a sensitivity 

of up to 0.5 ppm. In addition to toxic gases, both the detection 

and recognition of particulates in the atmosphere are also vital 

tasks to ensure adequate air quality in pollution monitoring 

applications. To this end, Refs. [362], [363] published updated 

research on the utilization of THz systems to detect and measure 

the concentration levels of different types of chemical and 

biological particles such as pesticides, aromatic hydrocarbons, 

heavy metals, phenol, polychlorinated biphenyls, and dioxins, 

etc., and indicated that the mean size of particles detected in the 

atmosphere is generally about 2.5 µm, while the concentrations 

ranging from 0.001 ng/mL to 20 pg/mL can also be detected 

depending on the analyte. Additional developments have also 

initiated explorations of using compact THz systems with high-

resolution and high-sensitivity features as remote toxic gas 

sensors at disaster sites [15], [364] as well as astronomical and 

atmospheric observations [365], and trials are currently 

underway. 

In summary, THz spectroscopy presents promising 

opportunities for the implementation of highly accurate 

qualitative and quantitative gas-sensing platforms in 

environmental monitoring applications. These applications are 

largely feasible because of the capability of THz waves to 

provide molecular fingerprints or roto-vibrational transitions 

specific to different types of gases as well as the strong 

resistance of THz waves to particle scattering during the 

measurements. In addition to their molecular fingerprints 

characteristics, THz systems can also be used to map up the 

absorption and dispersion spectra for different gases which can 

be analyzed to obtain qualitative and quantitative information 

for the characterization of individual components in a mixture 

of different types of gases. Although THz spectroscopic are 

highly effective gas sensing systems, both the procurement of 

accurate spectroscopic parameters and the quantitative 

reduction of the broadband data remain challenging issues that 

require immediate attention. Also, gases with polar molecules 

have a relatively unique set of absorption lines in the THz 

spectral range compared to the infrared region, which facilitates 

their selective recognition of gaseous samples. To date, various 

optical configuration schemes of highly sensitive THz 

spectroscopic systems have been proposed with many of them 

currently being cost-effective, and portable systems and with 

low absorption losses. In particular, THz sensors can easily 

detect different types of gases at ambient atmospheric 

conditions, owing to the resistance of THz waves to 

environmental factors such as the aerosol scattering resistance, 

and the nonflammability of THz waves. However, it is 

important to indicate that THz waves are strongly absorbed by 

humidity or moisture in the air, and this limits the performance 

of THz spectroscopic systems in the open air. Interestingly, 

these limitations can be minimized by using gas cells to isolate 

the target gas from the outside environment, leveraging 

advanced signal processing techniques to discern fine sensing 

details specific to different gases, as well as the use of strong 

THz electric fields to generate THz waves. Although the latter 

is more effective due to the strong THz response provided by 

the target gas sample when irradiated by a high THz power 

source, the technology is in its infancy and requires further 

studies for validation. 

 

E. 2. Breath analysis using the THz systems 

In general, many types of gases are found in exhaled human 

breath (e.g. ethanol, methanol, acetone, etc.) some of which 

may be in larger quantities than others depending on the health 

conditions, diets, and environmental exposures of the person 

[366]. In some cases, medical doctors are required to perform 

an in-depth analysis of gases found in the exhaled human breath 

to perform early detection of certain types of disease 

biomarkers [367], [368]. Taking ethanol (C₂H₅OH), methanol 

(CH3OH), and acetone as examples, these chemicals/gases are 

considered to be some of the known biomarkers for several 

types of diseases and metabolic disorders in humans [15]. For 

example, the normal level of acetone concentrations in human 

breath ranges from 177 ppb to 3490 ppb with an average 

concentration in healthy individuals of about 544-628 ppb 

[369]. In many instances, elevated levels of acetone 

concentrations have been linked to lung cancer, congestive 

heart failure, diabetes, brain seizures, dietary fat loss, etc. [370]. 

Under normal circumstances, typical levels of CH3OH are 

estimated to be around 32-1684 ppb with their average 

concentrations being 457-529 ppb in healthy individuals [371]. 

Elevated concentration levels of CH3OH may be linked to 

certain nervous system disorders [370] and abnormal levels of 

gut flora (i.e., bacteria or microorganisms living inside the 

intestines) associated with diseases, such as renal failure and 

pancreatic insufficiency [371]. Under normal conditions, levels 

of C₂H₅OH in breath are in the range of approximately 0-1663 

ppb in healthy individuals [371], and its excessive 

concentration levels are associated with abnormalities such as 

excessive production of gut bacteria [370], hepatic steatosis, 

alcoholism, nonalcoholic fatty liver disease, etc. [372]. 

Additional gases that are often found in exhaled human breath 

include but are not limited to NH3 (i.e., for a urease breath test 

or helicobacteriosis and the carcinoma of the lung diagnostics), 

carbon monoxide (CO) (i.e., for respiratory infection, and 

asthma),  nitric oxide (NO) (i.e., for asthma, lung diseases, and 

bronchiectasis), acetone (i.e., for non-insulin diabetes), etc. 

[373]. Interestingly, THz technology is highly sensitive to all 

these gases, and the use of this technique for such detection 
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provides fast, reliable, and non-invasive means for early 

diagnosis and state-of-health monitoring. 

The use of THz spectroscopy for breath analysis applications 

exhibits many advantages over conventional infrared-based 

spectroscopic methods because the molecular structures of 

common particles found in exhaled breath present their strong 

rotational transitions in the THz frequency range at low 

frequencies of around 0.1-0.5 THz [82], [374]. In fact, the 

literature indicates that common gases found in exhaled human 

breath such as C₂H₅OH, CH3OH, acetone, etc. exhibit more 

than 1,000 absorption lines within the 0.2-0.3 THz frequency 

range, suggesting that this frequency band is extremely 

important for human breath analysis with THz spectroscopic 

systems [82]. For example, CH3OH exhibits strong transitions 

in the 0.2-0.3 THz frequency range with easily distinguishable 

line intensity of approximately 8.3×10-23 cm-1/(molecule/cm2) 

at 10 Pa per 1 m of absorption length [125]. Interestingly, all its 

absorption lines are almost equally spaced at 50 GHz, and the 

highest absorption peak is located at about 2.038 ± 0.015 THz. 

The comparison between the THz spectral absorption of 

acetone and CH3OH indicates that these two gases also exhibit 

a different trend in this frequency region. For example, acetone 

generally exhibits a single and broad absorption band in the 0.2-

1.2 THz frequency range (centered at approximately 0.562 ± 

0.015 THz) related to a complex mixture of confined molecular 

rotational transitions, while  CH3OH presents many constantly 

spaced absorption lines related to simple molecular rotational 

transitions [375]. Apart from acetone and methanol, all gases 

found in exhaled human breath present specific optical 

responses and/or spectral features in the THz frequency range, 

which makes THz spectroscopic systems highly accurate 

instruments for these types of analysis. 

In 2013, Fosnight et al. [366] used the THz-TDS system to 

analyze an exhaled human breath and evaluate the 

concentration of methanol, acetone, and ethanol of a person 

after consuming alcohol. In addition to being a real-time-

oriented application, the authors also indicated that the selection 

of these chemicals as their detection target allowed them to 

compare their results to those obtained by common commercial 

breath alcohol analyzer systems or breathalyzers where acetone 

and methanol are considered the chemicals likely to introduce 

false positive results. As part of their conclusions, the above 

authors indicate that they managed to perform an unambiguous 

detection in a part per trillion dilution range with an overall 

sample size in the femtomolar range, thereby further confirming 

the accuracy of THz spectroscopic systems in breath analysis 

applications. In a later study [376], the authors designed a 

special gas cell tube and used it with the THz spectroscopic 

system to generate the first datasets on breathomics for the 

ambient air and three healthy volunteers (i.e., one smoking and 

two non-smoking healthy volunteers). In their experimental 

design, the probe beam was set to pass through the gas cell 

multiple times before being sent to the detector for 

measurements (i.e., 11 times in total). The idea was to increase 

the interaction time between THz waves and the target gas 

samples in the cell tube and strengthen the measured absorption 

signals for easy evaluation. The measurements were conducted 

in the frequency range between 220-330 GHz and a total of 21 

gases were detected in the exhaled breath with a clear 

distinction between the samples obtained from non-smokers, 

smokers, and ambient air. In another study [373], Vasks et al. 

successfully used a high-precision THz spectroscopic system to 

detect and identify various types of biomarkers including NH3, 

nitric oxide, methanol, acetone, and ethanol in the exhaled 

breaths of conditionally healthy and patients volunteers with 

different kinds of cancerous and noncancerous diseases. As part 

of their conclusions, the above authors indicated that not only 

did the THz spectroscopic system help them to successfully 

detect and characterize the aforementioned biomarkers and 

associated diseases or health conditions, but they also indicated 

that the THz measurements would potentially provide guide 

medical personnel in the choice and monitoring of therapy and 

prediction of the disease response to specific treatments. 

In summary, breath gas analysis using THz technology is 

potentially a promising and non-invasive tool that offers a path 

toward a better understanding of metabolism for medical 

research/studies and medical diagnosis because it is a highly 

selective and very sensitive technique [377]. Although the 

sensitivity of the best THz spectroscopic systems is still less 

than that of the best chromatography-mass spectrometers, THz 

spectroscopy presents other distinct advantages including the 

unique, reliable identification of gas markers, etc. Indeed, this 

is in contrast to chromatography-mass spectrometers which can 

only give an identification probability. In addition to the 

aforementioned advantages, the THz spectroscopic system is 

relatively cost-effective, user-friendly, and does not require any 

additional high-priced components and/or consumables (i.e., 

compact and affordable sensing systems) [373]. Also, THz 

sensors rely on high-resolution spectra of all detectable 

substances or species and, therefore, these sensors offer distinct 

advantages in specificity and selectivity of the different gaseous 

substances. Although THz technology presents numerous 

advantages in the analysis of exhaled human breaths, progress 

in using THz technology for the analysis of these types of 

breaths in laboratory settings and routine clinical practices has 

been utterly slow. This is particularly because THz signals are 

generally affected but the moisture and polar 

molecules/particles in the air require cumbersome signal 

processing methods to remove the noise. Also, both the 

existence of different methodologies of breath analysis and the 

lack of standardization of the THz systems for breath analysis 

make it difficult to compare and combine the measured THz 

data with the data obtained from other systems. To fulfill the 

potential of breath analysis with THz technology within clinical 

and pre-clinical medicine, the standardization of some 

approaches to breath sampling and analysis with the THz 

system would be highly beneficial and would increase 

robustness and inter-laboratory comparisons. 

 

E. 3. Natural gas sensing with THz systems 

As indicated earlier, the technical advances in THz wave 

generation and detection have enabled the production and the 

coherent detection of THz pulses in the picosecond (ps) and 

even sub-picosecond ranges thereby enabling the detection and 

analysis of natural gas components in applications related to 

fuel quality analysis. In general, natural gas is primarily a 

mixture of three different types of hydrocarbons viz. ethane 

(C2H6), propane (C3H8), and methane (CH4). The ratio/weight 
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percent of each of these three hydrocarbons determines the 

calorific content of the natural gas and is used as the quality 

indicator for most fuels in general. Additionally, natural gas 

usually contains an admixture of several contaminants such as 

carbon dioxide (CO2), nitrous oxide (N2O), carbon monoxide 

(CO), sulfur dioxide (SO2), etc. which reduce the burning 

velocity of the resulting fuel, and ultimately the engine output 

and/or thermal efficiency of heating systems. As such, the 

quality control and monitoring of natural gas products are of 

significance. Unlike the THz systems used for pollution 

detection and breath monitoring, applications involving natural 

gas analysis do not require the use of THz systems with high 

sensitivity, selectivity, and specificity features, suggesting that 

common THz instruments will provide acceptable results for 

natural gas sensing applications. To this end, several studies 

have been published outlining the use of THz spectroscopy in 

natural gas sensing. As an example, THz-TDS was recently 

used to determine the mixing ratios of natural gas products 

based on the differences in their refractive indices [378], [379]. 

Apart from the monitoring quality of natural gas products for 

any form of contamination, pipelines are considered the most 

economical or cost-effective method used to transport large 

quantities of natural gas products, and the presence of water in 

these types of infrastructure will undoubtedly cause significant 

safety and economic issues and must be accurately and 

continuously monitored [380]. In summary, the application of 

THz technology for the analysis/sensing of fuel and natural gas 

products quality has been viably demonstrated in the literature 

and results are highly encouraging. The increasing number of 

research and experimental investigations on the development of 

new strategies and state-of-the-art THz systems for the 

analysis/sensing of natural gas products is an encouraging step 

toward the development of high-performance THz detection 

systems for natural gas products but requires effective planning 

and methodology to successfully achieve the expected 

objectives. 

 

F. Inspection of wood and paper-based materials and 

structures 

As part of their main characteristics, wood and papers are 

natural systems to pursue application development using THz-

NDT because of their key characteristics viz. transparency, 

spatial resolution, and sensitivity to gross fiber structures that 

allow NDT engineers and practitioners to probe their structural 

integrity in a useful way. THz technology is capable of 

providing information related to density mapping, Water 

content/distribution, density, defects, and knotted areas, as well 

as the spectral properties of wood and paper-based materials 

and structures [238]. Using the aforementioned key 

characteristics of THz waves and inspection capabilities of THz 

systems, one can see why there is a lot of excitement about the 

application of THz technology for the NDT of wood and paper 

products, and the present section presents a review of the state-

of-the-art and state-of-the-practice relevant to the applications 

of THz sensing in the wood and paper industry. 

 

F. 1. Inspection of paper and paper products 

In general, paper and its products are widely used in our daily 

lives (e.g. printed books, notebooks, banknotes, etc.), hence, 

studying the properties of these types of materials is necessary 

and helpful because of their numerous applications. In recent 

years, several investigations have been conducted using THz 

technology to examine the structural integrity of paper and 

paper products. Although most paper and paper products 

present high THz absorption levels, thin paper sheets have 

proven to have moderate-to-good THz transparency making 

their inspection by THz technology easier [15], [381]. THz 

absorption level by the paper materials is directly proportional 

to several parameters including their thickness, material 

composition, moisture or water content, and texture, suggesting 

that these parameters can easily be evaluated using the THz-SI 

system configured in the transmission mode. To this end, THz-

NDT offers a solution to the paper industry’s pressing need for 

in-line monitoring of several properties of paper materials such 

as their moisture content levels, thicknesses, weight per area, 

etc. In fact, several studies have been published outlining the 

results of successful demonstrations and ongoing investigations 

on the feasibility of the approach both at the laboratory and 

industrial scales. In the latter applications, for example, 

Brinkmann et al. [382] sought to demonstrate the industrial 

application of THz technology for the quality control of the 

cardboard boxes used in the packaging of pharmaceutical 

products. Their experimental setup combined the use of a 

pulsed THz emitter with a high-bandwidth Schottky receiver 

and they managed to measure the THz intensity accurately with 

an effective time resolution of 6.4 µs. In a proof-of-concept 

experiment, the above authors demonstrated that THz screening 

could clearly reveal the presence or the absence of package 

inserts inside the cardboard boxes, even for samples moving at 

a speed of about 20 m/s.  

In laboratory setups, the inspection of paper materials was 

extensively demonstrated for the detection of moisture 

contamination [383], simultaneous composition and thickness 

measurements [384], as well as the determination of multiple 

paper parameters for quality control [385], basis weight [386], 

sorting and characterization, etc. Markov et al. [387] used a 

THz fiber Bragg grating to design a more compact THz system 

and used it to measure the paper thickness (i.e., as part of paper 

quality control applications). In 2017, Huber et al. [388] 

reviewed the dielectric losses of paper used in high-frequency 

paper-based electronic devices and provided guidelines for 

future research focusing on the need for inspection in controlled 

moisture conditions. In 2015, Vassilev et al. [389] used a 

homemade sensor to measure the moisture content in thin paper 

layers during an offset printing process. The study was intended 

to demonstrate the industrial prototype that could monitor the t 

moisture variations in the offset print processes and results were 

compared with the laboratory tests and higher accuracy was 

recorded. Additional applications include the study by Wang et 

al. [390] in which the authors analyzed the samples from an 

insulation oil-paper system for power transformers using the 

THz-TDS system. The results indicate that the aforementioned 

oil-paper samples exhibited different refractive indices in the 

THz frequency region at various aging stages, suggesting that 

this system could indeed be used to evaluate the aging stages of 

different insulation materials, a finding that was later confirmed 

in Ref. [21]. A similar study by Peccianti et al. [391] also used 

the THz spectroscopic system to measure the absorption 

coefficients of cellulose fiber in both ancient and modern 
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artifacts. As part of their conclusions, Peccianti et al. indicated 

that the THz spectral behavior of cellulose fiber is mainly 

determined by the superposition and organizational 

arrangement of hydrogen-bond networks in their midsts and 

involves the appearance of many-peak profile of the cellulose 

crystalline phases. In another study, Mousavi et al. [384] used 

the THz-TDS system to measure the moisture content and 

thickness of paper samples. In the latter case, the precision and 

accuracy of their thickness measurements surpassed that of 

conventional caliper measurements by a factor of two, while the 

performance of the THz metrology system was equivalent to 

that of conventional moisture measurement sensors. In an 

earlier study [392], Abraham et al. used the THz-SI system to 

evaluate the patterns drawn on paper using different lead grades 

of graphite pencils and they managed to successfully separate 

letters with different concentrations of graphite. 

Apart from the inspection of paper materials, paper product 

inspection is also another area that has been explored and 

documented in the literature. Typical examples of such an 

inspection have been conducted to inspect the structural 

integrity of paper money or banknotes (i.e., a special kind of 

paper made mainly from cotton paper) [381], [393]. Although 

traditional banknote inspection methods such as UV 

fluorescence, and X-ray fluorescence, as well as IR and 

magnetic-based NDT techniques, have been thoroughly 

successful, the recent rise of sophisticated counterfeit notes 

poses new challenges to banknote inspection technologies and 

new methods are required to ensure effective testing results. As 

a new type of inspection technology, THz-TDS presents greater 

potential in the efforts to identify banknotes and several studies 

have been reported in the literature [394], [395]. Nevertheless, 

most studies focus on using single-frequency detection methods 

and limit their inspection to some parts/regions of the banknote. 

Experts believe that this is generally not the best way to test 

these notes because of the level of sophistication that is 

currently being introduced into the manufacturing of counterfeit 

notes, and the current trend is now focusing on the applicability 

of this technique for the inspection of a wide region on the 

banknote and using multiple frequencies. In this context, Ren et 

al. [381] recently used two different THz-SI systems and 

combined them with a spectral coverage ranging from 0.5-10 

THz to evaluate the optical properties of numerous types of 

paper and banknote samples. Their results indicate that the 

measured paper and banknote samples featured remarkable 

THz fingerprint characteristics and absorption peaks at different 

frequencies including 3.05, 5.13, 6.32, and 7.03 THz. As part 

of their conclusions, the above authors indicated that the 

obtained fingerprint characteristics and absorption peaks were 

highly correlated to the types of vibrational transition modes 

that are commonly observed in cellulose which is the main 

component of most banknotes. Apart from the scpectroscopic 

measurements, THz images were also collected and the 

capability of the THz-SI systems to detect and identify the key 

anti-counterfeit labels of banknotes such as watermarks, 

holographic stickers, optically variable inks, scratch-off secret 

codes, security threads, etc. was utterly demonstrated. 

In summary, several research groups have explored the 

potential of THz technology for the inspection and 

characterization of many paper forms and products and 

successful examples demonstrating the feasibility of this 

technique in the evaluation of the structural integrity, material 

compositions, as well as moisture content and distribution have 

been presented in the literature. Also, several studies 

demonstrated that THz technology can accurately evaluate 

paper products such as banknotes to identify some key anti-

counterfeit labels such as watermarks, holographic stickers, 

optically variable inks, scratch-off secret codes, security 

threads, etc., thereby providing a robust method for potential 

applications in testing and evaluating paper and paper products 

in various industries.  

 

F. 2. Inspection of wood and wood products 

Advancements in the utilization of THz-SI systems for the 

NDT of materials and structural systems have also extended 

their applications to the inspection of wood and wood products. 

Although these types of materials and products are generally 

less transparent to THz waves than papers due to factors such 

as larger thicknesses of samples and stronger 

scattering/absorption levels of THz waves by their material 

constituents, THz-TDS systems have shown greater potential in 

the NDT of wood materials and wood products. For example, 

the anisotropic structure of wood materials consisting of 

aligned fibers makes wood and wood products excellent 

birefringent materials, hence, it is easy to detect the orientation 

of fiber and other materials constituent of these structures using 

THz waves. Among the many applications listed in the 

literature include the studies by Inagaki et al. [396], [397] who 

recently indicated that THz-SI systems can accurately evaluate 

the moisture content and density of wood and wood products, 

while Jackson et al. [398] successfully analyzed the tree-ring in 

wooden cultural heritage structures for cross-dating purposes. 

Recently, Krügener et al. [399] used the THz spectroscopic 

system to study the optical properties (both the indices of 

refraction and absorption coefficients) of wooden samples from 

different wood species at different THz frequencies and 

indicated that the cell structure is one of the major elements that 

determine the magnitude of THz properties of wood and wood 

products. In another study [400], the above authors also used a 

THz-SI system configured in reflection mode with a robotic 

arm to detect internal damage in wood samples caused by 

burrowing “typographer” beetles and reported successful NDT 

tests. 

In summary, the capabilities of THz waves to penetrate wood 

and wood materials and evaluate their density, damage levels, 

moisture content, and fiber orientations make the THz 

technology a highly attractive NDT technique for wood and 

wood products. The strength of solid wood, and wood 

composite products such as the oriented strandboard, cellulosic 

fiberboard, particleboard, hardboard, and plywood, derive 

primarily from the physical configuration, orientation, and 

density of the fiber that composes the structure. Interestingly, 

THz-SI is capable of providing sub-millimeter spatial 

resolution and high sensitivity to fiber orientation, and it is 

natural to expect THz technology to continue to penetrate the 

wood industry by providing some of the most advanced NDT 

means for research and development, quality control during the 

design and manufacturing processes as well as the evaluation 

and/or characterization of wood structures during their in-
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service stage. Nevertheless, the wood elementary structures are 

generally of the same dimension as the THz wavelengths and 

this leads to an acute scattering of THz waves, this makes it 

difficult to know if the attenuation of the observed in the THz 

signals is caused by the scattering or absorption of THz waves 

by the wood materials or by other structural features. As this 

cannot be easily distinguished by using simple transmission or 

reflection measurements, the measured parameters will be 

affected by uncertainties which could also complicate the 

experiments and jeopardize the accuracy of the results. In this 

case, adequate signal processing methods should be adopted to 

extract the maximum information from the measured THz data 

and guarantee accurate test results.  

 

G. Artwork conservation and evaluation 

The conservation of artwork and historical objects/artifacts is 

an important aspect of preserving both artistic expression and 

human culture for present and future generations. However, 

artwork usually gets aged or deteriorates over time or can even 

be damaged or compromised unknowingly or involuntarily 

through artificial processes, suggesting that art conservators 

should make every effort to improve the condition of 

safeguarding artwork through the utilization of nondestructive 

preservation and restoration procedures. As such, a formal 

diagnosis of artworks is particularly important to correlate the 

nature of the materials in the artifacts to the state of decay [401] 

and provide art conservators with the necessary information 

enabling them to preserve their structural integrity. In most 

cases, early detection of faults or damage in artworks has been 

proven to be an important practice to ensure their longevity as 

it helps conservators to establish adequate treatment methods to 

maintain or restore their structural integrity. Artwork 

conservation has been traditionally assisted by the use of 

various NDT techniques including speckle pattern 

interferometry, photography, X-µCT, etc. Recently, THz 

technology has been introduced as a newer technology for the 

characterization and evaluation of artworks allowing 

conservators to collect even more detailed information about 

the structural design and fabric of artwork objects [402]. As 

both a spectroscopic and imaging technique, THz technology 

has the proven merit of contributing to the field of material and 

structural systems characterization by providing the materials’ 

in-depth profiles and by revealing their finer stratigraphic 

information. Also, this technology can evaluate the structural 

characteristics of different types of artwork objects and help 

conservators to establish the conservation conditions of these 

objects and is currently becoming instrumental in the 

understanding of the art that defines people’s cultural and 

artistic expressions such as canvas and panel paintings, murals, 

etc. [403], [404], thanks to the capabilities of THz waves to 

penetrate opaque materials and reach their in-depth structural 

features.  

In 2019, Giovannacci et al. [405], used the THz-SI system to 

examine the structural integrity of several immovable cultural 

heritage materials and reported encouraging results. In an 

earlier study, Inuzuka et al. [406] used the THz-SI system to 

investigate the condition of the plaster layer of the 

Takamatsuzuka mural painting of a blue dragon. The authors 

indicated that they managed to identify the locations where the 

plaster layer appears solid on the surface but in actuality may 

have peeled off from the underlying tuff stone from the 

measured 2D images. In a recent study [407], Groves et al. used 

the THz-SI system as a secondary tool to obtain and analyze 

distinct features within damaged wood panel paintings, and 

several damage-related features were highlighted individually 

within the painting by analyzing the amplitude of the THz 

pulses, and the damaged regions were correlated to the distinct 

features obtained in the THz images. The authors also 

demonstrated that the structural damage detected on the sample 

paintings may reflect the existence of defects in most authentic 

artworks. In a later study [408], Picollo et al. used a portable 

THz-SI system to acquire THz images to determine the health 

conditions of various internal material layers, decorative 

gilding, surface degradation, and material constituents of two 

wooden panel paintings entirely by selecting numerous sections 

due size of the polyptych (i.e., significantly larger). Jackson et 

al. [409] used the THz-SI systems to evaluate the 

underdrawings and paint layers embedded within the wall 

paintings. Their results indicate that the metallic and dielectric 

paint patterns, as well as the graphite drawing of the paintings, 

were all accurately resolved through paint and plaster overlayer 

analysis, and the bulk refractive indices of four common 

pigments were successfully calculated and used to confirm the 

color domains. 

Additionally, the use of THz reflectometry systems to reveal 

the stratigraphic information and hidden features of art 

paintings has attracted considerable interest with users focusing 

on the detection of artists’ signatures [410], under-drawings 

[411], and modifications of earlier canvas or paintings [412]. 

THz reflectometry may provide useful detailed information 

related to the structural composition and health status by 

analyzing the features detectable in reflected THz signals. In the 

painted structures, for example, the aforementioned features 

may include the existence of in-depth dielectric discontinuities 

associated with the various layers and paint systems, suggesting 

that the THz time-domain echoes reflected from the various 

interfaces in the target object will undoubtedly exhibit different 

features and discontinuities at different levels in depth and 

transverse positions in a form of time delay and amplitude 

variations [413]. The stratigraphic profile of paintings in the 

artifact can then be reconstructed by precise extraction of THz 

echo parameters from reflected THz signals. To date, numerous 

wall and panel paintings have been studied using THz 

reflectometry, in which some stratigraphic details of the 

paintings have been revealed [408]. However, one of the 

commonly cited lacunas in the success of THz stratigraphic 

evaluation of painted structures relates to the characterization 

of the pre-19th century easel paintings, in which the thicknesses 

of the paint layers are generally less than 50 μm (i.e., paint-layer 

thicknesses vary from artist to artist and the different styles 

even throughout this period) [414]. In the THz frequency range, 

this characteristic paint-layer thickness of such paintings is 

considered optically thin because it is much smaller than the 

wavelength of THz waves which corresponds to the depth 

resolution of a typical THz-TDS system [415]. In some cases, 

the detection or identification of potentially defective or 

damaged regions in artwork structures using a multi-sensing 

approach combining THz-SI and other NDT systems [407], 
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[409] is also considered to be valuable for the accurate testing 

of artworks. 

Additional studies featuring the use of THz reflectometry in 

artwork inspection include the recent study by Skryl et al. [416] 

which used pulsed THz waves to perform a tomographic time-

domain imaging of hidden defects and other structural features 

in the subsurface layers of wooden panel paintings. In this 

study, the authors measured THz time-domain signals which 

they used to construct the tomographic images. The measured 

signals were also used to determine the different types of 

material systems constituents of the paint structure and their 

corresponding thicknesses, visualize the cross-section of the 

painting, as well as hidden defects in the sublayers of the 

paintings. The above authors also used the same THz 

tomographic imaging system to detect and evaluate hidden 

flaws in a Russian wooden panel painting. Although the THz 

images were taken from a region of the panel with visible 

surface and sub-surface cracking and degradation, their THz-SI 

system revealed that a kind of knot was previously removed 

from the panel wooden substrate and filled with a new 

foundational layer to restore the painting’s original design. In 

an earlier study [414], Adam et al. effectively demonstrated that 

THz waves could be used to visualize the structural 

composition/configuration of the underpainting structures in 

canvas (i.e., different layers and features of material from 

within the canvas paintings) and further added that this 

technique has an even higher potential to provide the 

stratigraphic information of these types of painting with the 

lowest risk of damage when is juxtaposed with the X-ray 

radiation.  

Although THz-NDT is generally effective in revealing the 

stratigraphic features of samples in the artwork conservation 

industry [273], [402], there may be a significant amount of 

spectral information present at relatively short wavelengths that 

are obscured in raw or unprocessed THz signals, suggesting that 

the implementation of state-of-the-art THz systems or signal 

processing methods is important to ensure all the available 

information is extracted from the measured signals [273], [413]. 

In the context of THz reflectometry, for example, THz echoes 

from various interfaces between the layers of optically thin 

paint layers will partially or even totally overlap in time and 

cannot be distinctively differentiated unless adequate signal 

processing methods are used [273], [413], [417]. To obtain the 

detailed stratigraphy of pre-19th-century easel paintings, Dong 

et al. [413] demonstrated that sparsity-based THz reflectometry 

can be used to accurately extract detailed 3D mapping of the 

layer structures of the 17th-century easel painting, in which the 

structural features such as the canvas support, underpainting, 

varnish layers, etc. were quantitatively and accurately identified 

and evaluated. To their credit, their approach unlocked a range 

of imaging applications of THz reflectometry as a potential 

NDT technique that could provide global and detailed 

stratigraphic information of easel paintings by using sparse 

deconvolution, without which THz reflectometry in the past has 

only provided a meager NDT tool for the characterization and 

evaluation of paintings with paint layer thicknesses less than 50 

μm. In another study [273], Dong et al. used the THz reflective 

imaging combined with the frequency-wavelet deconvolution 

to obtain the subsurface features and stratigraphic information 

of artwork paintings. To resolve the optically thin paint layers, 

they used a deconvolution algorithm combined with the 

stationary wavelet shrinkage and frequency-domain filtering 

and used it to evaluate a mid-20th century Italian oil painting 

on a paperboard. The results indicate that the stratigraphic 

information of the painting was reconstructed using the 

deconvolved THz data and all the subsurface features were 

accurately revealed, further demonstrating that THz frequency-

wavelet deconvolution is also an effective tool to characterize 

and evaluate stratified systems involving optically thin layers. 

In summary, the THz metrology system has demonstrated 

great potential in the NDT of the cultural-heritage community 

because it can provide adequate structural information and/or 

stratigraphic imaging pertinent to the characterization of 

features in areas such as clay artifacts, wooden objects, written 

papyrus, ancient Egyptian mummies, stone sculpture and 

architecture, and tree rings. The technique can also provide 

information relevant to the evaluation of artifacts’ physical 

conditions to identify and evaluate flaws. In the area of art 

painting, THz-SI has been used to recognize hidden features 

and pigments under the surface of paintings and provide 

information about the stratigraphic structure of artistic 

paintings, which helps to understand the underlying painting’s 

creation process and the message behind the different pieces of 

art. Although some information may not be observed when 

dealing with optically thin-layer paints due to overlap between 

the different THz echoes, advanced signal processing methods 

can easily help to resolve the details and separate the details of 

closely-spaced paint layers. The demonstrated capabilities of 

THz technology for stratigraphic imaging, as well as its 

relatively good penetration depth, and the innocuity of THz 

waves make us foresee that THz spectroscopy and imaging will 

continue to find interesting applications in the inspection and 

conservation of artwork objects. 

 

H. Analysis and detection of petrochemical products 

In recent years, both the quality analysis and monitoring of 

the petrochemical products using THz spectroscopic systems 

have attracted considerable attention, owing to the high 

transparency of these products to THz waves and the sensitivity 

of THz systems to variations in their dielectric properties based 

on their chemical composition and/or contamination levels 

[418]. In their chemical composition, petrochemical products 

consist of hydrocarbons with different chain lengths mixed with 

other flammable and nonflammable impurities and 

contaminants such as aromatics, alcohols, etc. [15]. They are 

refined from crude oils using distillation processes that separate 

them into different grades based on the number of carbons 

present in their molecular chains. These grades are generally 

classified as gaseous fuels (having 1-4 carbons in their 

molecular chains), gasoline (having 5-12 carbons in their 

molecular chains), jet fuel, diesel, heating oil (having 12-20 

carbons in their molecular chains), lubricating oils (having 20-

30 carbons in their molecular chains), fuel oil (having 30-40 

carbons in their molecular chains), and petroleum jelly or 

paraffin wax (having 40-50 carbons in their molecular chains). 

Although some may argue that petrochemicals are generally 

low-valued products, both their condition monitoring and 

quality control are of utmost importance as they can help to 
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increase their benefits in cost savings, improve their safety 

levels, and reduce the wastage during the refining process. In 

particular, quality control of fuels helps to improve the 

performance of the engine and reduce the wear and tear process 

of the engine parts, while condition monitoring of the 

lubricating oils facilitates their timely replacement and ensures 

the smooth operation of the host rotating machinery. As such, 

THz sensing has been demonstrated as a viable technology for 

sensing and analysis of petrochemical products. 

 

H. 1. Crude oil and composition analysis 

The application of THz sensing and evaluation of substances 

in the petrochemical industry has been proven to be an excellent 

tool for identifying and evaluating the different chemical 

compositions of crude oils for quality control purposes, and the 

classification of the different additives used to improve the 

quality of the different crude oil grades during the refining 

process. Crude oils, which are unprocessed oils exploited 

directly from oil wells, are generally brownish-black viscous 

liquids, which are combustible substances composed of various 

hydrocarbon grades and other chemicals such as nitrogen, 

sulfur, oxygen, etc. After exploitation from the oil wells, 

preliminary pretreatment of the crude oil is conducted and then 

it is transported to refineries for further processing through 

pipelines. To this end, the evaluation of the crude oils in 

pipelines is of great importance as it helps to determine their 

sources, types, and properties for subsequent processing and 

usage. In this context, Zhan et al. [419] used a combination of 

THz spectral data and multivariate statistical methods (viz. 

cluster analysis and principal component analysis) to identify 

crude oils collected from different oil fields and measured their 

properties, and reported accurate results. Additional studies 

sought to determine the oil content in oil shale [420], [421], the 

amount of both asphaltene [422] and wax crystals [423] in 

crude oil in crude oils, as well as the spectral signatures of both 

crude oils and coal tar [424], [425], etc. Additionally, THz 

technology has also been used to measure the amount of water 

content in crude oils, thanks to the strong THz absorption levels 

of water molecules. Jin et al. [426] achieved high precision 

measurements of low water content ranging from 0.01-0.25%, 

while Guan et al. [427] developed micron-grade samplers for 

the THz spectroscopic system and used them to evaluate 

relatively high water content ranging from 1.8% to 90.6% in 

crude oils. In a recent broader and more detailed study on crude 

oil composition measurements, oil contamination by both liquid 

and solid particle contamination such as water and sand was 

investigated and accurate concentrations of both were reported 

[428]. In another study [429], water, gas, and oil contents and 

their distribution in high-water-cut crude oil were accurately 

evaluated using THz spectroscopic system. The authors posited 

that this type of evaluation is highly important to examine the 

quality of crude oils, particularly the crude oils extracted from 

watery oil fields such as swamps, lakes, and oceans. Taken 

together, all these studies indicate that the THz-SI is indeed a 

promising NDT tool for qualitative and quantitative analysis of 

petrochemical products, hence, an alternative approach to 

complement conventional NDT methods. 

 

H. 2. Analysis of fuels and additives 

In recent years, the use of THz technology for the analysis of 

molecular properties and qualitative/quantitative evaluation of 

petrochemical products has been extensively demonstrated. In 

particular, researchers demonstrated that the dielectric 

properties of petrochemical products mainly depend on the 

number or the arrangements of their hydrogen bonds, the 

relaxation process of their dipoles, as well as their inter- and 

intra-molecular interactions [418]. Upon applying an external 

electric field, the electron cloud in non-polar molecules tends to 

move from lower to higher electric potential sides and this 

movement results in the formation of induced dipoles. 

Additionally, non-polar molecules will also generate additional 

transient dipoles even without any external electric field being 

applied due to factors such as the collision between the 

molecules and their chaotic motion in the material/substance, as 

well as changes in the relative positions of the nuclei and 

electrons of their different atoms, etc. [418]. In general, 

petroleum is a very complex mixture of carbon and hydrogen 

atoms and its main components include alkanes, cyclones, and 

aromatic hydrocarbons. For example, alkanes are non-polar 

molecules with a generic chemical formula of CnH2nC2, and 

hence, great candidates for THz-NDT inspection. Under 

ambient pressure and temperature conditions, alkanes usually 

have three states viz. solid (C17 and above), liquid (C5-C16), and 

gas (C1-C4), [418], and their dielectric and optical properties 

[430]–[432], as well as their vibrational modes at the ambient 

temperature [431] have all been studied in the THz frequency 

range. In all these studies, the common observation is that their 

dielectric and optical properties increase almost linearly with 

the increasing number of carbon atoms, while their absorption 

coefficients do not have any distinct relationships with the 

number of carbons in their molecular chains [431]. Liquid 

alkanes present three vibrational modes viz. skeleton, rocking, 

and torsional vibration where the skeleton vibration is 

considered their primary vibrational mode in the THz frequency 

range. 

Apart from the study of alkanes, recent studies have also been 

focusing on the evaluation of dielectric properties of liquid 

petrochemicals using THz metrology systems. In Ref. [433], for 

example, Arik et al. used the THz spectroscopic system to 

measure the dielectric properties, indices of refraction, and 

absorption coefficients of gasoline and diesel in the 0.1-1.1 THz 

frequency region. Results indicate that these two fuel products 

are non-polar liquids with weak absorption coefficients (i.e., 

insufficient transient dipole moments generated by weaker 

molecular collisions), but gasoline has relatively higher 

absorption coefficients than diesel. To this end, Arik et al. noted 

that one of the most plausible explanations for this difference in 

absorption coefficients of gasoline and diesel is that shorter 

gasoline hydrocarbon chains (C4-C12) present higher collision 

probability than longer diesel hydrocarbon chains (C8-C40), 

which generates more transient dipoles, and higher 

concentration of the aromatic compounds at which electrons in 

the p-orbitals give larger contributions to the induced dipole 

moments compared with the ones in the d-orbitals. Also, these 

two fuel oils were successfully modeled using the Debye 

relaxation model to investigate the relaxation dynamics after 

interaction with the THz electric field. The results indicate that 

the Debye relaxation time of the molecules in diesel is much 

faster than that of the molecules in gasoline due to the 
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differences in their intermolecular forces, hence, different 

dispersion forces. That is, molecular reorientation is established 

faster in diesel (i.e., faster relaxation of the molecules after the 

application of the THz electric field) than it is in gasoline due 

to its stronger intermolecular forces (i.e., slower relaxation of 

the molecules after the application of the THz electric field). 

Another particularly important feature of the THz spectroscopic 

systems in fuel analysis is its capability to quantify fuel octane 

number [434]–[437] and distinguish the different fuel 

components such as the mixtures of gasoline and diesel [438], 

different gasoline grades [435], and diesel-engine-road-vehicle 

fuel, also known as white diesel, road diesel or simply derv fuel 

oils [436], etc. In particular, experiments indicate that fuels with 

high-octane numbers (i.e., fuels with shorter carbon chain 

lengths) present lower absorption coefficients and refractive 

indices and are lower than those of low-octane fuels (i.e., fuels 

with longer carbon chain lengths) [15], and this is yet another 

feature that could be exploited to discriminate between fuels 

with different octane numbers.  

Additionally, THz spectroscopy can also identify and 

evaluate common additive substances used to enhance the 

quality and efficiency of liquid petrochemicals. In Ref. [437], 

for example, the authors used the THz metrology system to 

evaluate the cetane number in biodiesel-diesel blends, while 

several other authors managed to accurately measure the 

concentration of ethanol in ethanol-gasoline mixtures with an 

accuracy of up to 1% [439], [440]. In the latter case, in 

particular, it is important to indicate that the addition of ethanol 

to the mixture strongly increases its absorption coefficient and 

refractive index of the mixture compared with those of pure 

gasoline because ethanol is a polar liquid. Also, several types 

of benzene derivatives such as ethylbenzene, toluene, and 

xylene which commonly include a significant volume fraction 

of gasoline have been identified by using the THz spectroscopic 

system [156]. The concentrations of methyl methacrylate (i.e., 

a kind of fuel additive that is generally used to lower the 

freezing temperature of diesel) have been detected in diesel 

down to 0.2% [440]. Likewise, the contamination of fuel by 

sulfur products was also examined using the THz spectroscopic 

system, and low concentrations of sulfur in gasoline up to 0.2 

ppm were detected [440], [441]. It is important to indicate that 

the presence of sulfur even at low concentrations increases the 

THz absorption levels of the target samples, similar to other 

types of contaminants and/or additives that are not pure 

hydrocarbons. 

In summary, THz waves strongly interact with the 

intermolecular hydrogen-bond network and this confers to the 

THz-TDS or more generally the THz-SI the capability to 

evaluate several types of liquid petrochemicals properties such 

as their optical and dielectric properties as well as their dynamic 

behavior such as their molecular vibration and dipoles relation 

processes. These clear differences in optical and dielectric 

properties of different fuel grades provide THz systems users 

with a simple yet effective way to discriminate different types 

of fuel oils from one another by using THz spectroscopy 

without any danger of decomposition and/or combustion of the 

samples. This approach may also be used to determine the 

quality of fuel oils at different processing stages. Additionally, 

the strong interaction with unique characteristics between THz 

waves and liquid petrochemicals offers a methodology for the 

classification of these products inside the containers, and hence 

THz spectroscopy is a suitable sensing tool capable of detecting 

bottled liquid petrochemicals and their additives remotely. In 

most cases, the application of THz sensing for the evaluation 

and characterization of liquid petrochemicals has mainly 

focused on the determination of certain properties such as their 

dielectric constant, absorption coefficients, and refractive 

index, and analyzed the inter-/intra-molecular interactions, as 

well as the molecular/relaxation dynamics of liquid 

petrochemicals. In addition, both the quantitative analysis and 

qualitative identification of liquid petrochemicals using THz 

spectroscopy have been reported either in combination with 

chemometrics or using THz metamaterial sensing and all the 

studies have been successful.  

 

H. 3. Analysis of lubricating and insulating oils 

In general, lubricating and insulating oils are extracted from 

petroleum and they contain complex mixtures of different types 

of hydrocarbons. These types of oils are used to reduce wear 

rate and the friction intensity between movable metallic joints 

and their functions include but are not limited to the lubrication, 

cooling, antirust, cleaning, sealing, and buffering of metallic 

mechanical and electrical parts. Insulating and lubricating oils 

generally differ from fuels because their performance critically 

depends on their specific viscoelasticity or dielectric properties, 

suggesting that they are generally highly purified and their 

compositions are tightly specified. Additionally, insulating and 

lubricating oils are generally degraded or contaminated with 

impurities over time even in the process of normal operation, 

and they should be periodically monitored to ensure the timely 

detection of contamination or degradation and replacement for 

a continued smooth operation of the lubricated and/or insulated 

parts [442], [443]. The main performance indices of lubricating 

and insulating oils include but are not limited to the lubricant’s 

viscosity level, number of saturated hydrocarbon content, and 

sulfur content level [418], and all these properties can be 

accurately measured by THz technology.  

Consistent with the aforementioned, Naftaly et al. [444] were 

the first to investigate the relationships between THz absorption 

level, chemical composition, and optical properties of 4 

different types of machine oils namely Tonna, HVI 160B, HVI 

650, and Risella MH. As part of their compositions, both HVI 

160B and HVI 650 are hydrocarbon oils with no additives (i.e., 

the former being a lighter oil with shorter chains, while the latter 

is a medium-heavy oil with much longer chains). Risella is a 

light and highly refined type of oil and does not have any 

polycyclic aromatic hydrocarbons. Tonna is a medium-heavy 

oil with additives. Using the THz-TDS system, Naftaly et al. 

managed to measure the absorption coefficients of the 

aforementioned lubricating oils and discovered that the length 

of hydrocarbon chains had little to no effect on the THz 

absorption levels. However, the above authors emphasized that 

both the height and profile of the absorption curves are sensitive 

to factors such as the degree of refinement and the types of 

additives used. In a later study, Tian et al. [443] analyzed the 

optical features of 6 different types of lubricating oils using a 

THz-TDS system in the 0.3-1.6 THz frequency range. The 

experimental results revealed that lubricating oils are generally 
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more sensitive to THz waves than near-infrared waves, and 

present different spectral features that can be used to easily 

identify them in the THz frequency range. This study also 

showed that the absorption coefficient of the lubricating oil 

increases and its refractive index decreases in the presence of 

gasoline, with contamination levels up to 4% easily detectable. 

Engine oil is a particular kind of lubricating oil that consists 

of complex mixtures of hydrocarbons with a molecular weight 

between 250 and 1000 UMW (i.e., usually in the range of 250-

1000 units of molecular weight). To increase its lubricating 

performance, variable amounts and types of additives are added 

to achieve different objectives such as inhibiting the oxidation 

or degradation of the lubricant, decreasing the fluidity point, 

improving the viscosity index, avoiding foaming or settling of 

solid particles, etc. In 2010, Zhu et al. [445] utilized the THz-

TDS system to examine the optical properties of 6 different 

types of engine oils in the 0.6-2.5 THz frequency range. Their 

results indicate that both the time delay and refractive indices 

of the engine oils were different but increased linearly with the 

increasing viscosity, which indicates that engine oils can be 

easily identified by examining their THz spectral features. In a 

later study [442], the authors used the THz-TDS system to 

identify gasoline engine oils with three different grades and 

viscosity levels in the 0.5-2.0 THz frequency range. The results 

suggest the existence of a linear relationship between their THz 

refractive indices and viscosity levels, which also increased 

linearly with the increasing number of carbons atoms in the 

molecular chains of the individual grades.  

Additional studies have also revealed that THz sensing is 

sensitive to polar oxidation products in oils (i.e., particularly 

carbonyl and hydroxyl compounds), and can therefore be used 

to detect these compounds at low concentrations [446]. Also, 

THz systems have been demonstrated capable of evaluating 

water contamination and subsequent degradation levels of 

engine oils where water is a product of fuel burning [447], 

[448]. All these examples suggest that THz technology can 

effectively be used to monitor the behavior of lubricating and 

insulating oils during their oxidation process. Indeed, such an 

application has already been tested when Nishimura et al. [449] 

used the THz system to study the molecular behavior of 

alkylbenzene (i.e., a type of insulating oil for ultra-high voltage 

cables) during the oxidation process. In their study, the authors 

evaluated the oxidation process of this insulating oil under 

different conditions (i.e., open air, under oxygen flow, under 

nitrogen flow). Their results indicate that there was a significant 

increase in the absorption coefficient of alkylbenzene degraded 

by heating in the open air and under the presence of oxygen in 

the frequency range between 6-7 THz, but did not see any 

significant change in the insulator’s absorption coefficient 

when heated under the presence of nitrogen. To this end, they 

inferred that this increase in the absorption coefficient in the air 

and under the flow of oxygen was caused by the presence of 

hydroxyl groups from the oxidation process, and further added 

that the benzene ring in alkylbenzene could also have affected 

its absorption characteristics. They concluded that the 

absorption band reflects the degree of hydrogen bonding, and 

can be used as an efficient indicator in the sensing and/or NDT 

of the aging degree of the insulating oils. 

 

I. Applications in the agriculture and food industry 

Agricultural and food commodities are available in a wide 

range of varieties in terms of type, chemical contents, size, 

shape, color, etc. and as their market grows more demanding, 

agricultural and food products are subdivided into numerous 

categories based on their market segments. To this end, the 

definition and characterization of different attributes of 

agricultural and food products are very important not only for 

business flexibility but also for consumer or customer 

satisfaction purposes, making it compulsory for agricultural and 

food industries to establish the norms of standardization and 

classification to make commercial trading more efficient and 

promote higher awareness to the of consumers. This is crucial 

because factors such as the demand for good and better quality 

food and agricultural products at a lower cost and consumer 

awareness are all considered the most important factors toward 

achieving the implementation of reliable, efficient, accurate, 

and low-cost methods as well as effective monitoring and 

evaluation of safety and quality requirements in food industries 

[450]. To this end, researchers have demonstrated that THz 

imaging is capable of revealing defects in agricultural and food 

products and distinguishing between live and dead insects. 

Researchers also indicated that combining chemometric 

methods with the THz metrology system can easily help users 

not only accurately discriminate between transgenic and 

nontransgenic seeds, but also to detect harmful substances such 

as poisonous plants and pesticides [4], and up to 100% 

classification results for genetically and non-genetically 

modified crops have been achieved [4], [450]. In recent years, 

THz spectroscopy has also been used for the detection of buried 

organic objects and heavy metals in the soil, and more recently 

studies detailing the use of THz technology for the detection 

and evaluation of pesticides and other harmful compounds in 

crops have been published. In more innovative NDT 

approaches, THz technology has proven to be an accurate NDT 

technique for the evaluation of drought stress, quantities of 

water content in plant leaves, and crop yield as well as 

distinguishing between flowers, leaves, and fruits.  

As indicated earlier, THz metrological systems have been 

used to evaluate the quantity of water content in plant leaves 

and discern the drought stress response in plants. In general, 

water is an essential nutrient in leaves and it is involved in most 

of the physiological processes taking place in the plants. To this 

end, monitoring the levels of water content in plant leaves has 

a vital role as it helps farmers to describe the growth, and 

productivity of crops, as well as the management of the 

irrigation systems and the planning thereof. The study of water 

content levels in plant leaves by the THz technology is enabled 

by the high sensitivity and absorption of THz waves by the 

water molecules in plant leaves as well as their penetration 

properties in watery plant leaves [451], [452]. Although THz 

technology may seem to be an effective NDT technique for the 

monitoring of water content levels in plant leaves, the process 

still presents several layers of hurdles including finding the 

different transmission and absorption spectra for different water 

content levels of plant leaves, and this makes accurate 

quantification of water content levels in plant leaves difficult. 

Experts believe this problem can be solved by combining THz 

technology with chemometric or advanced mathematical 
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modeling methods [4]. Using any of these combinations may 

also e difficult because the combination with chemometric 

methods requires an extensive investigation into different 

chemometric methods to determine the most efficient model for 

a particular leaf, while the combination with advanced 

mathematical modeling requires advanced mathematical and 

modeling knowledge. This shows the need for additional 

research into the prediction of water content levels in plant 

leaves and plant species, particularly for high-water-content 

crops under drought or dehydration stress in the field. 

In addition to the applications involving the detection of 

water levels in plant leaves, THz technology is also used for the 

investigation of soil and soil material contents [453]. In 

particular, soil texture (e.g. particle distribution, particle size, 

etc.) generally influences the shape of the THz transmission 

signals due to the Mie (more dominant for small particles) and 

Rayleigh (less dominant for small particles) scattering effects. 

In a recent study [454], Lee et al. used the THz system at a 

frequency range between 0.2-2 THz to explore the effect of both 

the soil particle size and moisture content on the overall 

extinction coefficients of 3 different types of soil materials. 

They observed that the extinction coefficients of their soil 

samples varied with the porosity levels and particle sizes as well 

as their distribution within the soil samples. As part of their 

conclusions, they indicated that the Mie scattering effect was 

mainly responsible for this type of variation because the 

dimensions of the wavelengths of the THz radiation were 

almost similar to those of the soil particles in their samples. Lee 

et al. also indicated that the presence of higher water content 

levels in their soil samples significantly affected the intensity of 

transmittance or THz absorption levels and increased the 

extinction coefficients of the soil samples.  

Although the THz-SI is considered a promising NDT tool for 

soil remote sensing applications, its detection accuracy should 

be improved by using more powerful THz sources and more 

THz sensitive detectors to counter issues related to limited soil 

penetration capabilities of THz waves which currently stand at 

2 mm below the surface of the sand layers [4]. Also, there is 

still a pronounced limitation in applying THz technology for 

soil measurement applications because of the scattering of THz 

waves by the soil particles, soil ingredients as well as their 

inhomogeneous distribution which cause variations in the 

refractive index of the soil (i.e., low reproducibility of refractive 

index data) and adversely affects the quality monitoring 

process. It is believed that the low reproducibility of the 

technique can be eliminated by using the absorption spectra of 

diluted soil samples [455] or soil sensors with wedge sample 

holders that can accurately align soil samples for accurate 

measurements [456] but additional research is clearly needed to 

solve all the difficulties related to soil penetration, instrument 

spatial resolution limitation, as well as the influence of particle 

size and soil ingredients to guarantee accurate THz evaluation 

of some important physical soil properties such as soil texture, 

composition, and contamination levels, etc. Although 

pesticides, insecticides, and herbicides increase crop yield and 

prevent agricultural and food products from contamination, as 

well as damage by pests and insects, these chemicals also create 

adverse environmental pollution and health hazard. As such, the 

detection of pesticide, insecticide, and herbicide residuals is 

thus very important to provide safe food to consumers and 

several studies have used the THz technology for this type of 

detection and reported accurate results [457]–[459]. Additional 

applications include seed characterization and classification of 

crops [460]–[462], discrimination of the origin, types, or 

varieties of crops, as well as the discrimination between the 

genetically and non-genetically modified groups [463]–[465], 

identification of microbes and toxins in agricultural and food 

commodities [466]–[469], quality control, adulterants, and 

additives detection applications [470]–[472], food spoilage 

monitoring [361], contamination by foreign materials and 

defects identification [6], [473], crop yield and water content 

levels estimation [4], etc.  

In summary, THz-SI systems have been proven capable of 

performing both qualitative and quantitative evaluations of 

agricultural and food products in the agriculture and food 

sectors, respectively. These techniques are primarily used to 

identify defects, monitor water levels, and soil characteristics, 

and detect and evaluate the quantity of pesticides and harmful 

chemicals present in food commodities, transgenic seeds, and 

poisonous plants. THz spectroscopy has also been used for soil 

inspection and detection of heavy metals and deeply buried 

objects in the soil. Also, recent technological advances have 

enabled the development of powerful THz sources and 

detectors, which subsequently enabled THz users to obtain 

high-resolution images through ultra-fast scanning methods. To 

date, researchers can differentiate between fresh and old leaves 

using these new THz technologies. These technologies can also 

help researchers to monitor the water status levels in plants, and 

estimate crop yields, which enable farmers to take subsequent 

actions such as irrigation and harvest planning and control. 

Although THz technology has been proven to be an effective 

tool that could help farmers to achieve adequate soil inspection 

and quality control of their agricultural products, the technique 

still presents several layers of limitations including a low limit 

of detection for pesticides, low spatial resolution, limited 

application to products with high moisture content levels, the 

limited penetration depth of THz waves, high thickness-

dependency, scattering of THz waves, relatively low SNR, the 

effect of particle size and plant surface or fruit roughness, 

variations in the workable standoff distance (especially for 

high-water-content crops), high-cost of THz installations and 

very application-specific, etc. Interestingly, researchers around 

the world are currently working to overcome all these 

limitations and increase the technology’s industrial and 

practical applications to ensure its economic benefits are 

significantly transcended into the agricultural and food sectors. 

Typically, new developments are now focusing on extending 

the applications of THz systems in the agriculture and food 

industry by developing more rugged, sensitive, and portable 

THz systems, decreasing the cost of THz technology and its 

enabling devices (e.g. THz spectrometers, detectors, and 

sources, etc), building a THz database for fast and reliable 

signal processing techniques (e.g. machine learning, deep 

learning, etc.), improve the instruments’ efficiency and SNR 

features, and increasing the instruments’ hardware and software 

performances. The development of new metamaterials and 

devices is also being constantly introduced to enhance the 

sensitivity of THz-SI systems for various real-time sensing and 

NDT applications in the agriculture and food industry. 
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J. Applications in the biomedical field 

Applications of THz sensing in the biomedical field have 

been rapidly growing in recent years [9], [474], owing to the 

intermediate properties of THz waves between µ-Waves and IR 

such as the spectral fingerprints of biomolecules, biosafety, etc. 

[474]. For example, the energy of THz photons is relatively 

low, which makes these nonionizing and nondestructive waves 

great candidates for biomedical studies, medical diagnosis, and 

non-destructive quality control of complex biomolecules [475]. 

Additionally, THz waves are strongly absorbed by 

intermolecular bonds such as the N-H bonds present in proteins 

and hydrogen bonds present in water molecules and while the 

biomolecules have limited absorption of THz waves. This 

means that THz waves are very sensitive to subtle changes in 

biological tissues such as the increase in blood flow or water 

content in these tissues [474] due to factors such as the presence 

of disease, physiological changes, or tissue abnormalities [476]. 

In particular, the hydrogen-bond network in water presents 

several broadband relaxation modes at different frequencies in 

the GHz and THz bands. In the THz frequency range, in 

particular, these broadband relaxation modes are the root cause 

of high THz permittivity and THz absorption levels that makes 

THz waves sensitive to water molecules in watery samples and 

aqueous solutions [477]. This feature of THz waves combined 

with their penetrating capabilities and their relatively high 

spatial resolution (i.e., generally in the µm range) make THz 

spectroscopy a promising NDT tool in the biomedical field 

[478]. In the biomedical field, in particular, this technology is 

specifically used to detect several types of biomolecules (e.g. 

amino acid and polypeptide, deoxyribonucleic acid (DNA), 

etc.) from their THz spectral characteristics [479] or diagnose 

different types of diseases by visualizing the contrasts between 

healthy and diseased tissues (i.e., for both ex-vivo and in-vivo 

spectroscopy and imaging) [49]. In most studies focusing on the 

diagnosis of cancer tissues, for example, excised tissues are 

tested using THz-SI systems and the obtained results are 

compared with gold-standard histology for validation and 

accuracy verification. In most cases, the measured THz results 

strongly agree with those of the gold-standard histology, and 

this demonstrates the efficacy of THz-SI systems for 

biomedical applications.  

In the early 2000s, Fischer et al. [480] were among the first 

researchers to utilize the THz spectroscopic system to record 

the vibrational modes of the four nucleobases, viz. guanine (G), 

cytosine (C), adenine (A), and thymine (T) and their 

corresponding nucleosides that constituting the building blocks 

of the deoxyribonucleic acid (DNA) molecules. The results 

indicate that the THz spectrum of each of the aforementioned 

molecules features a series of resonances within the 1-3.5 THz 

frequency range (Figs. 18(a-b)). In a later study, Zhang et al. 

[481] measured the strong THz absorption fingerprints of DNA 

molecules using THz photo-mixing spectrometer with a custom 

conical-horn coupling (Figs. 18(c-d)). In their experiments, the 

above authors used a linear, single-stranded (ss), 13-mer 

polynucleotide DNA specimen that was diluted in buffer 

solution to have a concentration of about 0.15 μmoL/mL. Their 

results indicate that a solution with ssDNA molecules cross-

linked up to 0.48% exhibited the strongest THz absorption 

coefficient centered around 0.717 THz and with the strength, 

linewidth,  and damping time of about 2.5×1016 cm-1/moL, 

0.048 THz, and 6.6 ps, respectively. The above authors 

indicated that their method was extremely sensitive and easily 

enabled the analysis of the trace amount of their cross-linked 

ssDNA samples up to 1.29×10-5 nmoL in a small volume of 

about 0.0355 μL. The signature obtained at 0.72 THz could be 

attributed to the random cross-linking between two ssDNA 

strands in the solution, the presence of local hydrogen bondings, 

or a single strand self-bonds by looping. Interestingly, the 

obtained THz signature characteristics were consistent with 

prior FTIR experimental results conducted on elastic lattice 

models and Na-/Li-DNA salts [482]. In another study [483], 

Tsurkan et al. used 2 different THz spectroscopic methods, viz. 

High Q cavity (H-Qc) frequency synthesizer and Backward-

Wave Oscillator (BWO), to analyze the degradation levels of 

DNA molecules in herrings (i.e., silvery fish that is most 

abundant in coastal waters) based on their THz spectral 

information. Their results indicate that DNA molecules of 

herrings present specific absorption peaks at different lower 

THz frequencies including 306 GHz, 339 GHz, and 375 GHz. 

Apart from providing them with important guidelines for an 

effective and accurate structural analysis of the herrings’ DNA 

molecules, this information also provided them with a novel 

and more accurate methodology to analyze the structural 

integrity of DNA molecules using THz spectra. Recently, Tang 

et al. [484] successfully developed a novel method that 

accurately performed a label-free analysis of single-base 

mutations in DNA molecules, while Yang et al. [478] 

highlighted successful detections of several types of 

biomolecules including amino acids and polypeptides, proteins, 

protein dynamics, as well as DNA and changes in DNA 

characteristics by THz-SI system. In Ref. [485], the authors 

indicated that molecular resonances in aqueous solutions of 

genomic DNA from cancer cell lines could be monitored using 

THz-TDS systems, and the quantification of the resonance 

signals could lead to accurate identification of cancer cells with 

some level of DNA methylation as indicated in Figs. 18(e-f). 

This demonstrates that DNA molecules in cancer cells also 

present specific THz fingerprint spectra, a feature that could be 

used to diagnose cancers at the molecular level [486] and/or 

treat cancer (i.e. effective demethylation of melanoma cells) 

using THz waves [52].  
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Fig. 18. (a) The absorption coefficients and (b) indices of 

refraction of the nucleobases A, G, C, and T recorded at 

temperatures equal to 10 K and 300 K, indicated by solid curves 

and dashed curves, respectively [480]. The THz spectra of µL 

of DNA solution: (c) background, sample, and noise floor, and 

(d) THz transmission spectrum of the sample with locally cross-

linked ssDNA molecules after the removal of the background 

noise effects [481]. (e) THz resonance peaks for different DNA 

samples after the baseline correction, which indicates that the 

genomic DNA from different types of cancer cells (A549, 

MCF-7, PC3, A431, and SNU-1) presents the same resonance 

peak at 1.67 THz [485], and (f) the corresponding THz and 

ELSA-like reaction results demonstrating the degree of DNA 

methylation in each of the above DNA samples [485]. 

 

In addition to the detection and characterization of 

biomolecules, recent applications also suggest that THz-SI is 

potentially an effective method for cancer diagnosis. An 

effective liver cancer diagnosis has been reported in Ref. [487] 

where the authors used THz spectroscopy to examine large 

areas of tissue specimens using a wide range of wavelengths. 

The results highlighted the existence of a significant contrast of 

liver cancer tissue imaged by the THz transmission imaging at 

3.6 THz. In a later study [488], the authors used THz pulsed 

imaging system to study the tissues of oral cancer at 0.2-1.2 

THz. Their results indicate that not only does the THz imaging 

of frozen cancerous tissue offer greater sensitivity in 

distinguishing the cancerous areas from the surrounding areas 

than regular histological examination systems, but they also 

revealed that there is a larger THz-frequency spectral difference 

between the cancerous and normal samples imaged at room 

temperature. In another study, Rahman et al. [489] used THz 

systems with different configurations to identify features in 

human skin biopsy samples diagnosed for basal cell carcinoma 

(BCC) and compared them with healthy skin samples. The 

latter exhibit regular cellular pattern 3D images while the BCC 

skin samples do not have regular cell patterns. 

In Ref. [490], the authors proposed a THz-SI-based cancer 

diagnosis method capable of distinguishing the vertical and 

horizontal transverse sections of breast cancer tissues to depths 

over 1 mm. THz-SI has also been used for the diagnosis of 

prostate, skin, gastric, colon, and liver cancers, etc. [49], [478]. 

An earlier study [491] used the THz system to identify human 

breast cancer tissues based on their optical properties and 

reported that cancerous samples presented higher absorption 

coefficients and refractive indices in the 0.15-2.0 THz 

frequency range. The continued popularity of artificial 

intelligence techniques such as machine learning and deep 

learning has also extended their applications in cancer diagnosis 

where they are used to examine THz data for automatic cancer 

cell detection. In Ref. , for example, the use of machine/deep 

learning algorithms for the automatic detection of breast 

invasive ductal carcinoma (IDC) cells from THz spectral 

information has been demonstrated using three different types 

of machine learning methods viz. support vector machine 

(SVM), k-nearest neighbor (kNN), and ensemble. The results 

indicate that all these algorithms scored more than 0.89% with 

the ensemble algorithm reaching a precision of up to 92.85%. 

These results are particularly interesting because the best breast 

IDC identification systems currently present the estimated 

performances in terms of specificity, sensitivity, and precision 

of about 96.67%, 89.66%, and 92.85%, respectively, making 

the the use of machine learning algorithms to analyze THz-SI 

data an effective biomedical NDT tool for the detection and 

evaluation of different breast tissues [492]. In addition to the 

detection of cancers, THz-SI is also an important sensing and/or 

NDT tool in many biomedical applications including but not 

limited to continuous monitoring and assessment of the severity 

and extent of burn injury [493], the study of the effect of 

hydrofluoric acid on osseous tissues [494], the study of dental 

caries [495], water content level in organs, and ex-vivo porcine 

corneas [496], the classification of bacterial colonies [497], and 

the diagnosis of diseases such as diabetes [498], [499], etc. 

Although the biomedical applications of THz technology have 

been extensively studied considering the examples provided in 

this section of the paper, studies examining the biological 

effects of THz radiation on living organs, biomolecules, cells, 

and tissues, are still warranted to provide related qualitative and 

quantitative information [500] before applying THz technology 

in clinical practices for therapeutic and diagnostic purposes. 

In summary, the biomedical applications of THz technology 

span a wide range of scale examinations and diagnostics from 

molecules to cells and tissues in both in-vivo and ex-vivo 

applications, particularly for the qualitative and quantitative 

analyses of biomacromolecules, the detection, and recognition 

of tumor cells, biomarkers, traditional herbal medicines, as well 

as the monitoring and treatment of burn injuries and dental 

caries, etc. To this end, several topical review articles have been 

presented detailing these applications, including topical 

reviews on THz cancer diagnosis [500], [501], human skin 

analysis and characterization [502], as well as other more 

general reviews on biomedical applications in refs. [476], [478] 

and interested readers are directed to these studies for more 
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information. Although the applications of THz technology in 

the biomedical field have been thoroughly successful, there are 

still no technical standards governing the procurement of THz 

signals in the biomedical field, with great effort currently being 

invested into the development of high-performance THz 

instrumentation, the improvement of signal processing 

techniques, as well as the investigation into the effects of THz 

radiation on biological tissues, living organisms, cells, and 

biomolecules, etc. To date, the technology’s key bottlenecks 

still appear to be the THz image acquisition speed and 

registration processes, whereby long measurement times often 

lead to a systematic shift in the measured THz data and 

jeopardize the accuracy and consistency of the measurements 

[478], [479]. In fact, researchers argue that these bottlenecks 

could render the discrimination between the diseased and 

healthy tissues challenging given the dependency of the 

accuracy of these types of measurements on water content 

levels in the specimens. Also, the slower the inspection or 

measurement process, the longer the target subject must remain 

fixed in place or standing still, in good contact with the system’s 

measuring window, and at the same distance with respect to the 

positions of the THz detector and emitter. This is particularly 

important because any changes occurring in these parameters 

during the measurement will create significant knock-on effects 

on the quality and effectiveness of the image registration while 

equally exacerbating the issues of temperature and pressure 

whose effects have not yet been fully examined in the THz 

frequency band. Improvements in THz imaging speed and the 

continued quest for the development of near-video or 

photograph rates THz imaging systems could help to dispel 

some of these pressing issues, and several research groups 

worldwide are already working on the development of such 

systems [503]–[505]. Additionally, near-video or photograph 

rates THz imaging systems would also enable multidimensional 

imaging of transient events to reveal some of the most 

important ultrafast mechanisms governing some of the transient 

biological and/or physical processes, thereby overcoming the 

issues of THz image acquisition speed and registration 

processes for effective biomedical applications of the THz 

technology. 

 

K. Applications for safety and security inspections 

The use of spectroscopic systems for the detection of trace 

quantities of explosives and different kinds of energetic 

materials and substances has become a high priority in public 

safety, defense, and global counter-terrorism industries [506], 

[507]. The detection/identification of these types of substances 

is particularly crucial to the protection of human lives, 

properties, and infrastructure [508]. In many different countries 

around the globe, law enforcement forces are often encouraging 

scientists and researchers to develop effective systems to detect 

and identify explosives concealed in public places such as 

airports, railways, or bus stations. The development of 

analytical tools to analyze the remanence of explosive 

substances is also important for forensic analysis of explosions 

and criminal investigations after successful terrorist attacks or 

criminal acts. Apart from the detection and analysis of 

explosive materials/substances, additional applications of THz 

sensing in safety and security inspections also include soil 

pollution, water contamination, and air contamination, as well 

as the analysis of health problems caused by the exploded 

explosives. All these applications are extremely important for 

the safety and security of people and goods, and the 

development of faster, more selective, and more sensitive THz 

systems to detect concealed explosives and their remenances, 

and analyze contaminants and dangerous materials is vital to 

guarantee the safety of humans, animals, and objects/properties. 

In 2015, Sleiman et al. [509] used the THz-TDS to measure 

the absorption spectra of different types of explosives including 

pentaerythritol tetranitrate also known as penthryte (PETN), 

hexahydro-1,3,5-trinitro-1,3,5-triazine also known as hexogen 

(RDX), and their mixtures and predict their relative contents in 

the samples. Although this analysis was challenging because 

significant spectral overlap prevented the identification of the 

spectral fingerprint of each type of explosive in the mixture,  the 

authors managed to get rid of the overlapping of important 

spectral lines by using the series of partial least squares 

regression models and successfully predicted the 

concentrations of PETN in mixture samples. In a similar study, 

Rahman [510] used the THz-TDS system to characterize the 

2,4,6-trinitrotoluene (TNT), PETN, and RDX. The samples 

were prepared by mixing each of these explosives with 

methanol to obtain solutions of 1 mg/mL. The test results 

indicate that both the intensity and shape of the time-domain 

signals for each explosive were distinctively different, and these 

unique characteristics enabled them to easily detect and identify 

the different species (i.e., within each spectral signal having 

distinct absorption peaks that are used to identify the different 

species). In another study, Palk [511] used the THz spectral 

signals obtained from a THz system configured in transmission 

and reflection (i.e., specular and stand-off) modes to detect pure 

samples made of different types of explosives, viz. RDX, 

1,3,5,7-tetranitro1,3,5,7-tetrazocine also known as octogen 

(HMX), PETN, their mixtures (RDX+PETN and RDX+HMX), 

and simulants (sugar, 4-aminobenzoic acid (PABA), and 

tartaric acid) in the in 0.1-3 THz frequency range. The measured 

peaks absorbance values of all the substances were closely 

related to the calculated values of their reflectance 

characteristics, which further confirmed the capabilities of 

THz-NDT to detect and identify different types of explosives.  

In 2014, Choi et al. [512] used the THz-TDS system in 

reflection mode to analyze nitramine explosives (HMX and 

RDX) in the 0.3-3 THz frequency range. The samples were 

prepared using pure explosives without any additional additives 

or binders. The results indicate that the primary absorption 

peaks were found at 0.84, 1.08, 1.50, 1.92, and 2.30 THz for the 

RDX samples, while those for HMX samples were found at 

1.75, 2.50, and 2.90 THz. Interestingly, both the RDX and 

HMX samples presented completely different spectra in the 

THz frequency range, which made it easier for the authors to 

distinguish them. In another study [513], the above authors also 

presented an additional set of experimental results where they 

managed to detect and identify different explosive species using 

the THz-TDS system. The samples were composed of a 60% 

RDX and 40% TNT mixture (S-A) and a 70% PETN and 30% 

TNT mixture (S-B). The authors collected the THz spectra for 

both samples and proposed a novel signal-processing method 

for in-situ detection of compound explosives using the THz-
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TDS system. Their signal processing method achieved a 22.7% 

and 48.8% noise reduction for S-A and S-B, respectively. In 

addition to obtaining accurate results, the authors also pointed 

out the important factors to be considered when using the THz-

TDS system for explosive detection, which could be used as the 

guideline for accurate detection and identification of explosives 

for safety and security-related applications. In 2015, Puc et al. 

[514] examined the effect of different background noises on the 

spectral features of different explosive simulants and developed 

a signal-processing method to enhance the detection accuracy 

of the THz-TDS system. They developed a new methodology 

to detect explosive materials by combining the organic-crystal-

based THz-TDS and the spectral peak analysis method and 

demonstrated that hidden simulants can be quickly and 

accurately detected and identified using this method in the 1.5 

to 4.0 THz frequency region. In an earlier study, Liu et al. [7] 

analyzed the absorption spectrum of the RDX obtained from the 

THz reflectance spectrum and managed to distinguish this type 

of explosive from other materials (i.e., the RDX was easily 

identified by using the THz diffuse reflection measurement 

even when the RDX sample was covered with certain optically 

opaque materials because of its strong absorption at 0.82 THz). 

In 2007, Chen et al. [515] used the THz-TDS system to study 

the absorption spectra of 17 different types of explosives in the 

0.1-2.8 THz frequency range. Their results indicate that the 

explosives presented specific THz absorption characteristics 

that could be used to establish a relevant database for these 

types of explosives and used as a reference for future detection 

and identification practices. In another study [514], Puc et al. 

also considered that these types of explosives are usually 

concealed, and went on and studied their absorption spectra 

under different types of cover materials to prove that the THz 

system can indeed be used to accurately detect and identify 

hidden explosives. They used RDX and HMX samples covered 

by cotton, plastic, and leather and their results indicate that the 

THz transmission spectra of these two explosives strongly 

agree with those of the samples alone in the 0.1-3 THz 

frequency range, and further confirmed that barrier materials 

that are transparent to THz waves would not obstruct the 

detection and recognition of explosives.  

In the actual security inspection, it is important to understand 

that samples are generally not single-component explosives but 

rather a mixture of explosives or illicit drugs. To this end, more 

robust methods should be developed to guarantee accurate 

inspection results, and subsequently the safety and security of 

people and their goods. In 2011, Chen et al. [516] proposed a 

THz spectral uncertainty analysis based on a micro-genetic 

algorithm to detect and identify the original pure explosives, 

related compounds, and concentrations in the mixture from 

these known spectral data of the pure explosive components 

(i.e., application of an intelligent computing method to the 

analysis and optimization of the THz spectral data of mixed 

explosives). Their results indicate that the mixture of p-toluic, 

o-toluic acid, and benzoic acid acids was analyzed and each of 

these species was detected and accurately identified. Recently, 

Trofimov et al. [517], [518] proposed several methods to 

accurately analyze different types of explosives using THz 

spectroscopy and evaluate their spectral dynamics. In Ref. 

[518], for example, the above authors devised an efficient THz 

system and used it to detect and identify different types of 

substances in ternary explosive mixtures with similar THz 

spectral properties and reported highly accurate results. In 

addition to the detection and identification of explosives, other 

applications of THz technology in safety and security 

inspections involve the detection of different types of 

contrabands such as illicit drugs [38], [519], [520], concealed 

dangerous objects or weaponry [521], [522], whereby the 

measured THz images and/or spectral signals were processed 

and analyzed for the rapid detection of concealed firearms and 

knives [520]. As the development of THz-SI systems for 

security screening applications continues to mature into the 

establishment of robust, industrially rugged, and reliable NDT 

tools, the state-of-the-art THz security inspection equipment is 

constantly emerging and put into practical applications for 

adequate detection and analysis of illicit drugs, concealed 

weapons, and explosive materials [521], [522]. 

In summary, the use of THz-NDT to detect and identify 

explosives from various sources has attracted considerable 

attention in recent years and researchers concur that this 

technique has been proven to be ideal for real-time analysis of 

trace amounts of explosives with high resolution, selectivity, 

and precision, and the fact that it does not require extraneous 

sample preparation routines is another added advantage [506]. 

Although the feasibility of the approach has thoroughly been 

demonstrated in safety and security inspections and accurate 

detection of trace amounts of explosives has been reported, 

additional studies are still warranted to help THz users to 

understand not only the effect of different barrier materials on 

the detection capabilities of the THz systems and also their 

respective properties and features that could be obtained from 

the measured THz spectral profiles [514]. Also, current THz 

spectroscopic systems allow the collection of spectral 

information in a narrow THz window which limits their 

capabilities in the detection of explosives and chemicals whose 

spectral information might not be distinctively extracted in this 

narrow window. In this range, many explosives compounds and 

substances may appear to be similar, hence, this frequency 

range is technically not sufficient to distinguish explosive 

materials from their matrices. As such, the use of a wider THz 

bandwidth is expected to identify the salient features unique to 

each molecule of the explosives in the acquired THz spectrum 

such as their roto-vibrational fingerprints/transitions [82]. Also, 

since the reflected THz signals of hazardous or explosive 

materials are generally weak and strongly depend on the quality 

of the surface of the host objects, THz measurements usually 

require a more sensitive arrangement and advanced signal 

processing methods to achieve reliable detection results. To 

avoid the problems caused by peak broadening, waveguide-

based time-domain spectroscopic techniques can be employed 

in which crystal planes are highly oriented to incident THz 

waves. It is believed that the continued development of more 

advanced THz systems will open up newer and more precise 

applications, as the quest and the implementation of fast, 

accurate, and reliable THz detection systems continue to grow. 

IV. METAMATERIALS-ENHANCED THZ SPECTROSCOPY AND 

IMAGING 

Although THz-SI offers great advantages in the detection and 

analysis of substances and structural features in different types 
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of specimens, this technique is also subject to some limitations. 

Typically, THz waves have longer wavelengths compared to γ-

ray and X-rays, and this implies that their sensitivity and 

resolution are not high enough to facilitate the detection and 

evaluation of small and trace amounts of samples in THz 

sensing and/or NDT applications. To solve the problems related 

to the sensitivity and resolution of THz-SI systems, researchers 

have proposed the use of THz metamaterials to improve the 

quality of the interaction between THz waves and the target 

samples, and subsequently the sensitivity and resolution of the 

THz-SI systems [30], [523]. These are artificial media 

structured on a size scale smaller than the wavelength of the 

external stimuli (i.e., subwavelength unitary structures), which 

exhibit both the strong localization and enhancement of 

electromagnetic fields and provide novel tools used to 

significantly improve the resolution and sensitivity of THz 

sensors and open up a whole range of new opportunities in the 

THz sensing/NDT practices [9], [30], [524]. The distribution of 

the design parameters of THz metamaterials unitary structures 

normally follows an arbitrary or specific spatial arrangement to 

achieve the desired physical properties (e.g. super transparency, 

super absorption, negative permeability, negative permittivity, 

zero refraction, negative refractive index, etc.) that cannot or 

are generally difficult to obtain from natural materials and/or by 

using traditional technologies [9], [30]. In THz sensing and 

NDT applications, rationally designed metamaterial units are 

used to enhance and/or make the resonance signals with THz 

waves appear as needed, thus providing THz technology with 

higher sensitivity for the detection and evaluation of substances 

and materials.  

The history of THz metamaterial systems can be traced back 

to the early 2000s when Yen et al. from the University of 

California in Los Angeles [169] first demonstrated this 

technology where they demonstrated that inherently 

nonmagnetic metamaterials can exhibit magnetic response at 

THz frequencies, thereby increasing the possible range in which 

magnetic and negative-index materials can be achieved by 

roughly two orders of magnitude. Since then, the technology 

has expanded rapidly and it now touches many areas from 

fundamental science to real-world applications. Today, 

metamaterial-enhanced THz spectroscopy is recognized as one 

of the emerging technologies, and its main applications include 

but are not limited to food safety analysis, detection of 

biomolecules in biomedicine, detection of chemical substances 

in environmental monitoring, material characterization, seeds, 

and soil characterization in the agricultural industry, safety 

inspection, etc. Fig. 19 illustrates the major applications of 

metamaterial-enhanced THz technology and the roadmap of 

some representative state-of-the-art THz metamaterial systems 

created in the past decade.  

 

 

 
Fig. 19. Illustration of the (a) major applications of 

metamaterial-enhanced THz technology, and (b) the roadmap 

of some representative state-of-the-art THz metamaterial 

systems created in the past decade [30], [185], [188], [525]–

[537]. 

 

A. THz metamaterial sensing and testing in biomedical science 

and engineering 

The metamaterial-enhanced THz spectroscopy has a wide 

range of practical applications in biomedical sensing related to 

the detection of complex biomolecules such as DNA molecules, 

and proteins, the detection of other biological microorganisms 

such as viruses, and bacteria, as well as in medical diagnosis for 

the detection and evaluation of cancer cells, owing to its 

capabilities of ultra-trace amounts and collective vibration 

modes detection of many complex biomolecules in the THz 

regime. For example, Yang et al. [538] designed a planar array 

featuring highly sensitive Au-based SRRs and used it to 

discriminate transgenic and wild-type genome DNA molecules 

as illustrated in Fig. 20(a), while Park et al. [539] used the same 

type resonators to perform a highly sensitive detection of 

viruses as depicted in Fig. 20(b). Although THz metamaterial-

based sensing provides good sensing results in biomedical 

applications, the main challenge in these types of applications 

relates to the limitation caused by the strong absorption of THz 

waves by polar solvents and physiological liquids, which 

prevents THz users from extracting accurate sensing 

information for solute molecules [2]. To address this challenge, 

researchers integrated THz metamaterial sensors with 

microfluidic technology, which allows a small amount of liquid 

to pass through and enhances the detection capabilities of the 

THz metamaterial sensor [2,64]. Applications involving this 

type of configuration were tested by Geng et al. [531] who 

proposed an Au-based THz metamaterial biosensor integrated 

with a microfluidic channel (i.e., a THz-SRR metamaterial 

system integrated with microfluidic technology depicted in Fig. 

20(c)) to detect glutamine transferase isozyme II (GGT-II) and 

alpha-fetoprotein (AFP) which are the biomarkers for liver 

cancers/tumors. Their results indicate that they managed to 

accurately detect lower concentrations of the aforementioned 
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substances with their respective concentration estimated at 

0.02524 μg/mL and 1 μg/mL, which indicates that the THz 

systems could be used to detect these types of tumors at their 

early stages. Apart from the integration of the THz 

metamaterial system with microfluidic technology, another 

well-known technique capable of overcoming or minimizing 

the absorption of THz waves by polar solvents is the use of the 

THz time-domain ATR (THz-TD-ATR) technique as first 

presented by Hirori et al. in 2004 [540]. In this design, a dove 

prism is inserted into the THz beam (Fig. 20(f)), which 

generates traveling evanescent waves on the surface of the 

designed dove prism [541]. The change in the reflection and 

phase due to the interaction between THz waves and the target 

sample placed near the prism are evaluated by comparing the 

TDS signals measured with and without target samples in place. 

In this context, it is easy to study the dynamics of the solute 

molecules as a function of characteristics such as their 

hydration levels [542]. As opposed to several picoseconds in 

bulk water, the hydrating water molecules are generally bound 

to the surface of the biomolecules with a relaxation time of up 

to 10-7 s which is long enough to enable THz users to evaluate 

the dielectric constant and subsequently the hydration number 

of the target biomolecules at THz frequencies. The feasibility 

of the THz-TD-ATR technique in biomedical applications has 

been extensively demonstrated in the literature [543]–[546] and 

the accuracy of the reported results indicates that THz-TD-ATR 

is undoubtedly an important sensing/NDT technique for 

biomedical applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 20. Examples of ordinary and noble metal-based THz 

metamaterials used for the detection of complex biomolecules 

in biomedical science: (a) a planar array of Au-based SRRs 

[538], (b) THz-SRRs with nanogap widths [539], (c) an Au-

based biosensor chip integrated with a series of microfluidic 

channels and examples of THz spectral signals of liver cancer 

antibody AFP (1 μg/mL) and liver cancer serum antigen 

(0.02524 μg/mL) detected using SRR structures with 2 μm 

gaps. The THz transmission spectra shifted by 8.6 GHz before 

and after the injection of the AFP antibody and the serum 

antigen [531]. (d) Illustration of SRR structures featuring an 

ATR platform [541]. 

 

Recently, Wang et al. [547] fabricated a THz metamaterial 

system with polarization-insensitive features and used it for the 

detection of bovine serum albumin (BSA) water solutions with 

different concentrations. The detection setup and the 

microscopic image of the fabricated polarization-insensitive 

metamaterial (PMI) biosensor are presented in Fig. 21(a), and 

the measured data in Figs. 19(b-c). In Fig. 21(b), the pink, blue, 

and red curves denote the responses from the biosensor with 3 

mmoL/L, 1.5 mmoL/L, and 0.75 mmoL/L of the BSA aqueous 

solutions, respectively, while the black curve indicates the 

response from the biosensor without any BSA molecules (0 

mmoL/L). The corresponding resonant frequencies for all these 

4 solutions are found to be f1=1.188 THz, f2=1.3 THz, f3=1.413 

THz, and f4=1.463 THz, respectively for the 3 mmol/L, 1.5 

mmol/L, 0.75 mmol/L, and 0 mmol/L BSA solutions. These 

results indicate that the resonant frequency is red-shifted when 

the content in the BSA molecules increases in the target 

aqueous solution, suggesting that higher concentrations of the 
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biological analyte (i.e., which is the BSA molecules in this case) 

led to a corresponding increase in the effective dielectric 

constant of the target BSA solutions. Interestingly, it was 

observed that changes in resonant frequency followed an 

approximately linear pattern following the changes in the 

concentrations of the BSA aqueous solutions. To this end, the 

displacement of the resonance can be considered a linear 

function of changes in the concentration levels of the BSA 

molecules in these solutions. Additionally, the above authors 

also investigated the influence of the rotation of the 

metamaterial biosensor on the resonant frequency. They found 

that their biosensor was polarization insensitive, and obtained 

the highest resonant frequency difference equal to 1.68 GHz 

with the highest resolution equal to 17.7 μmoL/L under the 

rotations of the full angular range.  

Similar to other applications, the strong absorption of THz 

waves by polar solvents such as water, ethanol, isopropyl 

alcohol, glycerin, and propylene glycol still pauses a major 

challenge for the effective use of THz spectroscopy in 

biomedicine. Nevertheless, interesting developments have 

already been implemented to overcome this challenge using 

THz metamaterial systems some of which are worth 

mentioning. In 2018, for example, Tang et al. [548] managed to 

overcome the difficulty of THz absorption by polar solvents by 

combining the microfluidic chip with THz metamaterial 

systems to detect DNA oligonucleotides with base mutations. 

In a later study, Yan et al. [170] proposed a THz metamaterial 

biosensor based on Fano resonance to detect and analyze cancer 

cells and achieved a theoretical sensitivity of about 455.7 

GHz/RIU. In another study, Karmakar et al. [549] proposed a 

stacked metasurface system for the detection of different types 

of samples including thin layers, different types of chemicals, 

and unknown analytes. To detect the unknown analytes, for 

example, the target samples were placed between the 

metasurfaces that formed the Fano cavity to achieve substantial 

energy confinement inside the dielectric spacer between the two 

resonators due to broadside coupling of the unit cell resonators 

and strong light-matter interaction features. These features 

enabled the attainment of ultra-sensitive sensing, hence, the 

unknown analytes were easily detected. As part of their 

conclusions, the above authors indicated that the use of 

broadside coupling of the unit cell resonators helped them to 

achieve much stronger near-field and large-area interactions 

between THz waves and the target substances leading to 

ultrasensitive sensing, capable of achieving >1 THz/RIU (=1.76 

× 105 nm/RIU) and a figure of merit of about 14.05 in the THz 

frequency range. In 2021, Ahmadivand et al. [550] used the 

THz metamaterial system to detect SARS-CoV-2 stinger 

proteins at femtomolar concentrations and reported fast and 

accurate detection results. This application provided a rapid and 

convenient method that could be used to detect COVID-19. In 

their recent studies, Cui et al. [177], [551] devised different 

types of highly sensitive THz metamaterial biosensors to detect 

early cancer biomarkers carcinoembryonic antigen (CEA) with 

concentrations ranging from 0 to 500 ng/mL as depicted in Figs. 

21(d-f) [177], and breast cancer marker carbohydrate antigen 

125 with the concentration ranging from 0 to 20 μg/mL as 

depicted in Figs. 21(g-k) [551] and reported accurate results 

(Figs. 21(e-f) and Figs. 21(h-k), respectively). In the first study, 

their biosensor was fabricated based on the classic double SRR 

structure as depicted in Fig. 21(d) [177], while their second 

sensor was fabricated based on a bowtie triangle ring (BTR) as 

depicted in Fig. 21(g) [551]. As part of their conclusions, the 

above authors pointed out that their design and detection 

methods could provide a potential route for the early warning 

stages of cancer [177] and/or detection of proteins and small 

molecules [551]. The above authors indicated that the 

sensitivities of these two sensors were significantly improved 

and reached the maximum values of about 387 GHz/RIU and 

498 GHz/RIU, respectively. 
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Fig. 21. (a) Experimental setup for THz spectroscopy combined 

with the metamaterial system and the microscopic image of the 

resulting PIM biosensor, (b) THz transmission spectra of the 

BSA aqueous solutions as measured by the PIM biosensor, (c) 

least squares fitting of experimental data of the resonant 

frequencies for the different BSA aqueous solutions [547], (d) 

schematic diagram of THz metamaterial biosensor chip (i.e., the 

inset represents the measurement principle and the equivalent 

circuit for classic double SRRs and both Csub and Csam denote 

the capacitances of the substrates and sample, respectively, 

while Ls denotes the inductance of the classic double SRRs). 

The measured THz results for different CEA protein 

concentrations: (e) The results of serum detected using rotating 

double SRRs, (f) the results of serum measured using grating 

double SRRs [177]. (g) The schematic diagram of the BTR 

metamaterial biosensor chip where the insert indicates the 

reaction mechanism of the electromagnetic field and the target 

analytes, (h) the frequency shift observed by measuring 

different concentrations of the CA125 protein and fixed 

concentrations of its antibody. The transmission spectra of the 

(i) U-BTR Dip1, (j) split BTR Dip1, and (k) split BTR Dip2 

under different concentrations of the CA125 protein [551]. 

 

As early as 2007, Yoshida et al. [552] proposed a label-free 

biological sensor made of thin metallic mesh and used it with 

the THz spectroscopic system to detect small amounts of 

protein horseradish peroxidase in aqueous solutions (0 pg/mm2, 

300 pg/mm2, 500 pg/mm2, 1100 pg/mm2, and 2100 pg/mm2). 

The authors used a commercially available printer to spread 

small amounts of the aforementioned samples on the sensor’s 

surface to form the sample systems, which were then measured 

using THz spectroscopic system in transmission mode. Their 

results indicate a clear frequency shift of the transmission dip 

for the samples with the concentrations of the horseradish 

peroxidase between 500-2100 pg/mm2 compared to bare 

metallic mesh (0 pg/mm2). As part of their conclusions, the 

above authors indicated that the THz sensing with thin metallic 

meshes was extremely sensitive as it enabled the detection of 

small amounts of biomolecules with a sensitivity equal to that 

of conventional methods using antibody-labeled horseradish 

peroxidase. In another study [553], Bui et al. used a micron-

scale thin-slab metamaterial system to enhance the absorption 

signal of the THz vibration of ultrathin-adsorbed layers made 

of large and small organic molecules. Samples with large 

biomolecules were obtained from BSA solutions, while the 

samples for small biomolecules were obtained from the 

solutions of 3,3’-diethylthiatricarbocyanine iodide (DTTCI) 

and Rhodamine 6G (Rh6G). The results indicate that their 

metamaterial system significantly amplified the signal strength 

of solutions with bulky BSA which displayed a vibration signal 

at 4.8 THz, while those with DTTCI and Rh6G remained 

inactive due to the lack of low-frequency vibrational modes in 

the frequency region of interest. As part of their conclusions, 

the above authors indicated that the use of THz metamaterial 

sensing could improve the sensitivity and selectivity of THz 

systems, which could be used to detect and/or monitor other 

large biomolecules such as proteins or pathogenic enzymes.  

In addition to the detection of biomolecules using THz 

metamaterial systems, the use of this technology to detect 

microorganisms has been frequently researched partly because 

of the comparable sizes of most of the microorganisms and the 

atoms of THz metamaterial systems. In 2014, for example, Park 

et al. [554] proposed a set of THz sensing systems each 

featuring several slot antenna arrays fabricated on different 

substrates and used them to detect yeast cells. In their results, 

Park et al. observed that the addiction of yeast cells to the slot 

area of the antenna arrays caused a noticeable shift in the 

resonant frequency of the metamaterial systems though the 

sensitivity was different for sensors fabricated on quartz and 

silicon substrates. Using the substrate’s permittivity as the 

classification indicator for these sensor systems, Park et al. 

indicate that sensors fabricated on low permittivity substrates 

such as quartz demonstrated higher sensitivity and vertical 

range of the effective sensing volume than those fabricated on 

high permittivity substrates such as silicon. Park et al. also 

observed that the frequency shift decreased with the increasing 

width of the slot antenna for a fixed coverage of yeast films, 

which highlights the field enhancement effect of their THz 

metamaterial system. To analyze the vertical range of the 

effective sensing volume and the field enhancement effect, the 

above authors used their design to detect yeast films deposited 

on the THz metamaterial systems with different thicknesses and 

slot widths sizes and found that their sensitivity was higher for 

smaller slot width metamaterial systems than bigger slot width 

metamaterial systems. To put this into perspective, the 
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metamaterial system with a 2 μm slot width caused 

approximately 13 GHz in resonant frequency shift when 

covered with a 4 μm yeast film and saturated at 3.5 μm for the 

same slot width.  

In many instances, researchers also argued that the sensitivity 

levels of THz metamaterial systems used to detect 

microorganisms in biomedical samples very much depend on 

the shape and size of the individual microorganisms in the 

samples suggesting that these two factors should always be 

taken into consideration to devise an effective sensing protocol 

and achieve accurate sensing results thereof. In fact, this was 

recently verified by Park et al. [555] who used an electrical 

SRR-based sensor with the THz system to detect and evaluate 

star-shaped, ovular, spherical, and lens-shaped polystyrene 

microbead samples. The results indicated that the star-shaped 

microbeads presented the best sensitivity in the low-density 

regime which was approximately three times that of the 

spherical-shaped microbeads. They also found that the 

frequency shift of their metamaterial system saturated at 60-80 

GHz when all the gap areas were fully covered by the 

microbead samples. In 2016, Zhang et al. [556] constructed a 

flexible THz metamaterial system featuring a planar array of 

five concentric subwavelength gold ring resonators on a 10-μm-

thick polyimide substrate. The resulting flexible THz 

metamaterial system was sensitive to small external changes in 

dielectric environments and was then used to monitor the health 

status of oral cancer cells with and without sanative drugs. Their 

results revealed the existence of a linear relationship between 

the relative change of resonant frequencies of their 

metamaterial sensor and the cell’s apoptosis measured by flow 

cytometric technique. Although Zhang et al. did not provide 

quatitative information outlining the number of cured and 

uncured cancer cells in their samples, they nonetheless 

indicated that the frequency shift of the metamaterial’s resonant 

peak with cured cancer cell samples was much smaller than that 

of control samples with uncured cancer cells. They concluded 

that this was because  and concluded that this was due to the 

fact that number of cured oral cancer cells was smaller than the 

number of uncured cells in the control samples, and further 

added that their study was of general importance for the 

effective development of label-free, cost-effective, and in-situ 

detection tools. 

The implementation of label-free THz biosensing platforms 

was also demonstrated in several studies with interesting 

results. For example, Hasebe et al. [557] used thin metallic 

mesh devices featuring a PVDF membrane to show that both 

the transmittance attenuation of THz waves and the shift of the 

dip frequency of the metamaterial system very much depended 

on the bonding levels of the target samples. The metallic mesh 

devices were designed to have sharp dip features in the 

transmitted THz spectra and exhibit anomalous transmission 

phenomena when subjected to resonant excitations of the 

surface waves. Their results indicate that their metallic mesh 

devices were extremely sensitive to changes in the refractive 

index of the samples attached to the metallic mesh, and 

managed to detect the lectin-sugar interactions using this 

method. Additional analysis of these types of interactions also 

revealed that parameters such as the phase peak shift of the 

derivative spectra, as well as the transmittance attenuation and 

dip shift of the resonant frequency of the metamaterial system 

very much depended on the bonding levels between lectin-

sugar interactions. Using this method to determine the avidin-

biotin interactions, the above authors managed to detect small 

amounts of biotin ups to 0.17 pg/mm2, which further 

highlighted the extreme sensitivity of their design. In a similar 

study [558], the above authors reported a label-free analysis of 

single- and double-stranded DNA samples using surface waves 

in the THz frequency region. They posited that the free-space 

THz measurements could not measure the optical properties of 

a small number of DNA molecules because of their low 

absorption coefficients, but emphasized that the use of metallic 

mesh provided their THz system with enhanced sensitivity 

levels to detect small changes in the optical properties (i.e., 

refractive indices) of their DNA samples at the concentration 

levels of 2 μg/mm2 as estimated from a dip frequency shift of 

the metallic mesh device.  

In addition to the aforementioned, several researchers also 

used THz metamaterial systems featuring SRR structures to 

detect self-assembled and functionalized alkanethiol molecules. 

In [559], for example, Wu et al. demonstrated that surface-

enhanced electromagnetic response in the resonant regions of 

the SSR structures offers an extremely sensitive device for the 

evaluation of surface dipoles formed by alkanethiol molecules 

with THz waves through the use of the differential transmission 

(DT) spectroscopic method. In their configuration, the THz-DT 

signals mainly came from the interaction between 

metamaterials and alkanethiols by electron transfer and/or 

variations in the dielectric constant and cooperatively captured 

variations in the frequency shift and the damping constant of 

the resonance of the metamaterial system. This method was 

then used to demonstrate the sensing feasibility for the chain 

length dependence of the alkanethiol molecules and the 

obtained results revealed that the improved THz response near 

resonant regions of the metamaterial system enabled users to 

read out the number of carbon atoms in self-assembled 

alkanethiol molecular monolayers. Interestingly, Wu et al. 

believed that their results could be extended to other 

wavelength regions of the electromagnetic spectrum as well as 

other shapes of metamaterial system analysis. In another study 

[560], Wu et al. used a highly sensitive and label-free biosensor 

based on the THz metamaterial system and functionalized by 

octadecan thiols and biotins. The sensor was then used to detect 

streptavidin-agarose (SA). Their results indicate that both low 

and high-frequency resonance modes of their metamaterial 

system were useful for the detection of SA, and the high-

frequency mode exhibited a frequency shift as high as 6.76 GHz 

for undiluted commercial SA solutions. The high-frequency 

mode originated from the plasmonic dipole oscillator, while the 

low-frequency mode was attributed to LC oscillation and both 

of which were highly sensitive to micro-environmental 

changes. They also observed that the adsorption of the SA 

solutions with different concentrations caused different 

frequency shifts, and the replacement of high refractive-index 

substrates with low refractive-index substrates increased the 

overall sensitivity of their experimental system. They indicated 

that their experimental results well agreed with the numerical 

simulation results, and further added that the sensitivity of their 

design to certain types of biomolecules could still be improved 

by further optimizing the design of their metamaterial systems. 
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Park et al. [50] demonstrated that the SRR-patterned THz 

metamaterials provide extremely selective and sensitive 

microbial sensors capable of performing high-speed in-situ 

identification of microorganisms under both aqueous and 

ambient environmental conditions. Using these sensors, the 

above authors managed to detect extremely small amounts of 

microorganism samples with sizes equal to the micro-gaps of 

SRR metamaterial structure as depicted in Fig. 22(a). They also 

investigated the resonant frequency shift of their THz 

metamaterial systems based on the dielectric constants and the 

number density of the microorganisms, which they successfully 

interpreted by changing the effective dielectric constant of the 

gap area size (i.e., gap sizes of 2-3 µm) and structure (i.e., using 

either single or double SRRs). Their results indicate that not 

only did the resonant frequency shift increase linearly with the 

increasing number of fungi in the gap areas, but this resonant 

frequency shift was also higher for the higher dielectric 

constants. Fig. 22(b) presented the results of the visible 

transmittance spectra of the quartz substrate coated by 

Escherichia coli (E. coli) with a density of 0.078 mm2 in 

aqueous (red line) and ambient air (black line) conditions, and 

Figs. 22(c-d) presents the results of E. coli metamaterial sensing 

in an aqueous environment. In this study, a blue shift of the 

resonant peak was observed by adding 0.019 μm-2 of E. coli 

because the refractive index of E. coli cells was lower than that 

of water. As the exciting electric field was at several tens of 

micrometer levels, the absorption of water was not strong and 

this made it easier to use the THz metamaterial sensor for liquid 

sensing. Although their study was successful and accurate 

results were obtained during their measurements, the above 

authors noted that free space THz sensing was not easy to 

perform because the most sensitive area of their metamaterial 

sensor was located at the gap of the SRR structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 22. Results of THz metamaterial sensing of E. coli in an 

aqueous solution with the structure of the THz metamaterial 

system used in the study: (a) the schematic representation of 

selective bacteria (E. coli) detection in an aqueous solution (the 

Si substrate is coated with antibodies specific to E. coli),  (b) 

the visible transmittance spectra of the quartz substrate coated 

by E. coli (with the density of 0.078 mm2) under the ambient 

(black line) and aqueous (red line) environmental conditions, 

(c) the THz transmission spectra obtained before (blue line) and 

after (red line) depositing E. coli bacteria on the functionalized 

THz metamaterial systems in aqueous environments (the inset 

depicts a typical corresponding dark-field microscopic image 

obtained after depositing E. coli bacteria on the metamaterial 

systems), and (d) the THz transmission spectra of THz waves 

measured before (blue line) and after (red line) depositing E. 

coli bacteria on the microbial sensors without surface 

functionalization (the inset depicts the corresponding dark-field 

microscopic image after depositing E. coli bacteria on the 

metamaterial systems) [50]. 

 

In summary, THz metamaterial-based sensing has found an 

increasing number of applications in biomedical science and 

engineering in recent years. In addition to its capabilities of 

enhancing features such as the selectivity, sensitivity, and 

accuracy of common THz-SI systems, its broader applicability 

in this area was also encouraged by the possibility of using these 

systems to accurately predict collective vibration modes of 

many types of proteins and DNA molecules in the THz 

frequency range [552]. For example, the absorption coefficients 

and refractive indices of single and double-stranded DNA 

molecules are different from one another in the THz frequency 

range, and these distinguishable features can be used to 

accurately distinguish between these two types of molecules. 

Apart from the study and evaluation of DNA molecules, 

credible reports have also been published on the use of THz 

metamaterial systems for the detection and evaluation of 

complex biomolecules and their interactions such as avidin-

biotin and lectin-sugar complex as well as the spectroscopy and 

imaging of artificial or synthetic RNA molecules [561], [562]. 

Additional advancements have also revealed potential 

applications of label-free sensing systems for many types of 

biomolecules by using THz waves. To date, most label 

substrates, which might involve a radioisotope, an enzyme 

reaction, or a fluorescence are used for protein detection, which 
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are generally complex and time-consuming. The use of label-

free detection methods with THz metamaterial systems is 

considered to be one the most convenient techniques that could 

be used to detect and evaluate these types of molecules faster 

and easier than the aforementioned methods. 

 

B. THz metamaterial sensing and testing in the agriculture 

and food industry 

The addition of chemicals such as pesticides and antibiotics 

to agricultural products and food exhibits fingerprint spectra in 

the THz frequency region and these features could be used to 

detect these substances similar to other chemical substances as 

indicated in the previous sections. To demonstrate the 

feasibility of such an application agriculture and food industry, 

Qin et al. [563] used THz spectroscopy to detect the 

carbendazim solutions in different concentrations and used the 

THz metamaterial system to improve the THz system 

sensitivity and alleviate the burden of complicated data 

processing. The obtained results indicate that the designed 

metamaterial system could detect carbendazim solutions in 

different concentrations down to 5 mg/L. In another study, Qin 

et al. [564] also designed a THz metamaterial system and used 

it for the detection of tetracycline hydrochloride (i.e., an 

antibiotic residue that is widely used in animals that can cause 

human health issues once in excessive quantity in food) as 

depicted in Figs. 23(a-b). The THz transmission spectra 

obtained from the tetracycline hydrochloride solutions 

deposited on the THz metamaterial system with concentrations 

varying from 0.01-10000 mg/L are presented in Fig. 23(c). 

Although samples with tetracycline hydrochloride 

concentrations lower than 0.1 mg/L generally do not show any 

significant difference in the amplitudes of their transmission 

spectra, this study demonstrated that the addition of 

metamaterials greatly improved the sensitivity as compared to 

the direct use of the THz system and enabled the successful 

detection of tetracycline hydrochloride as low as 0.01 mg/L. In 

a similar study [565], Xu et al. used the THz metamaterial 

system to detect chlorpyrifos-methyl solutions with 

concentrations between 0.2-1.0 mg/L. In their experiments, the 

authors configured their metamaterial system to operate in 

reflection mode (Fig. 23(d)) and used it to detect 10 μL of 

chlorpyrifos-methyl solutions of different concentrations. 

Experiments were repeated 3 times, and reflection spectra 

measured from the different chlorpyrifos-methyl solutions as 

well as their frequency shifts are presented in Figs. 23(e-f). The 

results of the normalized reflection indicate that the indicate 

that the resonant peaks regularly shifted to lower frequencies 

(Fig. 23(e)), and the value of the frequency shift increased with 

the increasing concentration of chlorpyrifos-methyl in the 

measured solution. Xu et al. effectively demonstrated that the 

frequency shift value could be estimated as a function of 

chlorpyrifos-methyl concentration and their verification results 

were subsequently presented in Fig. 23(f). In fact, one can 

easily notice that there there is a strong linear relationship 

between the concentration of the chlorpyrifos-methyl samples 

and the resulting frequency shifts of the reflected spectra which 

further verifies the accuracy of their results. This study was 

particularly interesting because the obtained results highlighted 

a significant improvement in the THz system enabled by the use 

of metamaterials, and a limit of detection for the 

aforementioned substance reaching 0.204 mg/L, lower than that 

recommended by the World Health Organization’s provisional 

guideline limit for chlorpyrifos-methyl in vegetables (1 mg/L). 

In a similar study, Nie et al. [566] designed an all-dielectric 

broadband THz metamaterial absorber to detect chlorpyrifos 

with an increased detection limit of up to 0.1 mg/L. The results 

indicate that their design has an interaction efficiency of over 

99% at 1.33 THz, with the bandwidth featuring a center 

frequency of approximately 600 GHz. Interestingly, both the 

system’s stability and sensitivity were effectively maintained 

under different temperature levels, time scales, and humidity 

conditions. 

  

 
Fig. 23. Presentation of the (a) THz metamaterial system used 

for the detection of tetracycline hydrochloride and (b) resulting 

scanning electron microscope images, (c) the THz transmission 

spectra of tetracycline hydrochloride deposited on the 

metamaterial system (these transmission spectra are obtained 

from samples with different concentrations of tetracycline 

hydrochloride) [564], (d) the THz metamaterial system used for 

the detection of chlorpyrifos-methyl, (e) the THz reflectance 

spectra of chlorpyrifos-methyl at different concentrations 

(ranging from 0.2 mg/L to 1.0 mg/L), and (f) the frequency shift 

results of chlorpyrifos-methyl at different concentrations 

(ranging from 0.2 mg/L to 1.0 mg/L) (the blue curve depicts a 

linear fit to the THz data measured from the chlorpyrifos-

methyl) [565]. 

 

Recently, a metasurface system made of square-shaped slits 

on a high-resistance silicon substrate with extraordinary optical 

transmission resonance at approximately 0.3 THz was used for 

kanamycin sulfate detection in Ref. [567], and an extraordinary 

sensitivity was reached with the minimum detectable 

concentration reaching down to 100 pg/L which is 

approximately 1010 times enhancement compared to its lowest 
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detectable concentration on bare silicon estimated to 

approximately 1 g/L. In ref. [565], the authors used a THz 

metamaterial absorber to detect a kind of pesticide named 

chlorpyrifos-methyl and assessed the sensitivity improvement 

by comparing the sensing performances of the Teflon plates and 

the developed THz metamaterial absorbers. The detection limit 

was found to be 0.204 mg/L which was lower than the 

provisional guideline set by the World Health Organization 

establishing the allowable concentration limit of chlorpyrifos-

methyl in vegetables (1 mg/L). Liu et al. [568] used a THz 

metamaterial system with SRR structures and successfully 

calculated tiny refractive index differences between non-

transgenic and transgenic products based on clearly 

distinguished SRR response peaks. Recent studies have also 

demonstrated that the THz wave could be guided onto the 

surface of the metamaterial systems by using the scattering edge 

coupling technique [569], [570]. The results indicate that 

broadband spectral signals could be experimentally obtained 

from corrugated metallic surfaces made of linear arrays of 

subwavelength grooves [570]. As part of their conclusion, the 

above authors also noted that the improved interactions 

between the light-matter that occurred in the vicinity of the 

spoof plasmon surface which enabled a more efficient use of 

the limited power of current THz sources and the subsequent 

detection lactose at 300 ng/mm2. In ref. [571], You et al. 

designed a THz plasmonic sensor featuring a hybrid planar 

waveguide with a diffraction metal grating and a 

subwavelength plastic ribbon waveguide. To demonstrate the 

robustness detection capabilities of their conceptual design, 

they used it to detect Bi2CuISe3 in different concentration 

levels. The results indicate that the minimum detectable amount 

of their target analyte (Bi2CuISe3) in powder form reached 17.3 

nmol/mm2. This level of accuracy means that this sensor could 

accurately detect particles in general-purpose pollution or 

chemical reaction monitoring applications. Recently, Liu [572] 

used high-sensitivity THz metamaterial systems to evaluate the 

organochlorine pesticide residues based on a loop-shaped 

absorber that had a strong interaction with the THz wave.  Their 

results indicate that the frequency of their loop-shaped absorber 

resonance peak was red-shifted when the dielectric 

environment indicated by the absorber changed. Also, the 

interaction between the THz electric field generated by the 

aforementioned loop-shaped absorber and the target samples 

was considerably improved by the use of metamaterial systems 

compared to the direct detection of these pesticide residues 

using conventional THz spectroscopic systems. The sample 

signal could also be amplified. They concluded that the use of 

the loop-shaped absorber can improve the interaction between 

THz waves and the target samples, and further added that the 

frequency shift signal of the resonance peak of the metamaterial 

absorber can be used to enhance the sensitivity of the sample 

detection, and enable the detection and analysis of trace 

amounts of samples. In another study, Li et al. [573] 

successfully combined THz spectroscopy with metamaterial 

systems to detect quinolone antibacterial drug (noroxin) in low 

concentrations. Interestingly, the noroxin detection limit for 

their method was determined to be 0.01 µg/mL, and this study 

proved that THz metamaterial sensing could indeed be highly 

effective method for the rapid detection of quinolone antibiotic 

residues in food matrices. 

In summary, the constantly growing demand for food quality, 

food safety, higher production, lower food wastage, time-

saving processing mechanisms, lower workforce requirements, 

and unwavering food security in the agricultural and food 

industries have stimulated great interest in the use of THz 

metamaterial systems for the identifications of defects in food 

and agricultural products, monitor water level, examine the soil 

characteristics for crop growth and maintain food safety and 

quality during the production process. THz metamaterial 

systems provide regular THz systems with faster, more 

accurate, reliable, non-invasive, cost-effective, and simpler 

features for safety monitoring and quality evaluation for crops 

and food commodities greatly contributing to their continued 

expansion into the NDT of food and agricultural products [4], 

[450]. THz metamaterial systems also offer users the capability 

to classify between pristine and defective food and agricultural 

products, owing to their unique properties such as transmission 

capacity, spectral fingerprint, unique water absorption property, 

and little scatter effect, as well as the great potential of 

extracting useful spectral features from the samples amplitude 

and phase information. Although THz metamaterial systems are 

still not adopted as a standard NDT technique in agricultural 

and food industries, the aforementioned properties continue to 

encourage the extensive applications of these devices and many 

researchers and engineers in agricultural and food industries 

now consider THz metamaterial systems as an effective, non-

invasive, highly accurate, and cost-effective NDT technique. 

 

C. THz metamaterials for thin-film sensing and testing 

In sensing applications, the detection of subwavelength 

sample thicknesses imposes great difficulties on conventional 

THz spectroscopic systems. However, sensing and measuring 

these types of samples is essential for a large number of 

applications in biological, chemical, physical, and medical 

sciences. The desire to obtain accurate sensing information in 

these applications encouraged the continued quests for the 

development of high-performance sensing modalities with 

improved sensitivity, selectivity, and specificity for biological, 

physical, and chemical thin-film samples [574]. To date, 

experts believe that THz thin-film sensing is one of the most 

promising applications of THz metamaterial sensors, thanks to 

the specific interactions between THz waves and analytes in 

biological and physico-chemical thin-film samples. These 

applications are generally enabled by the fact that thin film 

samples are flat, easy to measure, and possess specific optical 

properties that can easily be evaluated using THz metamaterial 

systems [575], [576]. Although many types of metamaterial 

structures such as ground-plane cloaks, photonic crystals, SRR, 

left-handed metamaterials, etc. [30], the literature indicates that 

the majority of metamaterial systems capitalize on improving 

and modifying the structure of SRRs, which seems to be the 

most commonly used type of metamaterial structure for thin 

film sensing applications [172]. In most cases, modifications of 

the SRR structure are generally performed to achieve adequate 

natural oscillation frequencies, which generally depend on 

parameters such as the dielectric constant of the substrate, the 

size of the width or diameter of the rings, gaps or cuts of the 

rings, separation distance between consecutive rings, as well as 

the depth of the rings in the SRR structures. In biological and 
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chemical sciences, for example, the use of SRR-based sensors 

is considered a viable candidate for the detection and evaluation 

of highly sensitive biological and chemical thin film samples 

because these resonators are extremely small and exhibit 

tunable resonant frequency responses [577]. This is the case for 

pathogen detection, where the target pathogens, such as 

bacteria, are captured on the surface of the biosensor by specific 

antibodies to form a monolayer of bacteria with a thickness in 

the µm range detectable by THz metamaterial sensors [578]. A 

combination of these properties and the uniqueness of THz 

wave characteristics have recently fueled significant interests in 

THz metamaterial sensing where the detection of several types 

of biological and physico-chemical substances/analytes in the 

form of thin film samples have been the point of focus [480], 

[515], and this makes THz metamaterial systems more 

acquiescent to thin film sensing applications.  

Consistent with the aforementioned, the detection of trace 

quantities of substances in the form of thin films using THz 

metamaterial systems is now one of the most important research 

directions in the THz sensing industry, and numerous studies 

have been published on this topic thanks to the increased 

knowledge of key optical and dielectric properties of countless 

biological and chemical substances in the THz regime. In Ref. 

[579], for example, Zhang et al. used a waveguide THz 

spectroscopic system with adequate sensitivity to characterize 

layers of water in the nanometer range. In their experiments, 

Zhang et al. deposited a 20 nm layer of water on the surface of 

a parallel-plate metal waveguide and managed to measure the 

absorption coefficient and refractive index and found that they 

were in good agreement with those of bulk water samples due 

to the increased effective interaction time between water 

molecules and THz waves. In another study, Driscoll et al. 

[176] demonstrated that THz spectroscopic system can 

accurately detect small quantities of a silicon-nanospheres-

ethanol solution (30 µL) containing less than 1 ng of silicon 

deposited as an overlayer or thin film on a planar THz 

metamaterial. In their study, Driscoll et al. demonstrated the 

possibility of performing a fine-tuning of the magnetic 

resonance frequency of a fixed SRR array by adding inclusion 

materials near the split-ring elements. Also, by applying drops 

of their silicon-nanospheres-ethanol sample to the surface of 

their samples, they observed a noticeable decrease in the 

magnetic resonance frequency of their split-ring array sensors. 

This property provided these sensors with high sensitivity to 

subwavelength volumes and opened up new possibilities for 

using these types of sensor devices for real-time THz thin film 

sensing applications. In a similar study, O’Hara et al. [580] 

sought to investigate the obstacles and limitations of using THz 

metamaterial systems as sensing devices and used the THz-

TDS system to measure the dielectric properties of several types 

of dielectric overlayers deposited on planar metamaterial 

systems. O’Hara et al. deposited uniform dielectric overlayers 

with varying thicknesses from 100 nm to 16 μm onto fixed SRR 

arrays to shift the resonance frequency of the electric response. 

Their results indicate that the overlayer of 100 nm quickly 

approached the limit of detectability in their metamaterial 

design. Although their results largely agreed with previous 

findings in [176], [581], they emphasized that the measured 

results were not always consistent with simulations, particularly 

those involving very thin films with thicknesses less than 200 

nm, and concluded that experimental verification is always 

necessary when using SRR-based sensors to ensure adequate 

simulation structures and reveal the practical difficulties of 

analyte deposition on the metamaterial sensors. Interestingly, 

this study also pointed out some of the important factors 

involved in sensing optimization (e.g., the limitations of the 

THz measurement system, resonance effects, ring geometry, 

analyte composition and deposition, substrate composition, 

etc.), which could be utilized in the design and implementation 

of high-performance SRR and/or frequency selective surface-

based sensors.  

Apart from the detection and analysis of thin-film analytes, 

metal hole arrays (MHA) were also used to study the effects of 

dielectric films on the overall performance of THz thin-film 

sensing applications. In Ref. [582], for example, the authors 

studied the effect of attaching dielectric films on the surface of 

MHAs on their THz reflection spectra. The results indicate that 

the frequencies of the reflection dips, attributed to the excitation 

of surface waves in the vicinity of the MHA surface, shifted 

from higher to lower frequencies with the increasing thickness 

of the dielectric film (≥50 μm). Additionally, their results also 

indicate that thinner MHAs provided better sensitivity than 

their thicker counterparts, and are there suitable for applications 

involving highly sensitive THz detections. In a similar study, 

Tanaka et al. [583] investigated the effect of depositing thin 

dielectric layers on the transmission characteristics of MHA 

devices in the THz frequency range. As part of the experiments, 

Tanaka et al. deposited a 50 μm dielectric layer on the surface 

of an MHA device and recorded a significant decrease in 

parameters such as the THz transmission peaks and SNR of the 

device due to the mismatch between the resonance frequencies 

of its two sides and the cutoff effect of its metal holes, making 

the measurement of its resonant peak utterly difficult. 

THz metamaterial systems with good sensitivity were also 

used for thin-film thickness measurements. Yoshida et al. [584] 

used the THz system featuring a metallic mesh device to 

measure the thickness of 3 μm, 4 μm, and 5 μm thick 

poly(ethylene terephthalate) thin-film samples, whereby a 1 μm 

difference in thickness could be easily detected. Also, the 

authors recorded several 2D images of metallic mesh devices 

with thin film samples attached to their surfaces where the 

differences between the thicknesses of these thin film samples 

were easily distinguished by analyzing features in their 2D 

images. In a similar study, Suzuki et al. [585] used the THz 

system with a metallic mesh sensor to measure the thickness of 

a sub-mm-thick SiO2 thin film, while Reinhard et al. [586] 

easily achieved a minimum thickness resolution of about 12.5 

nm in Si thin films which was approximately 16000 times 

smaller than the wavelength of the incident THz waves. In 

another study [587], a near-field THz spectroscopic system was 

built to reduce the spot size of the THz beam in a THz 

metamaterial sensing setup. The proposed design significantly 

reduced the number of resonators and the minimum sensing 

area of the thin film by placing the metasurface sensing 

platform close to the sub-diffraction THz source (i.e., with the 

distances set to 25 μm and 50 μm). An additional advantage of 

this design is that the aforementioned reduction in the number 

of exciting resonators also decreased the inter-cell coupling 

strength, which subsequently increased the resonance Q-factor 
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of the metamaterial system. Recently, Park et al. [588] 

demonstrated the feasibility of one of the most highly sensitive 

metamaterial systems for THz thin film sensing applications 

where a 1 nm thick thin film was detected (i.e., this thickness 

was estimated to be almost 106 times smaller than the 

wavelengths of the incident THz waves). Their metamaterial 

system used nanogaps (≤10 nm gaps) to confine THz waves 

and improve the sensitivity of their sensor device. In another 

study, You et al. [589] used the THz plasmonic waveguide for 

nanofilm sensing applications. They demonstrated that a high-

aspect-ratio metallic rod array can easily produce and propagate 

THz surface plasmonic waves capable of detecting 300 nm-

thick ZnO and SiO2 nanofilms coated on 100 μm-thick 

polypropylene films.  

In summary, THz thin-film sensing is one of the rapidly 

expanding branches of THz science and it increasingly appears 

to be amenable to numerous practical applications in biological, 

chemical, physical, and medical sciences. THz thin-film 

sensing has great scientific significance because it represents a 

special configuration in which trace amounts of many 

biological and physico-chemical substances are ideally 

analyzed to reveal some of their THz properties and features 

such as the magnitude/variability of their refractive indices, 

thickness, and volume, spacers of metamaterial absorbers, 

metamaterial resonance types, thicknesses of metasurface 

substrates, etc. Although thin-film samples are generally 

difficult to evaluate using conventional THz spectroscopic 

systems, THz thin-film sensing based on metamaterial systems 

is considered one of the most promising THz sensing 

applications, thanks to its capabilities to provide accurate, 

precise, stable, and reliable measurements of thin film samples 

in the THz sub-wavelength range. In recent years, interesting 

developments have been achieved including the recent 

development of a high-performance THz chemical microscope 

[590], [591], and THz metamaterial structures (e.g., resonant 

structures, guided waves, noise cancellation, etc.) for improved 

sensitivity of THz spectroscopic systems [574]. Although it 

would be optimal to compare the performance of all these 

configurations using a single quantitative sensitivity parameter, 

this is generally not possible because the boundary between 

thick and thin samples is usually difficult to establish for some 

researchers as it only depends on the limitation of their 

experimental THz-TDS under normal operating conditions 

(i.e., samples are considered thin or thin-films when 

conventional THz–TDS can no longer distinguish them from 

the reference materials). To avoid reporting conflicting 

performance parameters, this section only presents the 

reviewed results based on the measured and/or anticipated 

characteristic performance as well as the general guidelines on 

features such as their complexity, utility, advantages, and 

disadvantages. Taken together, the literature revealed that THz 

thin-film sensing is still in its infancy, partly because numerous 

demonstrations have been singular events introducing the 

concept but rarely pursued to achieve real-time implementation 

while others were only marginally implemented. Interestingly, 

the success of these advancements is considerably impressive, 

and if these advancements provide tangible hints on future 

opportunities for THz thin-film sensing, then the general 

outlook for this technology is highly promising. However, it 

appears much remains to be discovered in basic metamaterials 

and THz science, and more so in practical THz technology 

development to accommodate even more sophisticated thin-

film sensing applications. 

 

D. Other THz metamaterials-based sensing and testing 

applications 

Although THz waves present smaller wavelengths compared 

to their µ-waves counterparts, their wavelengths are still larger 

than those of X-rays or γ-rays which severely limited their 

interactions with nano-sized samples (e.g. nanoparticles, 

nanorods, and large biological molecules). Interestingly, 

researchers have recently demonstrated that by fabricating THz 

metamaterials with a nanometer-sized gap, their electric field 

could be significantly improved and this could help overcome 

the aforementioned challenges and expand the application 

scopes of THz-SI systems [592]. As an example, the above 

authors indicated that the use of THz dipole nanoantennas 

spaced by 20 nm nanogaps allowed for the extraction of the 

spectroscopic signature of a monolayer of cadmium selenide 

quantum dots (CdSe-QDs) at 5.65 THz, thereby generating a 

Fano-like interference between the phonon resonance of the 

quantum dots and the fundamental antenna mode with an 

absorption improvement factor (
TOT ) up to or greater than 106 

times in the center of the nanogaps [592]. In a similar study 

[593], Ji et al. developed virus-sized gold nanogaps with a gap 

width of 20 nm using the atomic layer lithography and devised 

an ultra-sensitive virus THz detection platform working. Their 

results indicate that the large-area nanogap-loop array achieved 

up to 580 times in field enhancement, thereby enabling the 

accomplishment of extreme light-matter interactions near the 

gap. Using these two studies as an example, it is evident that the 

capabilities of trapping THz waves into nano-sized volumes 

might enable scientists and engineers to develop highly 

sensitive as well as selective THz sensors.  

Additionally, the capability of THz waves to transmit 

through an array of nanogaps with variable structural sizes, 

arrangements, and periodicities has enabled the use of thin film 

single-walled CNTs in THz sensing applications [594]. Also, 

oil does not exhibit noticeable absorption of THz waves 

compared with polar liquids such as ethanol and water, thereby 

enabling easy oil detection even in free space THz sensing 

setups. A recent study used an SRR patterned THz metamaterial 

system for oil sensing application and the authors managed to 

identify specific parameters for gasoline 93# and 97#, further 

highlighting the capabilities of THz-SI to identify the different 

types of gasoline derivatives [595]. Recently, Yi et al. [175] 

developed an ultra-precision direct phase readout THz sensing 

device by combining both the ATR and steerable plasmonic 

resonance of THz waves. These authors revealed that the often 

neglected information related to THz phase jumps in SPR-

based sensing applications could actually provide THz users 

with relevant information that could help them to develop more 

effective and reliable THz plasmonic sensing devices for polar 

liquids and/or aqueous solutions. In particular, their detailed 

analysis indicated that the reflected THz phase exhibits two 

different jump responses in the coupling gap. The Q-factor of 

phase spectra for optimal coupling gaps was found to be within 

the range of 9.7 to 43.4 corresponding to approximately 4 to 26 
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times higher than that of its counterpart in amplitude 

measurements in liquids sensing and higher than that of fixed 

coupling gaps. The accuracy of their sensing device was also 

verified using several types of liquid samples including 

gasoline, alcohol, liquid paraffin, glycerin, and water, and 

accurate results were reported. As part of their conclusion, they 

indicated that their sensing device performed better free from 

the interference of the fixed gap, and can be used for higher 

resolution in the spectral characterization of biological and/or 

physiological samples due to the ultrahigh Q-factor of the phase 

spectra. Also, small changes in the reflective index of the target 

samples were easily detected by measuring changes in phase 

jumps of their sensing device with ultrahigh sensitivity of about 

0.370 THz/RIU, and this level of sensitivity could be exploited 

to establish real-time monitoring of very small changes in the 

target samples associated with certain activities such as 

biological and chemical reactions. 

 

E. Challenges and prospects of THz metamaterials sensing 

and testing 

The use of THz metamaterial systems in THz sensing and 

NDT applications has provided novel opportunities for 

developing new-generation THz sensing and NDT devices in 

recent years. For example, THz metamaterials have enabled the 

development of THz sensors with improved mechanical, 

optical, and electromagnetic properties, which subsequently 

promoted the development of cutting-edge sensor systems such 

as single molecular biosensors and high throughput sensor 

arrays. Although THz metamaterial systems present numerous 

advantages and potentially several industrial applications, they 

also face many challenges like other emerging technologies. 

Typically, the accuracy of THz metamaterial-based sensors is 

generally limited by fluctuations in the measured signals caused 

by various internal and/or external noise sources. External noise 

sources include quantum noise (also referred to as shot noise), 

signal processing circuit noise, as well as photodetector noise, 

while internal noise mainly originates from the 

desorption/removal and adsorption/adhesion of the sample 

particles into the metamaterial system or from the metamaterial 

system to the sample [524], [596]. In fact, the literature 

indicates that both the adsorption and desorption noises remain 

the main limiting factors of the ultimate performance of THz 

metamaterial devices. This is particularly because many of 

these devices consist of metal-dielectric structures (e.g. 

conventional SPR sensors, nanoplasmonic structures, etc.) 

which are often exposed to measuring environments that 

generally influence the effect of adsorption and desorption 

noises and subsequently affect the overall performance of these 

devices during their operation. 

To guarantee the design performance of the THz 

metamaterial devices and minimize the influence of the noise 

on the sensors’ readout, the aforementioned types of noise 

sources and measurement interferences should be 

limited/controlled. To this end, several solutions have been 

proposed in the literature including but not limited to the 

optimization of the THz sensing systems, selection of adequate 

the metamaterial system for the intended application, design of 

adequate sensing environments, isolation of the measurement 

systems from the external noise sources, etc. [596]. Specific 

types of noises such as the noise bandwidth can also be 

eliminated by implementing state-of-the-art noise-insensitive 

designs such as the use of an auxiliary reference channel close 

to the sensor, the use of low thermo-optic dielectric materials as 

the resonance material, the use of sensors working in an 

aqueous environment, as well as the use of an increased number 

of averaging scans to eliminate false negative and/or false 

positive results [171]. There are certainly other solutions and 

design considerations that can be implemented to achieve the 

best performance of the metamaterial systems many of which 

can perform better in specific applications than others, and their 

implantation should be carefully considered based on the 

applications and the parameters surrounding the measurements 

such as the chemical properties of the target sample, required 

sensing levels/accuracy, specificity or selectivity of the sensor, 

surface functional requirements, etc. To illustrate the 

importance of sensors and material selections for specific 

applications, a few examples are worth mentioning consistent 

with the aforementioned noise sources. In Ref. [597], for 

example, Djurić et al. sought to decrease the influence of 

adsorption and desorption noise and achieve the best possible 

performance of metamaterial-based sensors and analyzed the 

effect of adsorption and desorption noise on the performance 

and efficacy of microelectromechanical systems (MEMS). 

Their results indicate that the aforementioned noise was mostly 

generated by the instantaneous variations in the adsorption and 

desorption rates of the analyte particles which caused a 

molecular contamination at the surface of the resonator and 

limited its sensing capabilities. In this particular instance, the 

above authors specifically highlighted that the analyte particles 

were continuously adsorbed onto or absorbed by the MEMS 

resonator surface, which increased the mass of the resonator 

and caused continuous fluctuations in its resonant frequency. A 

later study by Jakšić et al. [598] also analyzed the operation and 

accuracy of metamaterial-based sensors and found that their 

sensing performance was largely limited by fluctuations in their 

refractive index caused by the above-mentioned adsorption and 

desorption noise sources. To minimize this type of noise, one 

of the possible solutions is to minimize losses and scaling issues 

by using purely dielectric metamaterial systems instead of 

metal-structured metamaterial systems which exhibit higher 

losses and scaling issues [599]. 

In the design of THz metamaterial systems for spectral 

modulation applications, for example, several factors such as 

the system’s efficiency, system configuration, bandwidth, and 

the incident angle of the THz beam should be carefully 

controlled to achieve accurate sensing and testing results 

consistent with the application requirements. It is important to 

indicate that not only should a good THz absorber have a wide 

bandwidth and high absorptivity, but its structural properties 

and characteristics should also remain stable over a wide 

incident angle to accommodate slight variations in the incident 

angle of the THz beam. Additionally, a high Q-value should be 

equally envisioned to improve the sensor’s detection 

sensitivity, while the provision of wide operating bandwidth 

and insensitivity to small variations in the incident angles of the 

THz beam should be prioritized to achieve high-performance 

polarization-modulated metamaterial systems. The literature 

indicates that most of the currently available THz metamaterial 

devices suffer from issues such as the possession of a single 
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modulation function (i.e., only a few multi-functional THz 

metamaterial devices are available), complicated processing, 

and fixed shape. To achieve a highly integrated THz system, the 

development of advanced THz metamaterial systems/devices 

featuring two or more modulation functions should be 

considered. Also, although THz metamaterial-based sensors 

have been extensively demonstrated, these types of sensors may 

not provide accurate results in applications such as biomedical 

engineering where highly accurate measurement results are 

often required. As such, it is estimated that THz metamaterial-

based biosensors still require additional accuracy and 

sensitivity improvements, mainly because it is difficult to 

achieve high-resolution, or any other micro- or nano-scale 

features on the sensor’s substrates where conventional photo-

lithographic techniques are difficult to use (i.e., impossible to 

use microfabrication techniques with chemical solutions in 

conventional photo-lithographic techniques).  

It appears that the use of advanced, versatile, and fast 

fabrication techniques should be considered when 

manufacturing THz metamaterial-based biosensors to 

guarantee accurate and reliable detection and testing 

capabilities of the resulting sensors (particularly for biomedical 

science and/or biomedical engineering applications). To date, it 

has been reported that state-of-the-art THz metamaterial 

systems are currently fabricated using lithography technology, 

but this processing technology is generally complicated, costly, 

and relatively time-consuming despite its well-recognized high-

precision features. To this end, additional fabrication processes 

should be explored to provide designers with additional tools to 

achieve high-performance THz metamaterial systems at a cheap 

price and in a relatively short time. As a fast-developing and 

cheap material processing technology, additive manufacturing 

technology is currently being explored for the fabrication of 

THz metamaterial systems, and its unique advantages of 

fabricating multilayered structures are expected to bring 

additional features into the THz metamaterial community for 

novel sensing and testing applications. For example, the use of 

miniaturized wearable devices is currently developing toward 

its implementation, and not only will it be difficult to integrate 

the existing metamaterial devices with hard substrates into 

curved surface systems, but it will also be somewhat impossible 

to achieve conformal surfaces to accommodate these systems. 

To this end, it is necessary to further investigate flexible 

metamaterial devices that could be used for these types of 

applications.  

In addition to the aforementioned, accurate detection of the 

electromagnetic responses by THz metamaterial systems in the 

THz frequency range can begin a new era of THz photonics-

related applications in the implementation of safety and security 

imaging systems, remote sensing devices, etc. Apart from the 

aforementioned additive manufacturing and photolithographic 

techniques, the advent of micro- and nano-fabrication methods 

is also going to inspire new sensing and testing possibilities as 

they will enable practical implementations of different THz 

metamaterial systems and this field is already attracting a 

considerable number of researchers worldwide [600], [601]. 

Also, active THz metamaterial devices present a wide range of 

application prospects, particularly in all-optical controlled 

devices owing to their advantages of performing flexible 

functions while equally being highly reusable. However, factors 

such as inexact projection, and low modulation efficiency still 

hinder the development of efficient all-optical controlled 

metamaterial systems. As a result, it is important to devise 

strategies and methods to improve the projection accuracy of 

optical antennas and the modulation efficiency of all-optical 

controlled metasurfaces. Also, the modulation rate of active 

metamaterial systems should be optimized further to guarantee 

the adequate performance of the host THz systems. 

 

F. Summary of metamaterials-enhanced THz spectroscopy  

In summary, significant progress has been made in THz-

metamaterial sensing and NDT applications and new 

approaches have been developed to improve the THz 

spectroscopic systems’ sensing and detection capabilities for 

biological and physico-chemical substances. The literature 

survey indicates that there is continuous progress in the design 

and manufacturing of THz metamaterial systems up to the 

submicron and nanometer scales, and both new and enhanced 

properties of THz metamaterial systems are constantly being 

created while others are being uncovered. To this end, it appears 

the interdisciplinary boundary between THz metamaterial 

science and other sub-branches of THz technology, has recently 

become an overwhelmingly fertile ground for novel scientific 

discoveries and technological expansions and this justifies the 

abundance and constantly growing number of publications in 

peer-reviewed journals, academic monographs, conference 

proceedings, book chapters, industry snippets, and patents on 

THz metamaterial systems and related applications. In this 

context, substantial developments in THz metamaterial sensors 

have been made in recent years, which led to corresponding 

developments in the manufacturing of THz metamaterial-based 

components capable of detecting and evaluating structural 

information of numerous types of biological and physico-

chemical substances in regular and trace concentrations. 

Although information regarding the sensing mechanisms and 

indices of THz metamaterial systems would be valuable to 

understand the synergistic utilization of these types of devices 

in THz sensing and NDT applications, this information is 

outside the prevue of the present article and is not discussed 

herein. Instead, interested readers are advised to read Refs. [30], 

[89] for information on these particular topics. 

V. SENSING AND NDT APPLICATIONS SUCCESSES OF THZ-SI 

SYSTEMS, RELATED CHALLENGES, AND POSSIBLE SOLUTIONS 

A. Key sensing and NDT application successes of THz-SI 

The literature survey revealed that THz technology has 

experienced tremendous interest since its first emergence 

almost 30 years ago. The success of THz-SI as a useful NDT 

tool has been promoted by several factors including the 

prevalent geopolitical, ecological, and financial situations of 

different countries and research institutions around the world, 

advancements in photonics, electronics, and laser technology, 

as well as the advantageous properties of THz waves (e.g. 

biosafety, spectral fingerprints of different materials and 

substances, good penetration of non-conducting matters, high 

resolution, etc.) [14], [55]. Advances in all these fronts 

continuously intensified since the beginning of the 21st century 
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and this prompted a significant increase in THz sensing and 

NDT applications, particularly in the fields of medical 

diagnostics, chemical substance detection, and biological 

features detection followed by the physico-chemical evaluation 

of materials and structural systems in the fields of material 

science as well as the process monitoring and product quality 

evaluation in the manufacturing industry [16], [25], [298], 

[602]. In addition to classic technological advancements, the 

recent introduction of THz metamaterial systems has also 

increased the resolution and sensitivity of the THz systems and 

prompted their applications for the detection and/or 

identification of micro or even trace amount of samples or 

physico-chemical substances. 

Consistent with the aforementioned, the early prediction of 

the potential widespread usage of THz systems for the sensing 

and physico-chemical evaluation of materials and structural 

systems came true about a decade ago. In the past 5 years, in 

particular, state-of-the-art THz-SI systems for applications such 

as the evaluation and characterization of protective paints and 

coatings in automotive and marine industries [14], [262], [271], 

[283], detection of complex biomolecules in medical 

diagnostics [576], [603], as well as process analytical 

technology for quality monitoring in the pharmaceutical 

industry [288], [289] have all been registered with so many 

other systems currently being developed. The continued desire 

to use THz-SI systems for sensing and NDT applications 

complex systems and structures combined with advances in 

photonics, electronics, and computer technology also fuelled 

the development of new and efficient types of THz sources and 

detectors [1], [108], novel imaging methods and analyses of the 

measured signals [55], [66], [289], smarter THz system 

configurations [153], [577], etc. To increase the performance of 

the currently available THz systems for general-purpose 

spectroscopic and imaging applications, recent studies have 

been focusing on addressing aspects related to the acquisition 

speed of THz signals by using state-of-the-art single detectors 

with spatial light modulators and compressive imaging 

techniques or by using graphene or silicon-based technologies, 

which are inherently scalable and capable of promoting the 

development of more compact, portable and cost-effective 

THz-SI systems [116], [604]–[609]. In fact, the literature 

indicates that the fast development of graphene or silicon-based 

technologies has contributed to the development of 

contemporary THz components and devices, which 

subsequently contributed to the surge of applications of THz 

technology to new areas including biomedicine, agriculture, 

composite material, structural systems, liquid petrochemical, 

etc. In many cases, the constantly increasing performance of 

THz-SI systems and the continued discoveries of their 

spectroscopy and imaging capabilities in the detection and 

analysis of biological substances as well as the physico-

chemical evaluation of materials and structural systems have 

attracted significant attention from users in the NDT 

community seeking to optimize THz-SI systems to fit their 

measurement requirements by improving their technological 

features such as speed, configuration, performance, cost, etc. 

which are extremely important for their performance and 

strategic applications. 

In the pharmaceutical industry, for example, THz sensing is 

capable of revealing a wealth of information detailing the 

microstructure, coating thickness, and contrasts between the 

adjacent coating structures of pharmaceutical tablets and 

capsules [25], [27], [284], [285]. These applications are enabled 

by the capabilities of THz waves to penetrate through thick 

dosage form coatings and provide a full characterization 

without being affected by the scattering losses caused by the 

embedded pigments, additives, and/or air bubbles. However, it 

is noted that while THz sensing can resolve coatings greater 

than 35 µm without using complicated data processing 

methods, THz-SI systems cannot generally resolve tablets 

coatings with sharp edges or embossing nor can the devices 

fully image through the entire tablet volumes largely due to the 

types of optics used by currently available THz systems. To 

solve this issue and achieve large-scale usage and deployability 

of THz technology across the pharmaceutical industry like its 

competing near-infrared and Raman spectroscopic systems, this 

technology requires the development of faster and more reliable 

image acquisition systems with adequate laser operational 

stability, power sources, and affordability levels [55]. 

Additionally, the development of advanced signals processing 

techniques capable of overcoming the scattering losses caused 

by the sharp edges at depth should be considered to be able to 

resolve all the in-depth spectral signatures of the tablets and 

perform a 3D mapping of their chemical composition [294]. 

Also, the improvement of the currently existing waveform 

selection algorithms, as well as addressing the issue of data 

management or sampling strategies should be envisioned to 

harness the many advantages of THz sensing in the 

pharmaceutical industry [25], [302], [610]. 

In applications related to safety and security, the literature 

indicates that the initial intense thrust in these areas such as the 

detection of concealed explosives and weaponry from a 

distance was quickly diminished about a decade ago partly 

because of the anticipated “over-expectation” by the users of 

this technology [55]. This is particularly because the THz 

technology was relatively in its early stages of implementation 

with very rudimentary types of software and hardware systems 

for data acquisition and processing when it started [3], [14]. 

This was also exacerbated by the existence of the “THz Gap” 

and the extreme absorption of THz waves by polar molecules 

in the air such as moisture or humidity. As such, the likelihood 

of detecting certain types of concealed explosives either alone 

or mixed with stabilizers or accelerant agents located at a 

relatively long stand-off distance using diffused THz reflection 

(i.e., located at a few meters to a dozen meters away from the 

target [611]) was simply a stretch too far and researchers 

quickly lost interest in this types of application. This was 

particularly because of the contemporary limited power of the 

THz source and sensitivity of the THz detector, as well as the 

concealment through a combination of barriers and the length 

of the stand-off distance between the measuring device and the 

target. To this end, one of the most effective scenarios is to 

reduce the magnitude of the diffused reflectance of the THz 

spectra measured from high-energy materials and substances, 

given that these spectra are generally broad in frequency, weak, 

and tend to overlap with THz signals coming from other 

substances in the target samples thereby making their 

detectability difficult and the discrimination between the 
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different substances in the mixture almost impossible [612], 

[613]. Additionally, although THz spectroscopic information 

obtained using the coherent optical gating mechanism provides 

substantial SNR albeit using weak THz sources this 

configuration generally restricts the range of the distance over 

which accurate THz spectroscopic inspection can be achieved. 

Also, both the probe and the pump arms of the THz-SI system 

should have the same optical path lengths to ensure accurate 

measurements in the coherent detection scheme. However, the 

system implementation of this nature with large stand-off 

detection distances is utterly challenging mostly because it 

requires a precise and strict dispersion control of the ultrafast 

optical laser at its THz wave generation and detection terminals. 

As such, the detection of any highly energetic material systems 

(with spectral lines that can reach 2 THz or more) simply 

becomes impractical under the aforementioned concealment 

and stand-off measurement conditions [55]. Quite surprisingly 

though, some research groups continue with this effort to this 

day with unconvincing results still being reported [614], [615].  

To overcome the issues related to stand-off-based THz 

inspections in safety and security-related applications, current 

research efforts are constantly being orientated toward the 

development of effective remote detection tools with highly 

maneuverable robotic systems (i.e., to increase the scope of 

THz inspection in unsafe environments, confined spaces, or 

hard-to-reach areas without the need of human interventions) 

which is one of the technological by-products of THz 

sensing/NDT arising from intense developments in its industrial 

applications [48]. The success of such an endeavor is generally 

reliant on the recent development of powerful fiber-coupled 

PCA-based THz wave generators and detectors driven by 

ultrafast laser systems featuring high-performance optical 

sampling devices that are capable of acquiring more than 104 

THz spectroscopic scans per second  [124]. However, these 

types of systems also require the use of advanced signal/image 

analysis to accurately interpret the measured results and be able 

to overcome the concealment factors and counter different 

types of frequency-dependent measurement uncertainties 

introduced by numerous environmental and system operation 

factors during the measurements. Indeed, the most important 

metrics used to determine the performance of THz systems in 

security and safety screening applications are stand-off 

capability or remote maneuverability of the system as well as 

the flexibility of using advanced image/signal analysis and 

interpretation methodologies for feature extraction and 

recognition [81], [616]. Although the cost might not always be 

an issue when considering the loss of lives that might be 

involved if an explosive is to detonate in public spaces, both the 

system portability and image/signal acquisition speed are other 

important developments to be considered to ensure the practical 

feasibility of THz sensing/NDT in safety and security-related 

applications. To date, there are only a few imaging systems 

based on THz sensing/NDT for security screening applications 

worldwide, and numerous research groups worldwide are 

actively pursuing this objective to improve the sensing/NDT 

capabilities of THz systems in safety and security-related 

applications using modern THz technological advancements 

[81], [616]–[618]. 

In the biomedical field, the rapid progress in THz technology 

has enabled the development of portable and ergonomic THz-

SI systems for diagnostic and therapeutic applications [474]–

[476], [478], [479]. The extreme sensitivity of THz waves to 

the content and/or states of water molecules either as a free 

substance or bound with the body tissues provided novel 

opportunities for biomedical engineers and medical doctors 

using THz medical imaging as a diagnostic tool to apply this 

instrument in areas such as the examination of traumatic 

injuries, label-free diagnosis of benign or malignant neoplasms 

with different nosological classification and/or localization 

levels, detection of tissue viability, diagnosis of diabetes 

mellitus, as well as the therapy for certain inflammatory 

diseases and tumors/cancers [9], [479]. Also, THz waves are 

generally considered biologically safe and have a wide range of 

spectroscopic signatures for several types of biomolecules with 

potentially numerous biomedical application advantages. 

Although THz-SI systems present enormous opportunities for 

biomedical applications, numerous factors such as the lack of 

appropriate parts, the complexity of the hardware systems, 

costly hardware configurations, limited software integration, 

low power of common THz waves generators, limited 

sensitivity of THz detectors for biological samples, substantial 

water absorption levels, and low penetration depths still limit 

the high-performance imaging of THz-SI systems and 

effectively hinder the mass-market introduction of THz medical 

imaging. To put this into perspectives, THz medical imaging 

remains a novel research direction where significantly fewer 

data relating to the THz-wave-biological-tissue interactions 

have been presented, as compared to their visible and IR 

frequency ranges counterparts, which currently provide the 

most common diagnostic instruments to study and analyze the 

properties of biological tissues [55]. To this end, it is crucial to 

conduct further studies to gather enough information related to 

the optical properties of biological and molecules tissues in the 

THz frequency band and analyze the underlying physical 

effects of THz waves on these types of samples, which could 

also help researchers to identify the advantages of using THz 

medical imaging and spectroscopic systems over other types of 

medical imaging and spectroscopic systems. Although THz 

medical imaging and spectroscopic systems are highly accurate 

devices that could revolutionize the medical spectroscopy and 

imaging industry, the use of these instruments for medical 

diagnostics is still very rare, particularly because they are 

cumbersome, have less penetration capability of THz waves in 

biological samples/tissues, and are relatively expensive 

compared to other well-established medical imaging systems. 

To this end, it would be extremely beneficial to develop some 

cost-effective, high-performance, and portable THz-SI systems 

and components for biomedical applications with a special 

emphasis on the development of new THz materials to 

manufacture high-performance THz emitters and detectors as 

well as high-performance optical devices such as highly 

resistant and flexible waveguides that could be used to deliver 

THz waves to internal or hardly-accessible biological tissues 

and/or organs. In addition to the aforementioned, improving the 

spatial resolution of THz-SI systems beyond the diffraction 

limit with the performance up-to- or close-to-real-time 

inspection capabilities (i.e., which is generally required to avoid 

long hour measurements that would result in the distortion of 
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the biological samples) is highly warranted to achieve an 

effective competition of THz-SI with the existing state-of-the-

art medical spectroscopy and imaging modalities. Finally, the 

data variability observed for most of the label-free sensing 

methods for malignancy diagnosis is also observed in THz data 

obtained from the measurements of biological tissues [619]. A 

combination of THz-SI systems with other label-free imaging 

systems could be an effective method that could help THz users 

to obtain comprehensive diagnostic information on biological 

tissues as such combinations would take advantage of the 

diagnostic capabilities of different systems to provide accurate 

descriptions/characterizations of the target samples [478], 

[479], [620]. 

In the petrochemical industry, THz sensing/NDT is used to 

determine the complex optical and dielectric properties, analyze 

inter- and intramolecular interactions, investigate the molecular 

and relaxation dynamics, as well as the qualitative identification 

and quantitative analysis of petrochemical products [74], [418], 

[436], [437], [440], [446]. Although many of the tests and 

detection applications have been performed using the THz 

systems with regular THz emitters and detectors, the literature 

survey indicates recent developments have been focusing on the 

use of THz metamaterials sensing to obtain better sensitivity 

and accurate testing results [175]. To date, several research 

directions using THz technology to analyze the chemical 

compositions and contamination levels of petrochemical 

products are constantly being pursued in numerous laboratories 

and research institutions around the globe to improve the 

applicability and efficacy of THz-SI for the examination and 

detection of substances and products in the petrochemical 

industry [418]. These include but are not limited to the 

development of 2D and 3D THz imaging systems and the 

miniaturization of THz devices capable of distinguishing 

interfaces between different petroleum products in pipeline 

transportation systems. These developments also include the 

use of THz-SI systems to analyze the state and composition of 

refined petrochemicals, evaluate the chemical accessories 

and/or additive contents, inspect and characterize the different 

types of protective coatings for pipeline systems, etc. 

In the artwork conservation industry, THz-NDT is used in the 

conservation of cultural artifacts and artwork structures at 

rather a phenomenal rate, thanks to the non-contact, non-

destructive, and non-ionizing features of the THz-SI systems 

[405]. In addition to these general advantages, THz waves also 

offer other specific advantages such as the provision of 

chemical specificities or spectral fingerprints of complex 

molecules in different types of physico-chemical substances 

such as dye, ink, paints, glaze, and metal oxides found in 

gemstones and artifacts as well as considerable penetration 

capabilities for dielectric materials such as textiles, clothing, 

wood, marble, paper, bones, ivory, etc. found in artwork and 

cultural heritage structures [402], [410], [416]. Additionally, 

most THz-SI systems are surprisingly capable of performing a 

tomographic inspection of materials and structures used in the 

artwork industry, which allows users to establish accurate depth 

profiling of countless artifacts and cultural heritage structures 

in their natural states. 

 

 

B. Existing challenges and possible solutions 

Although both the hardware and software systems of THz-SI 

systems have developed rapidly since the beginning of the 21st 

century, many challenges still limit their widespread adoption 

by regular spectroscopic and imaging systems users. For 

example, factors such as the low signal/image acquisition 

speed, lack of efficient signal analysis/processing algorithms, 

limited miniaturization capabilities of current technologies 

and/or portability of THz-SI systems, limited customizability of 

THz-SI for specific applications, the cost of current state-of-

the-art THz systems are some of the many issues that require 

immediate attention from researchers and engineers to achieve 

a realistic implementation of this technique [55]. Fig. 24 depicts 

the fundamental premise behind the lingering issues related to 

the realistic implementation of  THz-SI systems and their 

subsequent sensing and NDT applications in real-world 

scenarios. 

 

 
Fig. 24: Typical technical system and software limitations of 

current THz-SI systems. The directions of the arrows indicate 

the current movements of the parameters indicated in the 

pyramid (e.g. the speed of the image acquisition mechanisms is 

increasing, the cost of the system is reducing, etc.).  

 

Although significant progress has been made in improving 

the operation of THz-SI systems in recent years, the pre-

requisite optical delay line, the inefficiency of THz laser 

sources, and the use of single-pixel detectors are the major 

factors limiting the imaging speed of THz-SI systems [621]. In 

THz-TDS systems featuring an optical delay line with a linear 

mechanical motion, for example, the best performance period 

of the aforementioned optical delay is estimated to be in the 

millisecond range [621], [622]. Interestingly, the THz signals’ 

collection rates can be significantly improved up to the 

kilohertz range by eliminating the mechanical motion of the 

delay line and replacing it with some state-of-the-art optical 

sampling methods such as asynchronous optical sampling, 

electronically controlled optical sampling, and laser cavity 

tuning [623]–[626]. To obtain better images with all useful 

features and at significantly high-resolution levels, advanced 
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THz imaging techniques viz. THz tomography and near-field 

imaging techniques have been developed [321], [322], [627]–

[629]. The former is capable of performing 3D imaging of 

specimens while the latter can provide high-resolution images 

of specimens (e.g. generally in the nanometer range) [621]. 

However, THz tomography imaging is still a slow imaging 

method that requires the development of adequate mechanisms 

to achieve simultaneous parallel measurement of pixel data, 

achieve the third dimension or corner rotation measurements of 

the specimens, etc. to reduce the data acquisition time [621], 

[629] and increase the ability to capture projected images and 

reconstruct them at a variety of angles for accurate visualization 

and presentation of the 3D map of the specimen under test 

[621]. As such, these systems already meet the requirements of 

providing fast TOF signals, the capability of running at room 

temperature, and avoiding external interference, but the 

development of fast imaging components that could facilitate 

the promotion of further breakthroughs toward the development 

of real-time THz imaging systems is still lacking. 

In terms of their cost, for example, the current state-of-the-

art THz-SI systems are considerably expensive, owing mostly 

to their expensive photonic components and high-end electronic 

systems [15], [55]. In particular, the fabrication of PCA emitters 

and detectors faces unrelenting cost-effectiveness and large-

scale production viability issues. Although low-temperature 

GaAs are the most preferred type of semiconductor material for 

the fabrication of PCA devices, the properties of this 

semiconductor material are extremely difficult to reproduce, 

even when grown under the same nominal conditions. 

Additionally, the growth of low-temperature GaAs materials 

requires must be performed in molecular-beam-epitaxy 

machines, which is an expensive method and hence not 

available on a larger scale [630]. As a result, the successful 

implementation of cost-effective compact and on-chip THz-SI 

systems will heavily rely on a substantial reduction of their 

“ticket price” and that of their modular components.  

Although THz-SI systems are highly efficient sensing and 

NDT tools, useful features are often submerged into complex 

THz datasets thereby jeopardizing the accuracy of THz 

measurements. To this end, numerous traditional and machine 

learning-based signal processing techniques have been 

developed to improve the accuracy of THz measurements []. 

However, traditional signal processing techniques generally use 

manual feature extraction methods, which are generally not 

accurate or fast enough to provide a timely analysis of the 

constantly increasing amount of THz signals under complex 

sensing and NDT application scenarios [66]. Also, while 

machine learning algorithms can address some of these issues, 

these algorithms need good-quality datasets and require an 

accurate selection of features of interest [81]. However, a 

reliable database with full consideration of environmental 

factors (e.g. temperature and humidity, etc.) is generally 

difficult to obtain, and most specimens are relatively complex 

and their material/substance constituents often have unique 

THz spectral fingerprints in the THz frequency range. To this 

end, the effective integration of intelligent THz-SI systems into 

sensing and NDT applications will heavily rely on the quality 

and representativity of the THz datasets to train and test these 

algorithms. Finally, the feature information can be easily 

covered by noise particularly for signals with low SNR levels, 

making it difficult to extract useful features during the analysis 

of the results. As such, more effective algorithms should be 

envisioned when extracting useful features from THz signals. 

In addition, the strong absorption of THz waves by polar 

substances or molecules in the air constitutes a clear hindrance 

to the widespread applications of THz sensing, and hence the 

use of dry air or liquid nitrogen to provide a measurement/test 

medium free from polar molecules is often considered. In the 

absence of dry air or liquid nitrogen, experiments can also be 

conducted under vacuum conditions to eliminate the effect of 

polar molecules in the sample housing unit of the THz system. 

Nevertheless, these types of conditions are usually not available 

on a large scale for practical applications, which limits the fast 

detection of substances and physico-chemical characterization 

of materials and structures. In addition, although THz waves 

have a relatively high penetration capability for relatively thick 

samples, their depth penetration is still limited, particularly 

when samples are concealed or overshadowed by obstacles 

containing polar liquids such as water or covered by conductive 

materials such as metals [16], [32], [55]. To this end, further 

improvements in the optimization of metamaterial structures, 

the development of newer metamaterial systems similar to 

microfluidic channels, as well as the development of newer and 

effective data processing algorithms to extract all usable 

information and achieve accurate detection and inspection 

results. Additionally, it is necessary to further reduce the cost 

of THz systems which are still relatively high compared to other 

NDT systems, increase their detection limit and imaging speed, 

and further improve their resolution and SNR levels through the 

development of new THz measuring approaches and system 

architectures.  

In addition to the aforementioned technological challenge 

that challenges, the chip-scale integration of numerous THz 

components as well as the design of compact,  rugged, efficient, 

room-temperature-operated, and portable THz-SI systems in 

tactical and/or commercial sectors are also limited and require 

considerable attention to enable the feasibility of field 

inspections/measurements in the THz frequency range [55]. 

Although numerous advancements in the design and 

manufacturing of high-performance THz optoelectronic and 

photonic devices in recent years, the resultant THz systems still 

present cumbersome modular designs. To this end, it is 

recommended that as new THz sensing and NDT modalities 

and measurement approaches continue to be developed, the 

design of compact, rugged, room-temperature-operated, and 

portable systems be considered to satisfy all levels of the THz 

sensing and NDT application scenarios. Also, information 

about their suitability and performance for different sensing and 

NDT applications should equally be made available to help 

potential users be more efficient and easily figure out the best 

practice possible to use them and achieve accurate sensing and 

testing results.  

In summary, all the aforementioned developments are 

expected to extend the applications of THz-SI systems in real-

world sensing/NDT settings and boost their acquisition by 

industries with limited budgets which cannot currently afford to 

pay even for general-purpose THz-SI systems due to their 

elevated prices. Additionally, the spectral range of currently 
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available THz-SI instruments should be extended to improve 

their spatial resolution and achieve effective NDT of materials 

and structural systems capable of detecting incipient structural 

damage and/or defects in thin film systems. Advanced signal 

and image processing methods capable of extracting and 

recognizing features from the measured signals with weak 

defect information are also required to achieve high-performing 

THz-SI systems. The penetration depth of THz waves should 

also be investigated and establish an inspection limits profile 

that could help users quickly decide when to use the THz-SI 

systems. The development of high-power THz sources, which 

can enable the inspection of thick materials, is highly warranted 

to ensure the expansion of THz-NDT in high-end engineering 

applications.  

VI. EMERGING TRENDS AND POSSIBLE BREAKTHROUGHS 

As indicated in the introduction section, the aim of this study 

is not merely to present the fundamental concept that was put 

forward by the masters of THz-SI systems and then assess its 

applicability and challenges related to their sensing and NDT 

applications, but also to extrapolate what could be its future 

scope of application, design, and implementation. To 

conceptualize the future projection of the THz technology’s 

footprints, it is important to invoke some of the masters of this 

technology. In [374], for example, De Lucia examined the 

application prospects of the sub-mm range spectroscopy and 

went on and addressed the pessimism previously expressed by 

his peers on the fading “excitement of molecular spectroscopy”. 

In most of the next frontiers and opportunities highlighted by 

the author, he rightfully indicated that spectroscopy will be a 

“useful servant” in all human scientific discoveries. The 

sentiment expressed by De Lucia is not only timelessly true for 

a discipline like molecular spectroscopy but also relevant for 

THz-SI technology. Indeed, the latter is an epic 

multidimensional spectroscopic tool with both surface and 

volume mapping capability using non-ionizing radiation. Its 

current applications are innumerable and are expected to grow 

even further. Perhaps, one of the easiest approaches to foretell 

the future of THz-SI technology would be to revisit the 

fundamentals of the science and the techniques behind its 

spectroscopy and imaging techniques as published in recent 

tutorials [58], [61], [302]. This could also be supplemented by 

some recently reported innovative concepts of THz-SI for high-

end applications such as medical diagnostics, security 

screening, and/or material science.  

Consistent with the aforementioned, the following are 

considered to be the most important emerging trends from the 

bibliography of this study. First, the fabrication of different 

diffractive, refractive, and reflective optics for THz imaging 

applications using novel technology such as 3D printing. Apart 

from the source and the detector, beam-steering optics form the 

most crucial part of an imaging arrangement for any sort of 

application. One of the reasons for the limited growth of THz-

SIT technology in the past is the lack of customizability of such 

optics because of limited options of materials and easy routes 

of fabrication. Lately, however, this limitation has been 

replaced by the liberation of ideas and concepts with the help of 

groundbreaking technologies (e.g. additive manufacturing) 

[117]–[119]. Using these toolsets and advanced computer 

modeling and graphics, high-performance THz imaging 

components are being made, literally, out of nothing but 

outstanding sheer innovation [631]–[635], and these 

developments are expected to “break the mold” of future 

applications of THz-SI in different sensing and NDT 

applications with faster image acquisition, and compact, 

portable, and economical THz-SI system configurations. 

Second, the design and implementation of THz plasmonic-

based chip-scale spectroscopic components are currently being 

explored as a potential roadmap toward the miniaturization of 

THz-SI systems [55], [116], [323]. Instead of using 

conventional operational routes (i.e., the use of frequency 

upconversion and down-conversion methods), chip-scale THz 

plasmonic devices use simple physics such as the use of tiny 

transistor gates (e.g. gates in plasmonic field-effect-transistors) 

to select the operational frequencies [55]. In plasmonic field-

effect-transistors, for example, the operational frequency 

selection process is controlled by both the density of charge 

carriers (i.e., tunable by tailoring the conductivity levels of the 

layers in the base materials) and their length (i.e., the distance 

between their source and drain layers) [636]. Interestingly, most 

2D plasmons generated in this manner are highly confined in a 

dimension scale much smaller than the diffraction limit of THz 

wavelengths, hence the possibility of miniaturizing on-chip 

sensing, frequency mixing, and modulation processes [637]. 

These advances are also expected to drive the implementation 

of THz-SI systems with an added advantage of fabrication 

scalability [604]–[609], and hopefully a reduced price tag for 

THz-SI systems [55]. Third, the fact that long-range free-space 

propagation has never been and never will be a strong suit in 

the THz frequency range, researchers are currently working to 

adapt the THz-SI technology in a “very near” range or in “near-

field” mode where the technique implementation, required 

hardware, data processing mechanisms, etc. are different from 

those of the “far-field” mode [638]–[640]. In fact, these 

implementations have recently opened up a whole new world 

of information (e.g. the visualization of the interaction between 

THz radiation and single biological cells or atoms) which 

almost defies the rules of physics and optics [641]–[643]. 

Indeed, this “near-field” spectroscopy and imaging will 

undoubtedly have far-reaching effects on the understanding of 

the fundamental behavior of substances in biology, physics, and 

chemistry. Fourth, there is also the technology merging by 

bringing together multiple orthogonal spectroscopic techniques 

in a single detection platform. This is particularly important 

because the THz-SI systems also have limited spatial 

resolutions, suggesting that merging their measurements with 

those obtained from other sensing and mapping systems 

operating in other regions of the electromagnetic spectrum such 

as Raman spectroscopy, FTIR, etc. techniques having far 

greater spatial resolution and greater sensitivity to the presence 

of trace amounts of physico-chemical substances, would 

provide adequate sensing and NDT measurements in areas such 

as biosciences, artwork conservation, etc. [619], [644], [645]. It 

is estimated that system combination or data fusion will also 

lower the cost of current THz-SI systems and increase their 

adaptability to new application areas, while equally enabling 

users to obtain accurate measurements [199]. Finally, 

exploiting mature technology by optical conversion of THz 

signal is also another area taking steam in recent years. 
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Although it has been almost 25 years since the first sets of 

spectral THz images were obtained, THz-SI systems still suffer 

from a relatively “low level” of technological and engineering 

maturity compared to systems operating the infrared- or optical 

frequency ranges. To this end, researchers are currently 

converting THz signals into infrared or optical signals, thereby 

overcoming the struggle against the limitations of current THz-

SI systems [646]–[649]. Evidence has shown that converted 

infrared or optical signals/images can easily be stored, 

transferred, or even transformed via several technological 

pathways available in those ranges. Indeed, this trend is 

considered the most out-of-the-box notion that could be the 

most effective of all the current trends in the successful 

implementation and applications of THz sensing and NDT 

devices. 

Also, the fabrication of PCA emitters and detectors faces 

unrelenting cost-effectiveness and large-scale production 

viability issues particularly because the majority of these 

devices are fabricated using low-temperature GaAs material 

whose properties are extremely difficult to reproduce (i.e., even 

when grown under the same nominal conditions) and which is 

grown in molecular-beam-epitaxy machines (i.e., an expensive 

method and not available on a larger scale) [630]. Also, both 

the relatively low radiation power and detection sensitivity of 

common PCA devices place limitations on the SNR ratio and 

operation bandwidth of the host THz-SI systems. To address 

these technical challenges, several techniques have been 

devised, and the most promising ones by leveraging the 

advantages provided by advanced techniques such as 

nanotechnology for the fabrication of PCA devices with 

nanostructures (e.g. nanoantennas, nanomaterials, plasmonic 

nanostructures, and optical nanocavities, etc.) that increase the 

interaction of the optical pump beam with the photoconductive 

semiconductor [1], [650] and the use of 3D printing technology 

to achieve (e.g. electron beam lithography, immersion UV 

lithography, nanoimprinting, soft lithography, extreme UV 

lithography, etc.) manufacture cost-effective THz PCA devices 

with higher THz power throughput and yield [117]–[119]. 

Therefore, the significant performance enhancement offered by 

various types of nanostructures combined with advanced 

nanomanufacturing techniques will pave the way for the next 

generation of low-cost, high-performance PCA emitters, and 

detectors with numerous sensing and NDT applications. 

In summary, advances in computer modeling and computer 

simulation technologies coupled with advances in additive 

manufacturing (e.g. 3D printing technology) are driving the 

design and manufacturing of on-demand THz optical 

components for high-end THz-SI systems. In particular, it is 

estimated that highly confined 2D plasmons below the 

diffraction limit of THz waves could perform on-chip THz 

sensing, frequency mixing, modulation, spectroscopy, THz 

imaging, etc. with ease of operation and fabrication scalability. 

Also, the exploitation of the near-field interaction of THz waves 

with the matter in chemical, physical, and biological systems 

opens the possibility of spectroscopic analysis and imaging of 

extreme material features such as the dynamic behaviors of 

single biological cells or atoms, which are critical for advanced 

studies in biological and material sciences. To increase the 

spatial resolution or enhance the limited sensitivity of THz-SI 

systems to amounts of samples, orthogonal spectral mapping 

technologies are currently being merged with the THz 

frequency range to produce comprehensive and rugged imaging 

platforms. Finally, the conversion of detected THz signals, 

either in IR or visible ranges is expected to unlock the 

processing and recording pathways of THz signals by relatively 

mature and economical spectroscopic and imaging 

technologies. 

VII. CONCLUDING REMARKS 

The present paper provides an updated review of the state-of-

the-art and state-of-the-practice pertinent to the utilization of 

THz technology for sensing and NDT applications in different 

types of industries and areas of research for the detection, 

evaluation, and recognition of substances across the spectrum 

of research and development all the way to process analytical 

technology, quality control, nondestructive testing, and 

structural health monitoring owing to the unique combination 

of characteristics, such as chemical specificity, dielectric 

penetrability, higher spatial resolution compared to 

microwaves, extremely low to no biological concerns in terms 

of radiation safety, etc. The literature survey indicates that THz-

SI has experienced a considerable uptake in the fields of 

biochemistry, cultural heritage conservation, safety and 

security, medical diagnostics, biosensing, industrial process 

control, material characterization and evaluation, hydration 

analysis of biological tissues, food quality control, and agri-

photonics in recent years, thanks to the developments in areas 

such as computer technology, optoelectronics, nanotechnology, 

and phononics. In fact, these developments have recently 

opened up a whole new world of extremely important 

information where the interaction between THz waves and the 

matter in chemical, physical, and biological systems (e.g. single 

biological cells, single atoms, etc.) can be easily visualized in 

ways that almost defy the rules of physics and optics. 

Although THz-SI systems have experienced steep growth in 

their fabrication, design improvements, and various sensing and 

NDT applications, the literature survey also revealed that their 

utilization continues to suffer from low image acquisition 

speed, high costs for their modular components, considerable 

footprint/size of their imaging systems, limited spectral contrast 

in the through-barrier mode, low spatial resolution (usually ~ 1 

µm), etc. Unlike other modes of commercially successful and 

mature spectroscopy and imaging technologies such as 

Fluorescence, Raman, and FTIR systems, most of the issues 

related to THz sensing and NDT are not dictated by common 

laws of optics and physics. Experts believe that this probably 

makes it difficult to establish clear operational principles, signal 

processing techniques, and measurement requirements, which 

subsequently affect the determination of unequivocal 

improvement pathways. In particular, major issues plaguing the 

sensing and NDT applications of THz-SI systems are, in most 

cases, the consequences of slow technological progress in 

implementation pathways and continuing concerns over the 

accessibility of powerful THz emitters/sources, highly sensitive 

THz detectors, and other passive and active THz optics. 

Interestingly, with the recent push towards fundamental 

material research, nanotechnology, and device manufacturing 

technology (e.g. 3D printing or additive manufacturing 
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technology), tremendous developments are continuously being 

registered with the rapid development of more efficient THz 

sources/emitters, extremely sensitive THz detectors, and 

various other types of high-performance THz components, 

which are, in most cases, driven by several radical concepts. 

Increasingly, techniques from both the electronic side and the 

photonic side of the THz frequency range are successfully being 

merged for the first time leading to emerging THz sensing and 

NDT concepts including THz topological photonics, optical 

conversion of THz signals, chip-scale THz hybrid architectures, 

etc. and these constitute a clear path toward successful 

implementation of high-end THz-SI systems, the 

miniaturization of THz-SI modular components and the 

fabrication of chip-scale and/or portable THz-SI systems. 

Additionally, traditional technological strategies of 

frequency down-conversion from the photonics side or up-

conversion from the electronics side to generate or detect THz 

signals are considered a thing of the past in these new 

developments. For example, direct digital-to-impulse 

architecture, excitation of surface and collective modes, and 

antenna-coupled heterostructures with precise nano-particle 

inclusions are some of the hallmark characteristics of these 

technological shifts. Interestingly, this type of paradigm shift in 

the technological growth of THz-SI is very crucial because it 

paves the way for the development of high-end compact, 

rugged, scalable, and energy-efficient components which are 

also reconfigurable based on the application requirements. 

Considering the past 5 years as a time scale measurement for 

these technological developments, the bibliography of this 

study indicates that even within this short period, THz-SI 

technology is already experiencing parallel growth in the THz-

SI system-level implementation, and THz-SI systems’ 

operational concepts in numerous areas of application, and this 

trend is expected to continue for years to come. To this end, it 

is perhaps not too unrealistic to foresee that THz-SI would 

certainly overcome some of the aforementioned key challenges 

given the current sensing and NDT application successes, and 

current trends in the development of high-end THz-SI systems. 
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