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Introduction

Terahertz (THz) photonics and imaging have witnessed significant advancements
in recent years, promising a wide array of applications across various scientific and
industrial domains. This field explores the electromagnetic spectrum between mi-
crowave and infrared frequencies, offering unique properties for probing materials
and enabling novel imaging techniques that are often inaccessible to other meth-
ods. The development of efficient THz sources and sensitive detectors has been a
driving force behind this progress, opening up new avenues for research and tech-
nological innovation. This paper reviews recent progress in terahertz (THz) pho-
tonics and imaging, highlighting key advancements in THz sources, detectors, and
their applications. It covers novel semiconductor and plasmonic THz emitters, effi-
cient detector designs utilizing quantumwells and bolometers, and their integration
into compact imaging systems for material characterization, security screening,
and biomedical diagnostics. The discussion emphasizes the challenges and future
directions for achieving higher power, broader bandwidth, and improved spatial
resolution in THz technologies [1]. Significant efforts have been directed towards
enhancing the capabilities of THz sources. Among these, quantum cascade lasers
(QCLs) have emerged as powerful tools for generating coherent THz radiation. The
development of tunable QCLs has been a particular focus, enabling precise control
over the emitted frequency and allowing for broadband emission, which is crucial
for spectroscopic applications and high-resolution imaging. These advancements
address existing limitations in current THz sources, paving the way for more ver-
satile THz systems. Explores the development of tunable quantum cascade lasers
(QCLs) for THz generation, focusing on techniques for achieving broadband emis-
sion and precise frequency control. This research addresses limitations in current
THz sources, offering solutions for advanced spectroscopic applications and high-
resolution imaging. The paper details the device structures and operating princi-
ples that enable wide spectral tuning ranges and improved power output, paving
the way for more versatile THz systems [2]. Simultaneously, the field has seen no-
table progress in the development of sensitive and fast THz detectors. Plasmonic
detectors, particularly those based on graphene field-effect transistors (GFETs),
have shown great promise for enhancing sensitivity and response times. The de-
sign of GFET-based THz detector arrays has enabled room-temperature operation
with high responsivity, a critical step towards creating compact and uncooled THz
imaging systems suitable for diverse industrial and security applications. This
work presents a novel plasmonic terahertz detector utilizing graphene field-effect
transistors (GFETs) for enhanced sensitivity and fast response times. The authors
detail the design of a GFET-based THz detector array and demonstrate its capa-
bility for room-temperature operation with high responsivity. This advancement is
crucial for developing compact, uncooled THz imaging systems suitable for vari-
ous industrial and security applications [3]. The application of THz time-domain

spectroscopy (THz-TDS) has proven to be a valuable technique for non-destructive
evaluation. Its ability to detect internal defects, delaminations, and material vari-
ations with high precision makes it ideal for assessing the integrity of compos-
ite materials. THz-TDS offers significant advantages over conventional imaging
techniques, especially in its sensitivity to moisture content and structural integrity,
making it highly applicable in demanding industries like aerospace and automo-
tive. Investigates the application of THz time-domain spectroscopy (THz-TDS) for
non-destructive evaluation of composite materials. The study demonstrates the
ability of THz-TDS to detect internal defects, delaminations, and material varia-
tions with high precision. The paper discusses the advantages of THz-TDS over
conventional imaging techniques, particularly its sensitivity to moisture content
and structural integrity, making it ideal for aerospace and automotive industries
[4]. In the realm of biomedical applications, THz imaging holds immense potential
for early disease detection. Compact, fiber-coupled THz imaging systems have
been developed for applications such as breast cancer detection. These systems
often integrate novel solid-state THz sources with sensitive detectors, utilizing op-
tical fibers for remote sensing, and have demonstrated high-resolution imaging of
biological tissues, offering improved safety and accessibility compared to existing
modalities. This article presents a compact, fiber-coupled THz imaging system for
breast cancer detection. The authors utilize a novel solid-state THz source and
a sensitive bolometric detector integrated with optical fibers for remote sensing.
The system achieves high-resolution imaging of biological tissues, demonstrating
potential for early cancer diagnosis with improved safety and accessibility com-
pared to existing modalities [5]. Metamaterials have also played a crucial role
in advancing THz technology, particularly in the development of absorbers and
modulators. These engineered materials offer unprecedented control over THz
radiation, enabling near-perfect absorption across broad frequency ranges and
tunable modulation capabilities. Such devices are vital for enhancing the perfor-
mance of THz communication systems, sensors, and imaging arrays, pushing the
boundaries of optical control in the THz regime. Focuses on the development of
metamaterial-based terahertz absorbers and modulators for advanced optical con-
trol. The research introduces novel designs that exhibit near-perfect absorption
across a broad THz frequency range and demonstrate tunable modulation capa-
bilities. These devices are critical for enhancing the performance of THz commu-
nication systems, sensors, and imaging arrays [6]. Advancements in microscopy
techniques have extended to the THz domain, with the development of THz near-
field microscopy. By employing nanoscale antennas, this technique can achieve
sub-wavelength resolution, enabling the imaging of fine structures with unprece-
dented detail. This approach relies on the ability of nanoantennas to enhance
the electric field at the nanoscale, opening new possibilities for nanoscale mate-
rial science and device characterization. This study presents a new approach for
THz near-field microscopy using nanoscale antennas to achieve sub-wavelength
resolution. The authors detail the fabrication and characterization of THz nanoan-
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tennas capable of enhancing the electric field at the nanoscale, enabling imag-
ing of fine structures with unprecedented detail. This technique holds promise for
nanoscale material science and device characterization [7]. Another significant
area of progress is in the generation of broadband THz radiation. Optical rectifica-
tion in nonlinear crystals is a well-established method that continues to be refined.
Research in this area focuses on exploring various nonlinear crystal materials, op-
timizing laser pulse shaping techniques, and addressing the challenges associated
with achieving high-power, ultrabroadband THz sources. These developments are
essential for enabling broadband THz spectroscopy and imaging applications that
demand wide spectral coverage. This paper reviews the progress in generating
broadband THz radiation using optical rectification in nonlinear crystals. It dis-
cusses the efficiency of various crystal materials, laser pulse shaping techniques,
and the challenges in achieving high-power, ultrabroadband THz sources. The
advancements are crucial for enabling broadband THz spectroscopy and imaging
applications requiring wide spectral coverage [8]. In the pharmaceutical industry,
THz imaging offers a non-destructive and rapid method for quality control. Novel
THz imaging techniques can assess tablet properties such as content uniformity
and polymorphic form. The ability to differentiate between various crystal forms of
a drug substance is critical for ensuring drug efficacy and safety, and THz imaging
provides a powerful tool for this purpose. Presents a novel THz imaging technique
for pharmaceutical quality control, enabling the rapid and non-destructive assess-
ment of tablet properties such as content uniformity and polymorphic form. The
study demonstrates the use of a compact THz imaging system to differentiate be-
tween various crystal forms of a drug substance, which is critical for ensuring drug
efficacy and safety [9]. Finally, efforts to improve imaging speed and reduce data
acquisition time have led to the development of THz imaging modalities based
on compressive sensing. By employing sparse reconstruction algorithms, high-
resolution THz images can be generated from significantly undersampled data.
This approach is crucial for enabling real-time THz imaging applications, such
as industrial process monitoring and dynamic biological imaging, where speed is
of paramount importance. This research develops a novel THz imaging modality
based on compressive sensing for enhanced imaging speed and reduced data ac-
quisition time. The authors propose a sparse reconstruction algorithm that allows
for the generation of high-resolution THz images from significantly undersampled
data. This approach is vital for real-time THz imaging applications, such as indus-
trial process monitoring and dynamic biological imaging [10].

Description

The review of recent progress in terahertz (THz) photonics and imaging highlights
key advancements in THz sources, detectors, and their applications. This en-
compasses novel semiconductor and plasmonic THz emitters, efficient detector
designs utilizing quantum wells and bolometers, and their integration into com-
pact imaging systems. These systems are targeted for material characteriza-
tion, security screening, and biomedical diagnostics. The discussion also ad-
dresses the ongoing challenges and future directions aimed at achieving higher
power, broader bandwidth, and improved spatial resolution in THz technologies
[1]. Significant research efforts have been dedicated to the development of tun-
able quantum cascade lasers (QCLs) for THz generation. These efforts focus
on techniques to achieve broadband emission and precise frequency control, ad-
dressing limitations in current THz sources. The aim is to provide solutions for
advanced spectroscopic applications and high-resolution imaging, with detailed
descriptions of device structures and operating principles that lead to wide spec-
tral tuning ranges and enhanced power output, thereby facilitating more versatile
THz systems [2]. A novel plasmonic terahertz detector based on graphene field-
effect transistors (GFETs) has been presented, offering enhanced sensitivity and
fast response times. The design of GFET-based THz detector arrays has been

detailed, demonstrating their capability for room-temperature operation with high
responsivity. This advancement is critical for the development of compact, un-
cooled THz imaging systems suitable for a variety of industrial and security applica-
tions, marking a significant step in detector technology [3]. The application of THz
time-domain spectroscopy (THz-TDS) for non-destructive evaluation of composite
materials is explored. The study demonstrates the high precision with which THz-
TDS can detect internal defects, delaminations, and material variations. The paper
elaborates on the advantages of THz-TDS over conventional imaging techniques,
particularly its sensitivity to moisture content and structural integrity, making it a
highly suitable method for industries such as aerospace and automotive [4]. A
compact, fiber-coupled THz imaging system designed for breast cancer detection
is presented. This system employs a novel solid-state THz source and a sensitive
bolometric detector, integrated with optical fibers for remote sensing. The system
has demonstrated high-resolution imaging of biological tissues, highlighting its po-
tential for early cancer diagnosis with improved safety and accessibility compared
to existing medical imaging modalities [5]. The development of metamaterial-
based terahertz absorbers and modulators for advanced optical control is a key
area of research. Novel designs that achieve near-perfect absorption across a
broad THz frequency range and exhibit tunable modulation capabilities have been
introduced. These devices are crucial for enhancing the performance of THz com-
munication systems, sensors, and imaging arrays, offering greater control over
THz radiation [6]. A new approach for THz near-field microscopy using nanoscale
antennas has been developed to achieve sub-wavelength resolution. The fabrica-
tion and characterization of THz nanoantennas capable of enhancing the electric
field at the nanoscale are detailed. This technique allows for the imaging of fine
structures with unprecedented detail, holding significant promise for nanoscale
material science and device characterization, pushing the limits of imaging reso-
lution [7]. Progress in generating broadband THz radiation via optical rectification
in nonlinear crystals is reviewed. The paper discusses the efficiency of various
crystal materials, laser pulse shaping techniques, and the challenges associated
with achieving high-power, ultrabroadband THz sources. These advancements are
essential for enabling broadband THz spectroscopy and imaging applications that
require wide spectral coverage, expanding the utility of THz radiation [8]. A novel
THz imaging technique for pharmaceutical quality control is presented, enabling
rapid and non-destructive assessment of tablet properties such as content unifor-
mity and polymorphic form. The study demonstrates the use of a compact THz
imaging system to differentiate between various crystal forms of a drug substance,
which is critical for ensuring drug efficacy and safety, showcasing THz imaging’s
importance in quality assurance [9]. A novel THz imaging modality based on com-
pressive sensing has been developed to enhance imaging speed and reduce data
acquisition time. The authors propose a sparse reconstruction algorithm that al-
lows for the generation of high-resolution THz images from significantly undersam-
pled data. This approach is vital for real-time THz imaging applications, such as
industrial process monitoring and dynamic biological imaging, where rapid image
acquisition is necessary [10].

Conclusion

This compilation of research highlights significant advancements in Terahertz
(THz) photonics and imaging. Key developments include improved THz sources
like tunable quantum cascade lasers and novel semiconductor/plasmonic emit-
ters, alongside highly sensitive detectors such as graphene field-effect transistors
and bolometers. Applications span material characterization, security screening,
and biomedical diagnostics, with specific focus on non-destructive evaluation of
composites, pharmaceutical quality control, and early cancer detection. Emerg-
ing technologies like metamaterial absorbers/modulators and THz near-field mi-
croscopy are pushing the boundaries of resolution and optical control. Further-
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more, techniques for high-speed imaging, such as compressive sensing, and ef-
ficient broadband THz generation via optical rectification are enabling real-time
applications and advanced spectroscopy.
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