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Terahertz imaging technology: progress and applications

Yuyuan Tian'", Xiaoyin Chen?3", Zhuocheng Zhang**', Qianze Yan®', Yiming Liu?, Chengliang Deng?, Min Wan5,
Jiang Li?®, Xiaogiuyan Zhang*®, Lu Rong¥%*, Elizaveta Tsiplakova!''?, Nikolay Petrov'*3*, Xinke Wang®*,

Liguo Zhu?*°*, Min Hu*** and Yan Zhang®*

Abstract: Terahertz imaging, operating within the 0.1-10 THz frequency range, leverages unique properties such as
non-ionizing radiation, sensitivity to polar molecules, and material-specific spectral fingerprints. This review compre-
hensively surveys major terahertz imaging modalities, highlighting significant progress and applications. Key method-
ologies, including continuous-wave holography, lensless ptychography, and computed tomography, provide quantita-
tive phase contrast and three-dimensional structural information. Notably, terahertz pulse time-domain holography
leverages the broadband nature of pulsed sources to achieve depth-resolved imaging through time-gated analysis.
The development of focal-plane and single-pixel imaging addresses challenges related to detector availability,
enabling high-speed and cost-effective systems. A major breakthrough is observed in near-field imaging, which
surpasses the diffraction limit to achieve nanoscale resolution for probing materials, biomolecules, and plasmonic
phenomena. While challenges in signal-to-noise ratio, hardware integration, and imaging speed persist, ongoing
innovations in laser sources, algorithms, and system design are driving adoption in security, biomedicine, and indus-

trial inspection.
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1 Introduction

Since the publication of the first paper on terahertz imaging
by Hu BB and Nuss MC in 1995, terahertz imaging technol-
ogy has garnered extensive attention, with numerous works
reviewing and summarizing progress in this field>”. Tera-
hertz radiation occupies the electromagnetic spectrum
between 0.1-10 THz, with wavelengths ranging from 30 pm
to 3 mm. Compared to adjacent infrared and microwave

radiation, terahertz radiation exhibits several unique proper-
ties: 1) high sensitivity to polar molecules such as water and
hydrated states, resulting in strong absorption, whereas
non-polar materials like paper and wood show minimal
absorption. This allows terahertz imaging of soft tissues to
achieve a better signal-to-noise ratio than X-rays. 2) Low
photon energy, which avoids ionization damage in biologi-
cal tissues, making it safer for biomedical imaging. 3) The
vibrational and rotational energy levels of many biological
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macromolecules fall within the terahertz band, providing
distinctive spectral fingerprints for material identification
and even isomer discrimination. 4) Time-domain spec-
troscopy based on coherent detection captures the temporal
electric field waveform of terahertz radiation. Fourier trans-
formation yields both amplitude and phase information
across frequencies, enabling determination of the sample's
refractive index and absorption coefficient without relying
on the Kramers-Kronig relations. These characteristics make
terahertz imaging a vital tool in non-destructive testing,
security screening, biomedical imaging, and cultural
heritage preservation® ..

Figure 1 presents the timeline of several terahertz imag-

ing approaches. The electronic methods for generating and
detecting continuous terahertz radiation offer excellent
stability and robustness. Using terahertz CCDs to capture
field information, holograms can be acquired through inter-
ference techniques to reconstruct complex optical field
information, or multiple measurements can be combined
with algorithms to obtain complex field data and derive 3D
information of samples. The team of Prof. Rong L at Beijing
University of Technology has summarized advances in this
field. Terahertz pulsed radiation can be generated via the
interaction of ultrafast lasers with semiconductor materials.
Employing electro-optic sampling methods, the temporal
waveform of the terahertz electric field can be acquired,
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Fig. 1 | The timeline of terahertz imaging encompasses continuous-wave terahertz digital holography'>?, terahertz ptychography*-2, terahertz computed
tomography?°-*/, terahertz focal-plane imaging®*->°, terahertz pulse time-domain holography>>-%¢, terahertz single-pixel imaging®-7¢, and terahertz near-field

imaging’’-%.
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enabling the extraction of amplitude and phase information
across frequencies, and thus obtaining the distribution of the
sample's refractive index and absorption coefficient. Prof.
Wang XK's team at Capital Normal University has reviewed
the development and applications of terahertz focal-plane
imaging technology. Applying holographic wavefront prop-
agation algorithms to the hyperspectral datasets, obtained in
the temporal domain it is possible to study spatio-temporal
dynamics of extremely short terahertz pulses. The team of
Prof. Nikolay V. Petrov from ITMO University develops and
reviewed the terahertz pulse time-domain holography. Due
to the cost-performance limitations of terahertz sources and
detectors, particularly array detectors, single-pixel imaging
methods have been developed. These techniques modulate
the terahertz optical field, use single-pixel detectors to
capture signals, and employ compressed sensing algorithms
to reconstruct images, achieving high-resolution terahertz
imaging. Prof. Zhu LG from the China Academy of Engi-
neering Physics has summarized the principles and imple-
mentation of terahertz single-pixel imaging technology and
outlined its future directions. Breaking the diffraction limit
in terahertz imaging, using near-field methods to obtain
high-resolution images of samples along with spectral infor-
mation, is highly significant for studying light-matter inter-
actions with terahertz imaging technology. Prof. Hu M's
team at the University of Electronic Science and Technol-
ogy of China (UESTC) has reviewed the progress and appli-
cations of terahertz near-field imaging. Finally, future chal-
lenges and development opportunities of terahertz imaging
technology are summarized and analyzed.

2 Continuous-wave terahertz imaging
2.1 Continuous-wave terahertz digital holography

Terahertz digital holography (TDH) imaging represents a

significant application of terahertz waves. Digital hologra-
phy involves two core processes: hologram recording and
numerical reconstruction. The recording of digital holo-
grams is accomplished by pyroelectric detector, which
record the interference fringes of object light and reference
light to generate digital holograms. Using computer-based
diffraction propagation and numerical reconstruction tech-
niques, it provides quantitative amplitude and phase infor-
mation. It features full-field imaging, non-contact scanning,
and real-time imaging, having achieved fruitful research
results in biomedical imaging, non-destructive testing, and
other fields®-%.

2.1.1 In-line digital holography

In-line digital holography, also known as Gabor holography,
features a common optical path for the reference and object
beams®. This configuration maximizes the spatial-band-
width product utilization of the detector, offering signifi-
cant advantages in terms of optical simplicity and imaging
efficiency. Continuous-wave terahertz in-line digital holog-
raphy was demonstrated using a 2.52 THz source and a
pyroelectric array detector (124 pixelx124 pixel, ~100 pm
pitch)®. This setup enabled the imaging of a patterned
sample on a dielectric substrate, achieving high-quality
amplitude reconstructions with a lateral resolution of
approximately 0.2 mm. However, these initial studies
focused solely on amplitude imaging and did not retrieve
phase information®®.

Phase retrieval is achieved through dedicated algorithms.
Most phase retrieval algorithms impose constraints on the
object plane, such as positive absorption', support
constraint®?!, spatial sparsity”’, or gradient-domain
sparsity”. In addition, advanced denoising models™ can also
serve as constraints for the object plane to achieve high-
fidelity reconstruction. Furthermore, advanced denoising
models can be integrated as object-domain constraints to
achieve high-fidelity reconstructions. Physics-enhanced

4 mm NIQE=4.09

Samplej

.35"!“\E”']“”IHHI

Fig. 2 | Reconstruction results of THz in-line digital holographic under various object-plane constraints, including object photos, amplitude distribution and
phase distribution. (a) Positive absorption. (b) Spatial sparsity. (c) Denoising models. (d) Unconstrained neural network. Figure reproduced with permission
from: (a) ref.’4, (b) ref.®2, under a Creative Commons Attribution License; (c) ref.”*, Elsevier; (d) ref.??, under a Creative Commons Attribution License.
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neural networks were also developed for phase retrieval,
requiring neither extensive training data nor explicit
constraints’?. Figure2 compares reconstruction results
obtained under various object-plane constraints.

Multi distance iterative phase retrieval algorithms resolve
phase distributions by recording intensity images at varying
sample-to-detector distances and propagating optical fields
iteratively between the object plane and multiple recording
planes. This approach addresses scenarios involving absorp-
tive samples or inhomogeneous backgrounds. Multi distance
phase retrieval was first applied to terahertz digital hologra-
phy using two systems: a 186 GHz millimeter-wave hetero-
dyne setup and a 580 GHz source-detector configuration®.
Experiments demonstrated successful amplitude and phase
reconstruction of low-contrast biological samples and metal-
lic objects by varying the detection distance. Subsequent
work compared single-plane and dual-plane reconstruction
algorithms'®. Further research implemented multi distance
recording across 27 detection planes to reconstruct phase
images in reflection mode®. To overcome detector satura-
tion from high-intensity reflections, a modified reconstruc-
tion algorithm was developed to accommodate dynamic
range limitations””. The use of disordered wavefront propa-
gation significantly improves multi-plane THz phase
retrieval by ensuring high-contrast and high-resolution
image reconstruction without the need for manual parame-
ter tuning®. An extrapolation algorithm was developed to
numerically extend the effective detector size through itera-
tive wavefield propagation between object and recording
planes®!®. This approach simultaneously retrieves object
phase information and reconstructs higher-frequency
components from digital holograms, yielding complex
amplitude distributions with enhanced lateral resolution.
This method was subsequently applied by multiple research
groups'”-1%, consistently achieving resolution improve-
ments. Due to the non-isotropic resolution of rectangular
detectors, diagonal directions exhibit superior resolution. By
rotating the detector and combining high-resolution
regions, reconstructed images with universally enhanced
resolution can be obtained'™. Beyond techniques that
broaden the frequency spectrum for resolution enhance-
ment, sub-pixel shifting!*"1®> and synthetic aperture meth-
0ds!%-1% constitute widely adopted alternative approaches.

Beyond advances in single-plane reconstruction, multi-
plane TDH introduced autofocusing algorithms that
autonomously optimized recording distances by evaluating
reconstructed image clarity. These developments enable
successful multi-planar object reconstruction through
specialized evaluation metrics!7!?!!%. Recent innovations
address multi-depth synchronization challenges through
pre-propagation diffraction decomposition for artifact
suppression, adaptive Otsu filtering, and automated target-
merged reconstruction'!!. Complementary compressed sens-
ing approaches enable twin-image suppression, multi-plane
reconstruction, and parameter optimization for continuous
samples!!2113,

2.1.2 Off-axis digital holography

Off-axis digital holography mitigates twin-image artifacts
inherent in in-line configurations by introducing a refer-
ence beam. This spatial frequency shift separates twin
images spectrally, eliminating background superposition
and enhancing image contrast. Unlike in-line holography, it
relaxes sample constraints—accommodating opaque, reflec-
tive, and three-dimensional specimens without requiring
high transparency. However, this approach imposes an
inherent resolution constraint. Transmission off-axis digital
holography was first extended to the terahertz band using a
100 GHz source and single-point detector, but suboptimal
results were obtained due to uneven beam distribution''*.
Subsequently, the imaging resolution of approximately 9
mm (31) was achieved for structured objects'>. Subsequent
systems employing 2.52 THz sources achieved 0.4 mm
lateral resolution''®, with systematic analysis of recording
parameters (distance range, reference beam mode, incident
angle)'V. Further optimization through zero-order diffrac-
tion suppression improved resolution to 0.245 mm''s. Alter-
native approaches included mirror-less off-axis digital holo-
graphic imaging using 3D-printed diffractive optics, which
enabled 0.1 THz holography without fringe processing'’,
and inverse-problem frameworks jointly reconstructing
object/reference fields via wavelet-domain sparsity regular-
ization optimized with alternating direction method of
multipliers algorithms'%.

The commercialization of miniaturized, high-power tera-
hertz quantum cascade lasers (QCLs) accelerated their adop-
tion in off-axis digital holography. In pioneering work, a 3
THz QCL system incorporating Lloyd's mirror geometry
achieved 0.28 mm lateral resolution and 0.5 rad phase accu-
racy when used to image metallic and polypropylene
samples'?!. Concurrent studies demonstrated reconstruc-
tion resolutions at 0.495 THz and 0.71 THz, achieving 3.1
cycles/smm and 4.3 cycless/mm respectively'”>. Alternative
configurations were developed, including triangular inter-
ferometric setups for transmissive/reflective samples'>® and
systems that achieved 1.7 um depth resolution in plastic/sili-
con wafer characterization'®. Hybrid in-line/off-axis
approaches leveraged off-axis reconstructions as initial
values for enhanced resolution'?!. Further innovation
applied inverse-problem reconstruction with total variation
regularization, which suppressed boundary artifacts while
improving noise/undersampling tolerance'*.

Off-axis digital holography was first integrated with
synthetic aperture techniques in the terahertz band to image
reflective specimens, achieving 200 pm lateral resolution, 6
pum axial resolution, and 0.4 rad phase accuracy’. Subse-
quent developments introduced signal separation methods
for recovering amplitude/phase distributions from obscured
objects!?®. Concurrently, novel reconstruction algorithms
employing Fourier-Hermite polynomial functions enhanced
film thickness edge definition'?, while real-time video imag-
ing methods accelerated reconstruction speeds tenfold at
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250 um resolution'?. Further innovations included sparse-
sampling hologram compression with digital mask speckle
noise suppressing, validated through metallic coin topogra-
phy detection'”, later extended via sub-pixel registration to
enable non-destructive inspection of concealed structures'*.
Figure 3 shows the results of various terahertz off-axis digi-
tal holographic reconstruction samples.

Continuous-wave terahertz off-axis digital holography
typically employs triangular configurations with beam-split-
ting optics used to separate object and reference beams. This
conventional approach suffers from differential environ-
mental disturbances (mechanical vibrations and air turbu-
lence), which compromised optical path stability. To over-
come this limitation, common-path geometries were devel-
oped. One implementation using Lloyd's mirror systemati-
cally investigated four resolution-critical parameters: object-
detector distance, source spectral bandwidth, detector pixel
pitch, and phase retrieval methodology'*!. Alternative

designs adopt Fresnel mirror interferometers where angu-
larly separated reflections generate off-axis holograms. Vali-
dation through resolution targets, biological specimens, and
polymer materials confirmed both imaging fidelity and
enhanced stability, the reconstruction results of the polymer
material are shown in Fig. 4(a)". Further innovation led to a
Fresnel total internal reflection (TIR) prism architecture,
establishing TIR-based terahertz holography. This advance-
ment enables dynamic refractive index mapping in
solid/liquid phases. The refractive index measurement
results of a soybean wax droplet are shown in Fig. 4(b),
which significantly expanding measurable sample diversity
while providing new insights into spontaneous terahertz
phenomena?.

Michelson interferometric configurations have been
implemented for phase-shift terahertz holography, where
samples undergo controlled translation while recording
sequential interference patterns. This approach achieves

Fig. 3 | Reconstruction results of terahertz off-axis digital holographic imaging, including the object image, amplitude distribution and phase distribution.
(a) Silicon sample with a checker pattern. (b) The coin. (c) Metallic resolution target. (d) Metallic bookmark. Figure reproduced with permission from:
(a) ref.8, Springer Nature; (b) ref.®, (c) ref.*?®, under a Creative Commons Attribution License; (d) ref.**°, SPIE.

e
4 mm

Fig. 4 | Reconstruction results of terahertz quasi-common-path off-axis digital holography and total internal reflection off-axis digital holography. (a) Ampli-

tude and phase distribution of the polymer material. (b) Phase and refractive index distribution of a soybean wax droplet. Figure reproduced with permis-
sion from: (a) ref.*®, Optica Publishing Group; (b) ref.?, under a Creative Commons Attribution License.
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enhanced phase accuracy and suppresses stray reflections
through complex amplitude reconstruction'*?. Concurrently,
Mach-Zehnder interferometry demonstrated high-precision
reconstruction of diverse samples including polymer plates
and silicon wafers, revealing internal stress transformations
in opaque materials'*. Phase-shift methodologies advanced
significantly with the introduction of two-step and four-step
techniques. The two-step approach doubled reconstruction
speed/contrast while reducing background noise fivefold
compared to single-hologram methods, enabling bilayer
sample imaging. The four-step technique proved superior
for phase specimen reconstruction'**. Comparative studies
established phase-shifting holography's superior practicality
and fidelity over off-axis methods when commercial tera-
hertz systems were used'**. This capability enabled real-time
near-field mapping of polymer lens antennas at 290 GHz
with ~1 Hz refresh rates, facilitating far-field pattern
estimation'*.

Terahertz dual-wavelength digital holography utilizes
distinct frequency sources for simultaneous sample imaging,
enabling precise phase retrieval of complex surface struc-
tures and steep gradients. This approach was implemented
in Michelson interferometric configurations to characterize
continuously varying surfaces in polymeric specimens'”.
Mach-Zehnder implementations further demonstrate capa-
bilities for quantitative metrology—resolving reconstruc-
tion ambiguities while enhancing resolution and suppress-
ing coherent noise—to measure physical thickness, surface
topography, and refractive index variations in metallic and
dielectric samples'?. Subsequent theoretical investigations
established fundamental limitations of wavefront recon-
struction via two-dimensional Fresnel transformation, iden-
tifying the sampling theorem as the primary constraint.
Crucially, neglecting third- and higher-order terms in the
Fresnel approximation maintains reconstruction fidelity
even at minimal propagation distances!.

2.1.3 Lensless Fourier-transform digital holography
Terahertz lensless Fourier-transform digital holography

records the spatial frequency spectrum of object waves,
enabling direct sample reconstruction through a single
inverse Fourier transform of the captured hologram without
requiring precise knowledge of the recording distance.

Figure 5 shows the schematic setup of terahertz lensless
Fourier transform digital holography®. Similar to the trian-
gular optical path commonly used in terahertz off-axis digi-
tal holography, this configuration replaced the mirror in the
reference beam with an off-axis paraboloidal mirror, align-
ing the sample and focal point in the same plane. The two
beams interfere on the detector to record the hologram.
Employing this system, a Siemens star target was imaged,
achieving a lateral resolution of approximately 346 um in the
diagonal direction. By applying sub-pixel image registration
and stitching algorithms, the effective field of view was
expanded from 18.3 mm to 44.2 mm, doubling the imaging
area. Dynamic monitoring capabilities were demonstrated
through 0.6 s interval capture of aquatic plant dehydration
over 5 minutes, revealing rapid hydro morphological
changes and providing novel insights into plant hydraulics.
Subsequent refinements introduced tilt-correction to
compensate non-parallel plane aberrations for reflective
specimen'®. Validation with metallized samples confirmed
the efficacy of reflective lensless Fourier transform terahertz
digital holography.

In summary, continuous-wave terahertz digital hologra-
phy offers distinct advantages in biomedical sensing and
non-destructive testing through non-contact, full-field
imaging, and quantitative phase retrieval. Current advance-
ments achieved submillimeter resolution (e.g., 0.1 mm in
off-axis holography) and video-rate imaging (e.g., ~1 Hz
refresh rate in phase-shifting holography), with enhanced
stability and field-of-view via synthetic aperture, sub-pixel
registration, and common-path geometries. Nevertheless,
suppressing environmental disturbances, optimizing real-
time phase retrieval algorithms, and integrating high-
throughput detectors remain critical challenges. Future
trends are expected to focus on adaptive reconstruction
driven by deep learning, efficient synergy between

Pyrocam IV

THz laser
L ]

PM2

PM3

Fig. 5 | Experimental results of terahertz lensless Fourier-transform digital holography. (a) Schematic diagram of the experimental layout. (b) Photos,
amplitude, and phase distributions of the aquatic leaf before and after dehydration. Figure reproduced with permission from ref.?, under a Creative

Commons Attribution License.
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miniaturized QCLs and array detectors, and multi-modal
integration (e.g., with tomography) for 3D dynamic moni-
toring, advancing applications in vivo diagnostics and
industrial inline inspection.

2.2 Terahertz ptychography

2.2.1 Plane-wave terahertz ptychography

Compared with other terahertz imaging technologies,
continuous wave terahertz ptychography is a lensless coher-
ent diffraction imaging method with a large field of view and
phase contrast. It can robustly retrieve the complex ampli-
tude distribution of a sample from a set of diffraction
patterns derived from overlapping sample illumination
areas. Both the probe function and the transmittance func-
tion of the sample can be retrieved separately by the
extended ptychographic iterative engine (ePIE) algorithm
without the need for a reference beam. The terahertz
ptychography system demonstrates advantages of a simple
optical path, a compact structure, and full utilization of the
spatial bandwidth product of the detector, and can perform
scanning imaging on large-size samples.

In 2018, ETH Zurich (Swiss Federal Institute of Technol-
ogy Zurich) successfully conducted the first ptychography
experiment in the terahertz band®. A lensless ptychographic
imaging system is constructed using an optically pumped
continuous-wave terahertz laser with a wavelength corre-
sponding to 3.1 THz and an area-array microbolometer.
Both simulation and experiment are performed to recon-
struct a Siemens star and a polypropylene ring, achieving a
lateral resolution of 21 and a longitudinal resolution of

0.03A, respectively. Figure 6 shows the experimental optical
path and results. In 2019, a continuous-wave terahertz
ptychographic imaging system composed of a 2.52 THz far-
infrared laser (FIRL) 295 and a Pyrocam III detector was
applied to image the forewing of a cicada®, as shown in
Fig. 7. During the process of recording diffraction informa-
tion, incorrect probe positions were found to severely affect
the reconstruction quality. A probe position correction
method based on cross-correlation registration of overlap-
ping regions of the object wavefront is employed to mini-
mize the translation error to 0.01 pixels. After correction,
the subcostal vein and the first radial vein were easily distin-
guished. The measured optical thickness of the fourth
meridian (Ry) is 9.30 yum.

Given the high penetrability of terahertz waves, which
could also be applied to multi-object-plane ptychography. In
2020, Wang DY et al. pioneered the application of multi-
object-plane ptychography in the terahertz band?. The 3D-
ePIE algorithm was utilized to reconstruct the complex
amplitude distributions of the object planes and the probe,
effectively suppressing inter-layer crosstalk. An experimen-
tal system based on a 2.52 THz FIRL 295 continuous-wave
laser and a PY-III pyroelectric area-array detector, as illus-
trated in Fig. 8(a), is employed for transmission ptychogra-
phy of a two-layer polypropylene sample. Two control
experiments are conducted with the front and rear sample
sets being (S11, S2) and (S12, S2) respectively, as shown in
Fig. 8(b). Figure 8(c) and 8(d) show the reconstructed
amplitudes of the upper and lower layers of the sample,
while Fig. 8(e) and 8(f) show their reconstructed phases. The
numerical subscripts 1 and 2 represent the experimental
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THz
beam Object

translation

Simulated
reconstructions
b 01

Experimental
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Fig. 6 | Continuous-wave terahertz ptychography. (a) Schematic experimental setup for transmission ptychography. (b, c) Simulated reconstructed:
(b1, c1) amplitude and (b2, c2) phase. Experimentally reconstructed: (b3, c3) amplitude and (b4, c4) phase. Insets show the probe (top, amplitude; bottom,
phase; left, simulation; right, experiment). Figure reproduced with permission from ref.??, Optica Publishing Group.
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Fig. 7 | Probe position correction based on overlapped object wavefront cross-correlation for continuous-wave terahertz ptychography. (a) Optical path
diagram of continuous-wave terahertz ptychography. (b) Cicada wing sample. (c—e) Terahertz ptychographic reconstruction result of the forewing of a
cicada. (f) The reconstructed probe intensity and phase with position refinement. Scale bars: 1 mm. Figure reproduced with permission from ref.?*, under a

Creative Commons Attribution License.

results of the two groups of samples (S11, S2) and (S12, S2)
respectively. The results demonstrate that for samples with
high terahertz transmittance, the phase reconstruc-
tion is more distinct. A comparison between the two
experiments reveals that when the pattern of the first-layer
sample contains more abundant detailed information, it
induced a stronger diffraction effect. Consequently, the
probe beam at the object plane where the second-layer
sample is located is significantly expanded compared to that
at the first object plane. The expansion of the probe beam
area leads to an enlargement of the illuminated region of the
second-layer object, thus resulting in a significantly larger
reconstructed area of the second-layer object compared to
the first-layer one. Additionally, the scattering effect of the

first-layer object was found to eliminate the zero-order
image in the diffraction pattern, thereby reducing the
requirement for the dynamic range of the detector in the
experiment.

Compared with terahertz transmissive ptychography,
reflective ptychography is often used for imaging the surface
of opaque samples. In 2020, Rong L et al. introduce reflec-
tive ptychography into the terahertz band*, expanding the
types of samples that can be imaged and achieving a greater
measurement depth. Figure 9(a) shows the experimental
setup for oblique-incidence reflective imaging, which adopts
a FIRL 295 light source and a bolometer detector (Microx-
cam-384i-THz, INO). The diffraction patterns are corrected
using the tilted plane correction algorithm, and then
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Fig. 8 | Multi-layered full-field phase imaging using continuous-wave terahertz ptychography. (a) Schematic diagram of the terahertz multi-object-plane ptychogra-
phy system and samples. (b) First-layer sample S11 or S12, second layer sample S2. (c, d) Show the reconstruction amplitude results with the layers set to (S11, S2)
and (512, S2) respectively. (e, f) Represent the reconstructed phase results. Figure reproduced with permission from ref.”, Optica Publishing Group.
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Fig. 9 | Terahertz reflective ptychography. (a) Experimental setup for CW-THz reflective ptychography. (b) Polish one-cent coin. (b1) The image of the illuminated
area. The profile of the cutting line is given in (b2). (c1, c2) The reconstructed amplitude and phase images without tilted plane correction. (c3, c4) The reconstructed
images after correction. (c5) The topography extracted from (c4). Figure reproduced with permission from ref.?, Optica Publishing Group.

reconstructed using the ePIE algorithm. The object is exhib-
ited in Fig. 9(b). Figure 9(c) presents the reconstruction
result after 15 iterations. Figure 9(cl) and 9(c2) show the
intensity and phase reconstructed using uncorrected diffrac-
tion patterns, respectively, with geometric distortion
observed in the intensity image. Figure 9(c3) and 9(c4)
display the reconstructed intensity and phase using

corrected diffraction patterns, respectively, where the
geometric compression is improved. The shortest width of
the number "1" is compressed from 47 pixel to 38 pixel,
which is closer to the true value. Figure 9(c5) is the 3D
topography maps extracted from Fig. 9(c4) with tilted plane
correction. By selecting the central area of the number and
its left-right symmetric areas, the average height difference is
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calculated to be (59+1) um. The depth value is not signifi-
cantly different from the actual value, verifying the feasibil-
ity of the method.

2.2.2 Spherical-wave terahertz ptychography
In ptychography, the diversity of the probe's amplitude or
phase can improve the quality of image reconstruction.
Currently, ptychographic probes in the continuous tera-
hertz waveband are generated either by-passing plane waves
through small apertures or by collimating and beam-shrink-
ing plane waves using two lenses, which results in signifi-
cant energy loss. To enhance the signal-to-noise ratio of
diffraction patterns, divergent spherical waves can be
employed as probe beams. In ptychography, the theoretical
resolution of ptychography based on a divergent spherical
wave probe is A/(2sin(6+«)), which is higher than that of the
plane wave probe (A/(2sin6)).

In 2021, Rong L et al. conducted a comparative study of

plane-wave and spherical-wave imaging on a cluster of
cladodes of asparagus fern (scientific name: Asparagus
setaceus) using divergent spherical waves?, as shown in Fig.
10. Figure 10(a) is a schematic diagram of ptychographic
imaging with divergent spherical waves. A plane wave is
focused by a lens and then diverges again at the focal point
to form spherical wave illumination. The diffraction pattern
generated when the sample is illuminated by a plane-wave
probe is presented in Fig. 10(b3). Corresponding to the same
scanning probe position, Fig. 10(b4) shows the diffraction
pattern using a divergent spherical wave as the probe. A
comparison between two figures reveals that Fig. 10(b4) has
a higher absolute intensity value and a wider distribution
range. The intensity values at the dashed positions in Fig.
10(b3) and 10(b4) are extracted, as shown in Fig. 10(b2),
where the red dashed line represents the intensity curve of
the diffraction pattern under plane-wave illumination, and
the blue solid line represents the corresponding curve under
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Asparagus setaceus; (b3) and (b4) terahertz diffraction patterns at the 13th probe position when the sample is illuminated by plane-wave and divergent spherical-
wave probes, the profile of the cutting line is given in (b2), respectively. (c, d) Reconstructed amplitudes of the sample and probe. (e, f) Their reconstructed phases.
Subscripts 1 and 2 denote plane and divergent spherical wave illumination, respectively. Scale bars: 2 mm. Figure reproduced with permission from ref.”, Elsevier.
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divergent spherical-wave illumination. Since the small aper-
ture generating the probe can transmit more energy when
the spherical wave is incident, it can be seen that the abso-
lute intensity value of the diffraction pattern under diver-
gent spherical-wave illumination is 2.8 times that under
plane-wave illumination, indicating an improvement in
energy utilization efficiency. As shown in Fig. 10(c) and
10(d) are the reconstructed amplitudes of the sample and
the probe, while Fig. 10(e) and 10(f) are the reconstructed
phases. The subscript 1 indicates illumination with a plane
wave, and 2 indicates illumination with a divergent spheri-
cal wave. It can be seen from the reconstruction results that
under the illumination of the divergent spherical wave, more
details of the sample can be distinguished with higher reso-
lution. Under divergent spherical-wave illumination, the
beam energy is scattered to a larger area of the recording
plane, which enhances the intensity distribution of high-
order diffraction information and improves the signal-to-
noise ratio of high-frequency information. In addition,
based on the ePIE algorithm, the team proposed an extrapo-
lated EE-PIE algorithm, which not only improves the resolu-

tion of the reconstructed image but also expands the effec-
tive size of the reconstructed image.

2.2.3 Terahertz ptychography with special beams as
probes

In traditional ptychography, the probe beam controls the
position and size of the light spot on the sample surface
through a small aperture. Although the divergent spherical
wave behind the aperture can be used to increase high-
frequency spatial components, the light flux in this case is
very low. Long-range diffraction-free beams (DFBs) are
similar to Airy beams behind small apertures, featuring a
main lobe with high intensity and a series of divergent side
lobes, thus making DFBs suitable as probes. The following
discussion focuses on the imaging performance of this beam
for phase samples. In 2022, Xiang FD et al.*® performed
ptychographic imaging of a phase sample using a long-
distance DFBs, where the phase object is a 5-mm-thick
polypropylene plate with three uppercase letters "THZ"
fabricated at different depths, specifically 0.75 mm for "T",
1.5 mm for "H", and 3 mm for "Z". As shown in Fig. 11(a), a

210 mm 95 mm 150 mm

{0)

Fig. 11 | Terahertz ptychography using a long-distance diffraction-free probe. (a) Schematic of terahertz transmission ptychography with long-distance
DFB. (al-a3) The sample, probe, and diffraction pattern, respectively. (b1-b4) The intensity distributions of the x-z cross-section and x-y cross-sections of
DFBs at three different z positions, respectively. (c, d) The reconstructed amplitudes of the sample and probe. (e, f) Their reconstructed phases. The
subscripts (1, 2, 3) correspond to the reconstruction results at z positions of 300 mm, 400 mm, and 500 mm, respectively. Figure reproduced with permis-

sion from ref.?%, Optica Publishing Group.
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long-distance DFBs can be generated by cascading two sets
of lens-pyramid lenses. The following discussion focuses on
the imaging performance of this beam for phase samples.
The phase object is a 5-mm-thick polypropylene plate with
three uppercase letters "THZ" fabricated at different depths,
specifically 0.75 mm for "T", 1.5 mm for "H", and 3 mm for
"Z". Figures 11(c-f) shows the reconstruction results of the
sample at z = 300 mm, 400 mm, and 500 mm, respectively?.
The quality of the reconstructed images at these three posi-
tions is almost identical, indicating that DFBs can extend the
depth of field in ptychography.

Another common type of special beam is the Pearcey
beam. In the terahertz band, there is currently no spatial
light modulator (SLM) suitable for generating Pearcey
beams. Therefore, quasi-Pearcey beams are usually gener-
ated using a parabolic slit plate and a Fourier transform
lens'*’. The parabolic slit plate is placed at the front focal
plane of the lens, where p is the parabolic parameter. The
notched depths of the letters "THZ" in the sample used by
the team are 0.57 mm, 1.14 mm, and 2.29 mm, respectively.
As shown in Fig. 12(a), in the experiment, a parabolic ampli-
tude modulation slit plate with a parameter p=0.5 was
selected. The generated Pearcy beam self-focuses at 100 mm
from the Fourier transform (FT) lens. The sample was
placed at this position for ptychographic scanning. Figure
12(b) and 12(c) shows the slit shapes under three p parame-
ters, and the x-z cross-sectional intensity distributions of the
generated Pearcy beams are presented in Fig. 12(c). The
smaller the parameter p, the shorter the distance between the
slits, and the stronger the double-slit diffraction effect, with
two bright stripes visible. The reconstruction results of the
phase sample are shown in Fig. 12(d), where both the ampli-
tude and phase can be successfully reconstructed.

Terahertz ptychography combines the characteristics of
the terahertz waveband with the large-field-of-view and
high-resolution phase reconstruction technology of
ptychography, emerging as a promising approach in label-
free in vivo medical imaging. As a computational imaging
system, it is necessary to integrate various components of
the system to enhance imaging capabilities. There is signifi-
cant room for innovation in aspects such as coded illumina-
tion, algorithm optimization, and research on bolometer
detectors. It can also be combined with deep learning to
achieve automatic system optimization and high-speed
dynamic imaging, as well as with optical coherence tomog-
raphy for depth-resolved volumetric imaging. Currently, the
pursuit of imaging technology focuses on higher speed,
higher resolution, and larger field of view. Although tera-
hertz ptychography has not garnered the same level of
research attention as ptychography in the short-wave bands
such as X-ray and extreme ultraviolet, the integration of
ptychography technology undoubtedly marks a promising
beginning, supported by the growing demand for terahertz
wave imaging in industrial and medical fields.

2.3 Terahertz computed tomography imaging

Terahertz computational tomography (THz-CT) is based on
the Fourier central slice theorem and linear propagation
model. By recording intensity data at different projection
angles and using reconstruction algorithms such as filtered
back projection, it obtains the three-dimensional absorption
coefficient distribution and internal/external structural
information of samples. Developments in devices have led to
diverse illumination modes, configurations, and algorithms,
with applications in cultural relics protection and non-
destructive testing, focusing on improving reconstruction
quality, resolution, and data efficiency.
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Fig. 12 | Terahertz ptychography using a quasi-pearcey beam as the probe. (al) Schematic of ptychography of the quasi-Pearcey beam. (a2) The ptychogra-
phy sample with the illuminating trace. (b) The parabola-slit amplitude modulated plates with different parameters p. (c) Show the x-z cross-sectional
intensity distribution of the Pearcy beam under the parameters in (b). (d) Reconstruction (d1, d2) amplitude and (d3, d4) phase of the sample and the
probe when p = 0.5 and z = 100 mm. Figure reproduced with permission from ref.'%°, under a Creative Commons Attribution License.

250009 (Page 12 of 71)


https://doi.org/10.29026/oet.2026.250009

Tian YY et al. Opto-Electron Technol 2, 250009 (2026)

https://doi.org/10.29026/0et.2026.250009

2.3.1 Methods for improving quality of reconstruction
The different reconstruction algorithms for THz-CT yield
varying results. Using a 110 GHz Gunn diode source,
comparisons of filtered back projection (FBP), simultane-
ous algebraic reconstruction technique (SART), and ordered
subset expectation maximization (OSEM) in reconstructing
nested objects confirmed terahertz's non-ionizing advantage
over X-rays for imaging fragile, unique specimens®, as
shown in Fig. 13(a). Further integrating Gaussian beam
properties, when reconstructing polymethacrylimide (PMI)
samples with embedded screws (Fig. 13(b)), OSEM coupled
with Gaussian beam modeling yielded significantly superior
accuracy over alternative algorithms!*..

Combining Gaussian beam modeling with the ordered
subsets convex (OSC) algorithm enables reconstruction of
plastic spray nozzles®, as shown in Fig. 13(c). This approach
exhibited efficient convergence even under noisy and sparse
data conditions. Meanwhile, considering the beam refrac-
tion and reflection losses on the sample surface, the
improved algebraic reconstruction technique (ART) was
employed to reconstruct the complex refractive index distri-
butions based on path-length differences and transmission
coefficients—though diffraction effects were not fully
addressed'*>. Broadband THz-CT system with single-pixel
detection implemented a ray-tracing algorithm integrated
with SART to reduce artifacts in cylindrical and cubic
samples, despite high computational demands'. Wavelet
transform-based reconstruction algorithm to image a

polystyrene cube embedded with metal screws and hollow
plastic tubes, with fewer projections, they enable faster
reconstruction without compromising visual quality'*.
Subsequently, tomography of ceramic pots using a low-
coherence broadband continuous terahertz source mini-
mized sample-induced interference and enhanced signal
intensity'*>. To mitigate reflection and refraction artifacts,
samples immersed in refractive-index-matched paraffin oil
during terahertz tomographic scans yielded reconstructions
clearly revealing interfaces between embedded needles and
the paraffin matrix, with detection of internal defects as
small as 0.5 mm in diameter!“.

Validation studies confirmed THz-CT's non-destructive
testing capabilities through Tikhonov-regularized Landwe-
ber iteration reconstructions of 3D-printed structures®, as
shown in Fig. 13(d). Further development incorporated L1-
regularized geometric forward modeling, effectively
suppressing refractive artifacts to resolve 2-5 mm defects
with defined boundaries'¥. Independent research demon-
strated broadband THz-CT (230-320 GHz) imaging of
irregular polyethylene geometries containing cylindrical
defects. The computationally efficient conjugate gradient
least squares (CGLS) method with early-stopping procedure
enabled high-fidelity reconstructions from limited datas-
ets'®s. Deep learning breakthroughs expanded neural netw-
ork applications in CT denoising. Beyond traditional
methods requiring material priors, a THz-DL-CT frame-
work integrates convolutional neural networks with

FBP and the virtual

unrolling methods

v AD-SART GD-SART

Fig. 13 | Reconstructed results obtained by different THz-CT reconstruction algorithms. (a) Russian nesting dolls. (b) PMI samples with embedded screws.
(c) Plastic spray nozzles. (d) 3D-printed letters. (e) Curved canvas. (f) Acrylonitrile butadiene styrene tube. (g) Metal rod packaged with a plastic cup. Figure
reproduced with permission from: (a) ref.?, under a Creative Commons Attribution License; (b) ref.'*!, SPIE; (c) ref.?°, (d) ref.>, (e) ref.?*>, under a Creative
Commons Attribution License; (f) ref.33, Optica Publishing Group; (g) ref.??, Springer Nature.

250009 (Page 13 of 71)


https://doi.org/10.29026/oet.2026.250009

Tian YY et al. Opto-Electron Technol 2, 250009 (2026)

https://doi.org/10.29026/0et.2026.250009

asynchronous optical sampling THz-TDS. This method
extracts material dielectric and geometric-governed time-
domain features to resolve structural information. Multi-
cycle signal accumulation autonomously encodes object
spatiotemporal characteristics, eliminating material priors®.
Advancements in reconstruction methodologies include
virtual unfolding algorithms for imaging curved specimens
(Fig. 13(e)), demonstrating applicability in cultural conser-
vation and security screening®”. Concurrently developed
total-variation gradient descent iterations reduced acquisi-
tion time while suppressing artifacts®, as shown in Fig. 13(f).
Further innovations implemented dual dictionary-learning
for sparse-data reconstruction, preserving local textures and
structural details®?, as shown in Fig. 13(g).

Non-diffracting beams, particularly Bessel beams,
enhance THz-CT through extended depth of focus. Replac-
ing Gaussian beams with Bessel illumination significantly
improves focal depth in continuous-wave systems. Given
sparse optical components in this spectral regime, terahertz
zero-order Bessel beams primarily employ axicon configura-
tions. Studies demonstrate Teflon axicons (26° base angle)
generating beams with 2.6 mm diameter and ~100 mm non-
diffracting range, yielding superior reconstruction quality'*.
Alternative implementations include 3D-printed axicons
(160° apex-angle, refractive index n=1.655, absorption coef-
ficient a=1.5 cm™) for metallic object imaging®!, and
polyethylene axicons (150° apex-angle) producing 3.7 mm
diameter beams with 40.2 mm non-diffracting distance for
foreign body detection!*2. Systematic characterization of
polytetrafluoroethylene axicons at 2.52 THz via optically
pumped lasers'>* further enabled THz-CT implementations
achieving 8 mm beam diameter with 45 mm non-diffracting
propagation®. Figure 14 shows the system diagram.
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Fig. 14 | Device diagram of the terahertz CT system based on Bezier
beams. Figure reproduced with permission from ref.>3, Optica Publishing
Group.

2.3.2 Methods for improving imaging resolution

Terahertz computed tomography resolution is governed by
transverse spot dimensions and depth of focus (DOF),
where full-width-at-half-maximum (FWHM) defines spatial

resolution. Terahertz super-oscillatory lenses (TSOLs)
enable sub-diffraction transverse focusing with extended
DOF. Phase-type TSOLs employing concentric ring arrays
achieved 1.2121 transverse spots with 19.71 DOF through
deep reactive ion etching'*’. Subsequent designs combining
vectorial angular spectrum theory and swarm optimization
reduced transverse spots to 0.671 while mitigating focus
broadening and asymmetry'®. Binary phase plates inte-
grated with conventional lenses produced 0.8) focal spots,
achieving ~0.85x Rayleigh-limited resolution'**. Amplitude-
type TSOLs fabricated via annular metal slits demonstrated
~0.51 resolution and 164 DOF—10.8x greater than tradi-
tional lenses'”’. Photosensitive resin-based phase TSOLs
attained 0.97A4 spots with 250 DOF and <15% sidelobe
ratios®. Strategic TSOLs ring-array designs enable versatile
light-field manipulation—reducing focal spots, extending
axial DOF, and suppressing sidelobes. Representative
research fabricated phase-type Fresnel lenses producing dual
focal planes (5 mm/10 mm) with 0.55 mm/0.43 mm spots
and 2.13 mm/1.55 mm DOF"%. Subsequent Fibonacci lens
implementations achieved focused planes at 6.7 mm/13.4
mm with 0.46 mm/0.55 mm spots, resolving 1.6\ features in
point-scan imaging'”. Advanced multi-step Fresnel zone
plates generated 0.43 mm spots with 20 mm non-diffracting
propagation, enabling wavelength-resolved 3D imaging via
extended-DOF fields'.

2.3.3 Methods for improving imaging speed

THz-CT data acquisition typically requires time-intensive
mechanical translation/rotation. Sparse-angle reconstruc-
tion algorithms address this by reducing projection require-
ments. Research groups combined modified SART with
Gaussian filtering and morphological processing, achieving
75% acquisition time reduction'®!. Parallel work employed
total variation iterative reconstruction, maintaining image
quality while significantly shortening acquisition time®.
Beam steering via galvanometric and rotating mirrors accel-
erates terahertz imaging beyond mechanical stage limita-
tions. Early implementations utilized cylindrical-lens THz-
TDS systems with 2D line beams, completing 36-angle
projections of centimeter-scale samples in 6 min'®%. Parallel
developments integrated aspheric f-0 lenses with 2D
galvanometric mirrors for continuous-wave scanning,
achieving 4 mm spatial resolution over 100 mm fields of
view!®, Subsequent developments using polygon-mirror
scanning combined with f-0 optics enabled capturing 250
pixelx180 pixel transmission images at 0.32 f/s (with an 80
mm/s scan speed and 2.83 mm resolution)'*’. Further
progress includes high-speed rotating mirrors for 10000
pixel acquisitions within 1 s (imaging pen caps and TPX-
particle bags)'¢>, as well as systems combining large off-axis
paraboloids with galvanometers to scan 15 mmx15 mmx34
mm polypropylene pen caps in <15 min’'. Advancements in
imaging systems included replacing single-pixel detectors
with  pyroelectric arrays to accelerate holographic
recording'®, along with developing full-field galvanometer
scanning imaging methods. These integrate f-0 lens spot
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correction and LABVIEW-controlled triangular wave
signals for ultra-stable, low-noise illumination, as shown in
Fig. 157, Such systems can image metal rods in paper
straws, with imaging speed 98% faster than traditional
point-scanning systems, and reconstructed results detailed
in Fig. 167.

In summary, terahertz computed tomography is indis-
pensable for cultural heritage preservation and non-destruc-
tive 3D inspection due to its high penetration and non-
ionizing nature. State-of-the-art techniques leverage super-
oscillatory lenses (0.51 resolution), Bessel beams for
extended depth-of-field (~100 mm), and sparse-angle recon-
struction (75% faster acquisition) to enhance quality, resolu-
tion, and efficiency, while deep learning and compressed
sensing mitigate limited projections. Challenges remain in
suppressing refractive artifacts, high-speed scanning of large
samples, and quantitative reconstruction of complex inter-
nal structures. Future directions will focus on multi-spectral
beam shaping via diffractive optics (e.g., multi-step Fresnel
zone plates), galvanometer-f-0 systems, and end-to-end

neural networks to establish dynamic multi-physics tomog-
raphy platforms, accelerating clinical pre-imaging and inte-
grated circuit inspection applications.

3 Terahertz focal-plane imaging
technology

3.1 Invention of terahertz focal-plane imaging

As an important development branch of terahertz imaging, a
terahertz focal-plane imaging technique has been widely
concerned and improved since it was proposed. In tradi-
tional terahertz imaging, the terahertz beam had to be
focused on the surface of a sample. By successively varying
the position of the sample, a series of transmitted or
reflected terahertz signals were measured to build a tera-
hertz image"'s, as shown in Fig. 17(a). The drawbacks of the
measurement scheme were apparent, including low data
acquisition speed and sampling rate. The invention of a
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terahertz electro-optic (EO) detection method provided
possibility for solving with the problems. In the method, a
terahertz field acted as a transient bias to modulate the bire-
fringence of an EO crystal via the Pockels effect'®. After
traveling through the crystal, the polarization of a
synchronous probe beam was modulated to carry the tera-
hertz information and a terahertz temporal signal was
extracted by analyzing the probe polarization. In 1996, Wu
Q et al. demonstrated the high dynamic range of the EO
detection method and firstly proposed the concept of tera-
hertz focal-plane imaging'”’. Subsequently, Wu Q et al.
achieved terahertz focal-plane imaging on the experiment
based on the EO detection method®, as shown in Fig. 17(b).
In the measurement scheme, an unfocused terahertz beam
co-propagated with a collimated probe beam to illuminate a
large-scale EO crystal. In the crystal, the two-dimensional
(2D) terahertz spatial information was loaded on the wave
front of the probe beam. Before and after the EO crystal, a
pair of cross-polarizers were utilized to remove the back-
ground intensity of the probe beam. Then, a high-perfor-
mance CCD camera was used to capture the probe beam
and extract a terahertz image. In the technique, terahertz
signals on all pixels were parallel measured, so the data
acquisition speed was greatly enhanced. When an object was
inserted into the path of the terahertz beam, its transmis-
sion terahertz image could be obtained without raster scan-
ning. In addition, the sampling rate was also significantly
increased based on the detection array of the CCD.
Undoubtedly, the invention of the technique remarkably
upgraded the practicability of terahertz imaging. Therefore,
the technique rapidly became a research hot spot in tera-
hertz imaging.

3.2 Performance enhancement of terahertz focal-
plane imaging

Although superiorities of terahertz focal-plane imaging were
significant, an intrinsic problem of the technique had to be
confronted. Unlike traditional terahertz imaging, a lock-in
amplifier could not be used to extract a terahertz signal in
the technique so that the signal-to-noise (SNR) of a tera-
hertz image is lower. To solve with the problem, Jiang ZP

et al. proposed a dynamic subtraction method in 2000%. In
the method, the output of a terahertz beam and the expo-
sure of a CCD were synchronously controlled, as shown in
Fig. 18(a). The images of the probe beam with and without
the terahertz modulation were successively captured and
their subtraction operation was implemented to remove the
long-term drift of the background intensity. Utilizing the
method, an improvement of SNR by approximately 2 orders
and a frame rate of 69 FPS were achieved. Since then,
researchers tried various methods to improve the perfor-
mances of the imaging technique and explored its applica-
tions in different fields.

In 2009, Wang XK et al. comprehensively analyzed the
spatial resolution of a terahertz focal-plane imaging system
with a quasi-near-field detection scheme*?, as shown in A
region of Fig. 18(b). In the scheme, the terahertz and probe
beams irradiated a ZnTe sensor crystal from both sides by
using a non-polarizing beam splitter (BS). An anti-reflec-
tion coating was fabricated on the right surface of the crys-
tal so that the probe beam could enter the crystal with a high
transmittance. Then, the probe beam was reflected by the
left surface of the crystal and was collinear with the tera-
hertz beam in the crystal to carry the terahertz information
via the EO detection. In this way, a sample could be
mounted close to the crystal and the terahertz beam trans-
mitted from the sample was directly measured. In the
measurement mode, the sub-wavelength probing capability
of the imaging system was fulfilled because the diffraction of
the terahertz beam was weakened as far as possible. To
further upgrade the SNR of the imaging technique, Wang
XK et al. introduced a differential detection technique in
2010%, as shown in B region of Fig. 18(b). In this work, two
cross-polarizers were replaced by a quarter wave plate
(QWP) and a Wollaston prism (WP) for extracting a tera-
hertz signal from the probe beam. The method was very
similar to a detection technique which was widely applied in
terahertz time domain spectroscopy (THz-TDS)'*'72. The
QWP was used to impart a 7/2 optical bias on the probe
beam and the WP was used to split the probe beam into two
mutually orthogonal linearly polarized beams. The two spots
were projected onto a CCD by a lens combination consisted
of L2 and L3. The terahertz modulations on the two spots
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were opposite, so a terahertz signal was extracted and ampli-
fied by 2 times by subtracting the two spots. By combining
the differential detection and dynamic subtraction methods,
the background intensity of the probe beam was more effec-
tively removed and the SNR of the imaging system was
further enhanced by approximately 4 times. In 2010, Wang
XK et al. also introduced a polarization detection function
into the imaging system*, as shown in C region of Fig. 18(b).
According to ref.'”!, a ZnTe crystal with a <110> orientation
could respond different terahertz polarization components
by adjusting the angle between its crystalline axis and the
probe polarization. Therefore, a half wave plate (HWP) and
a polarizer (P) were inserted into the path of the probe beam
to vary the probe polarization. When the probe polarization
was parallel or perpendicular to the <001> axis of the crystal,
a terahertz horizontal component (E,) was measured. When
the angle between the probe polarization and the <001> axis
of the crystal was 45°, a terahertz vertical component (E,)
was measured. Using the method, different terahertz polar-
ization images could be separately obtained without varying
the azimuth angle of the ZnTe crystal'”> and the measure-
ment accuracy of the imaging system was not influenced. By
measuring properties of a common glass, a fused quartz, and
a monocrystalline quartz, the polarization detection func-
tion of the system was demonstrated.

To further approach the resolution limitation of the imag-
ing technique, Blanchard F et al. utilized a 20 pm thick
LiNbO3 as the sensor crystal to achieve a 14 um resolution
for a center frequency at 0.7 THz (corresponding to A/30)%,
as shown in Fig. 18(c). In this way, the diffraction of a tera-
hertz wave could be substantially avoided in the crystal. Of
course, the method caused a small EO response due to the
very thin EO crystal. To ensure enough SNR, the terahertz
radiation was generated by the optical rectification in a
LiNbO3 prism with titled-pulse-front excitation'”*. Utilizing
the system, an electric field enhancement effect of a metallic
dipole antenna was clearly characterized after the excitation
of an intense terahertz pulse. In 2016, Blanchard F et al.
improved the performances of the system to a greater
extent'”>. They utilized a 1 um thick LiNbOs3 as the sensor
crystal to more effectively acquire the terahertz near-field
information. In addition, 842 nm and 776 nm shortpass
filters were placed before and after the sensor crystal on the
path of the probe beam. In this way, they selected probe
photons that contributed to a terahertz signal and
suppressed the noise. By using the method, a 5 um resolu-
tion was achieved and the effective frequency range could
reach from 100 GHz to 4 THz. By characterizing the morp-
hology of a gold Sierpinski fractal antenna, the probing
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capability of the system was fully demonstrated.

In general terahertz systems, a ZnTe or GaP crystal with a
<110> orientation was commonly used in terahertz genera-
tion and detection. With the maturation of the EO detec-
tion technique, researchers realized that the EO crystal with
a <100> orientation could respond a longitudinal compo-
nent (E;) of a terahertz field. Utilizing the property, a <100>
ZnTe or GaP crystal could be used to coherently measure E,
for a terahertz converging field in free-space'” or a tera-
hertz surface plasmon wave on a metallic sub-wavelength
structure'”. In 2014, Wang XK et al. introduced a <100>
ZnTe crystal into a terahertz focal-plane imaging system to
measure E; components of terahertz converging fields with
different polarizations'’®. E, with a linear polarization (LP)
presented a dipole-like distribution, while E, with circular
and cylindrical vortex polarizations showed annular ampli-
tude and vortex phase patterns. This work further strength-
ened the acquisition ability of the imaging system for the
terahertz polarization information and provided more appli-
cation possibilities for the technique. So far, the terahertz
focal-plane imaging technique possessed powerful probing
capabilities, which ensured sufficient SNR and resolution as
well as enabled the acquisition of different polarization
information.

Notably, Yasuda T et al. proposed a novel terahertz line
scan imaging system based on a spatio-temporal EO detec-
tion method in 2006, which was similar to terahertz focal-
plane imaging. As shown in Fig. 18(d), a terahertz beam was
first line focused on a sample surface in the system. The tera-
hertz focal line reflected by the sample was imaged by a
biconvex terahertz lens onto a <110> ZnTe; crystal. Then, a
probe beam was incident on the crystal at a crossed angle 6.
The non-collinear overlapping of the terahertz and probe
beams enabled that the terahertz fields at different time
delays were translated into different spatial positions across
the transverse profile of the probe beam. It meant that a 2D
spatio-temporal terahertz image was loaded on the probe
wave front, in which the terahertz temporal signal and the
terahertz one-dimensional (1D) transverse distribution
could be separately extracted from the horizontal and verti-
cal profiles of the probe beam. Finally, a CCD was used to
capture the probe beam and two cross-polarizers was used to
extract the terahertz information. In the scheme, the high-
speed single-shot measurement of a terahertz temporal
signal was fulfilled so that the technique could be readily
applied to fast scan a moving object. Using the technique,
the research group achieved diagnosing of crystallinity for a
human dental tissue'”” and a fast three-dimensional (3D)
computed tomography for a gelatin soluble capsule'®. It
could be said that the technique provided a new insight for
the development of terahertz focal-plane imaging.

3.3 Applications of terahertz focal-plane imaging
technology

3.3.1 Characterization of terahertz wave fronts
By virtue of the advantages of terahertz focal-plane imaging,

many applications have been explored in various fields. An
immediate application was to observe the wave front distri-
bution of a terahertz diffraction field in free-space. In 1999,
Jiang ZP et al. firstly used the imaging technique to charac-
terize the spatio-temporal distribution of a focusing tera-
hertz beam'®. The terahertz main spot with the time delay of
t=0 presented a Gaussian-like pattern on the focal-plane, as
shown in Fig. 19(al). Simultaneously, the terahertz spot
showed varying ring structures with increasing the time
delay. A spatio-temporal pattern of a terahertz field was
extracted on the x-t plane, which exhibited a typical X-
shape, as shown in Fig. 19(a2). The spatio-temporal prop-
erty of the terahertz field was also exactly simulated by using
a propagation equation. This work gave a direct observation
of a terahertz wave front so that researchers could more
intuitively analyze propagation features of a terahertz wave.
From 2016 to 2018, the diffraction processes of various
terahertz special beams were comprehensively measured and
analyzed by using the imaging technique, such as terahertz
vortex, Bessel, and bottle beams**~*. In 2016, Wang XK et al.
generated a converging terahertz vortex beam with a circu-
lar polarization by using a terahertz spiral phase plate and a
terahertz QWP as well as characterized its vectorial field
distributions®. Figure 19(b) shows Ex and E, at 0.62 THz for
a right-hand circularly polarized terahertz vortex beam with
the topological charge of I=1 on the focal-plane. The E,
amplitude exhibited a typical doughnut shape due to the
central phase singularity, as shown in Fig. 19(b1). The E,
phase presented an expected spiral pattern which monotoni-
cally increased along the azimuthal direction, as shown in
Fig. 19(b3). Interestingly, the E, amplitude exhibited a main
focal spot and weak annular side-lobes; the E, phase
contained several concentric annular patterns, as shown in
Fig. 19(b2) and 19(b4). The phenomena were very similar to
those of a radially polarized beam, which was formed
through the interference between orbital angular momen-
tum (OAM) and spin angular momentum (SAM) of a tera-
hertz photon'®!. Using a modified Richards-Wolf vector
integration algorithm, the propagation features of E; was
accurately simulated. In 2017, Wu Z et al. used a Teflon
axicon to generate a linearly polarized terahertz Bessel beam
and measured its non-diffractive feature by applying the
imaging technique?. Figure 19(cl) and 19(c2) give the
amplitude distributions of E, at 0.6 THz on the x-y and y-z
planes. The terahertz field presented a central main peak and
concentric ring side-lobes. Notably, the terahertz field
showed a propagation invariance in the range of 24 mm.
The size of the main peak was almost fixed in the diffrac-
tion-free region. The corresponding phase patterns of Ej
were also acquired on the transverse and longitudinal cross-
sections, as shown in Fig. 19(c3) and 19(c4). The phase was
composed of several concentric circles and a phase jump of
n occurred on the interface between adjacent circles. In the
diffraction-free region, the phase always kept a flan plane
around the optical axis, which ensured that the terahertz
field consistently maintained the constructive interference
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Fig. 19 | Characterization of terahertz wave fronts. (a) A focusing terahertz Gaussian beam. (al) Tearahertz spot on the focal plane. (a2) Terahertz spatio-
temporal distribution on the x-t plane. (b) A circularly polarized terahertz vortex beam. (b1, b2) The amplitude distributions of E, and E,. (b3, b4) The corre-
sponding phase patterns. (c) A terahertz Bessel beam. (c1, c2) The amplitude distributions of E, on the x-y and y-z planes. (c3, c4) The corresponding phase
patterns. (d) A terahertz bottle beam. (d1-d3) The amplitude distributions of E, on the x-y plane at z=-4.5 mm, 0 mm, 4.5 mm. (d4) The longitudinal ampli-
tude cross-section of E, on the x-z plane. Figure reproduced with permission from: (a) ref.’®, (b) ref.*s, (c) ref.*’, (d) ref.”¢, under a Creative Commons Attri-

bution License.

during propagation. The special phase distribution caused
the non-diffractive feature of the terahertz Bessel beam. In
2018, Li HT et al. employed a combination of a Teflon
axicon and a silicon lens to generate a terahertz bottle beam
with a x-LP and observed its evolution by using the imaging
technique®. Figure 19(d4) exhibits the longitudinal ampli-
tude cross-section of Ey at 0.75 THz on the x-z plane. Obvi-
ously, both front and back parts of the terahertz bottle beam
presented a main focal spot. However, a dark focus was
formed at the central part of the terahertz bottle beam at z=0
mm. The 2D amplitude transverse distributions of Ey were
extracted at z=—4.5 mm, 0 mm, and 4.5 mm, as shown in
Fig. 19(d1-d3). Both amplitude images at z=—4.5 mm and
4.5 mm presented a circular central main spot and annular
side-lobes, which was analogous to a Bessel-like beam. The
amplitude image at z=0 mm exhibited a central dark focus
surrounded by a uniform optical barrier. Overall, the tera-
hertz bottle beam formed a 3D optical potential well. The
diffraction features of these terahertz special beams were
very valuable for particle acceleration'®, terahertz communi-
cations'®, terahertz imaging?®, and so on. The imaging tech-
nique provided a powerful platform for characterizing tera-
hertz special beams. Besides, the wave front measurement
function of the imaging technique could be also applied in
other fields. For instance, a Gouy phase shift of a converg-
ing terahertz beam could be measured and analyzed'*

distinctive patterns of E, components could be coherently
measured for terahertz fields with different polarizations,
which were used to extract the corresponding terahertz
polarization states'®>; an adaptive correction of geometrical
aberrations on a terahertz beam could be fulfilled by
combining the imaging technique and a deformable
mirror'®s,

3.3.2 Function verification of terahertz metasurfaces

As one of mainstream development directions for advanced
optics, a metasurface device has attracted tremendous atten-
tions since it was firstly proposed'*’. By properly designing
and arranging sub-wavelength unit cells, metasurfaces could
be used to arbitrarily control all features of a light wave. This
kind of devices could possess multi-functions and only had
light weight so that the miniaturization and integration of an
optical system become possibility. In 2013, Hu D et al. firstly
introduced metasurfaces into the terahertz field and
achieved terahertz imaging and holography by using meta-
surfaces with a 100 nm thickness (1/4000" of the wave-
length of the illuminating light)!®. Since then, a large
number of terahertz metasurfaces has been developed and
the terahertz focal-plane imaging supplied an important
means for function verification of these devices. For
instance, Wang B et al. adopted a simulated annealing algo-
rithm to design a dual-color terahertz metasurface
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hologram in 2016'¥, as shown in Fig. 20(a). Hologram
patterns of two letters "C" and "N" were separately loaded on
terahertz wave fronts at 0.5 THz and 0.63 THz based on the
device and its wavelength de-multiplexing function was
characterized by the imaging technique. In 2018, Zhao H et
al. developed an OAM multiplexing and de-multiplexing
terahertz metasurface'®. Utilizing the device, four focused
phase vortex beams with different topological charges and
propagation directions were generated under an incident
terahertz Gaussian beam, as shown in Fig. 20(b). In addi-
tion, only one corresponding channel was recognized on the
focal-plane when each of the individual vortex beams was
incident on the devicee The OAM multiplexing and de-
multiplexing functions of the device was clearly demon-
strated by the imaging technique. It was possible that the
information transmission capability of terahertz communi-
cations was enhanced based on the device. In 2018, Guo JY
et al. designed a terahertz meta-surface composed of cross-
antennas to simultaneously modulate the amplitude, phase,
and polarization of a terahertz field"!. Based on the device, a
terahertz Lorentz beam with a radial or angular polarization
was formed with a right- or left-hand circularly polarized

terahertz incident beam, as shown in Fig. 20(c). Using the
imaging technique, different polarization components of
terahertz Lorentz beams were accurately measured and
distinctive responses of the device to different polarized inci-
dent lights were validated. In 2022, Li JT et al. developed a
silicon-based terahertz meta-lens using dynamic phase to
realize single-hand circular polarization conversion®. After
passing through the device, a linearly polarized terahertz
wave could be completely converted into a single-hand
circular polarization. Furthermore, switching among LP,
left-hand, and right-hand circular polarizations (LCP and
RCP) could be readily manipulated by rotating the device
with +45° and +90°, as shown in Fig. 20(d). Besides, a
reversible polarization conversion was also achieved by the
same device. When a terahertz wave with a single-hand
circular polarization passed through the device, it could be
completely converted into LP. It was possible that the meta-
lens was used in advanced terahertz camera for polarization
imaging. In 2023, Zhao H et al. designed a tri-layer tera-
hertz meta-surface for multi-channel polarization genera-
tion and phase modulation®. Utilizing the modulation func-
tion of the device, a vectorial hologram with eight channels

Rotating metalens with 0°, +45° and +90°,
respectivelymr".

incident

Ay pump '

RCPTHZ &

LCP incident
Metasurface

Fig. 20 | Function verification of terahertz meta-surfaces. (a) Multi-color metasurface hologram. (b) OAM multiplexing and de-multiplexing terahertz meta-
surface. (c) Metasurface for generating a terahertz Lorentz beam with a radial or angular polarization. (d) Silicon-based terahertz metalens for single-hand
circular polarization conversion. (e) Tri-layer terahertz metasurface for multi-channel polarization generation and phase modulation. (f) Pump-wavelength
sensitive spatiotemporally tailored terahertz metadevice. (g) Meta-surface for generating a spatially structured light beam with continually changing polar-
ization along an arbitrary transmission trajectory. Figure reproduced with permission from: (a) ref.’*>, under a Creative Commons Attribution License;
(b) ref.’*, American Chemical Society; (c) ref.*!, John Wiley and Sons; (d) ref.*’, (e) ref.>°, under a Creative Commons Attribution License; (f) ref.>!, John

Wiley and Sons; (g) ref.>?, under a Creative Commons Attribution License.
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(digits "1"-"8") for different LP states was realized, as shown
in Fig. 20(e). The information in a specific channel could be
hid via the selection of the polarization state to be detected.
Moreover, the working efficiency of the device approxi-
mately approached 80%. The device opened up a new way
for terahertz communications and information security. In
2024, Wang GC et al. proposed a pump-wavelength sensi-
tive spatiotemporally tailored terahertz meta-device by inte-
grating a meta-surface and 2D perovskites films with differ-
ent bandgaps®'. The wave front of the incident terahertz field
could be spatially modulated by the metasurface and the
transmission of the terahertz beam could be temporally
controlled by optical excited 2D perovskites films. In this
scheme, dynamic switching of a terahertz multi-focal lens
and a dynamic display of holographic characters were exper-
imentally realized by properly selecting a pumping wave-
length, as shown in Fig. 20(f). This work provided a new
pathway for designing more complex dynamic metadevices.
In 2024, Nan T et al. developed a tri-layer metallic metasur-
face to generate a spatially structured terahertz beam with
continually varying polarization along an arbitrary propaga-
tion trajectory®>. With the metasurface, the phase and polar-
ization of an incident terahertz field were properly modu-
lated by ingeniously arranging the geometric characteristics
of each layer structure. In this way, two terahertz structured
beams with varying polarization states along a spatial helical
transmission trajectory were formed, as shown in Fig. 20(g).
A terahertz beam showed continuous variation from 15° LP
to 75° LP, while other beam underwent transitions from 15°
LP to RCP and then back to 75° LP. This work opened up
new possibilities for creating customized spatial structured
beams. Overall, marvelous functions of these meta-surfaces
could be accurately and comprehensively characterized by
the imaging technique. Besides, terahertz surface waves
(TSWs) excited on sub-wavelength surface plasmonic
devices (SPDs) could be also measured by the imaging tech-
nique. In 2016, Wang XK et al. generated TSWs by using
rectangular and semi-circular slits and observed their
temporal variations by using the imaging technique®. In
2019, Li HT et al. combined a Bessel-like terahertz beam and
a metallic semi-circular slit to realize a terahertz surface
plasmon light capsule. Utilizing the imaging technique, the
spatial distribution and potential applications of the TSW
was measured and analyzed”. The imaging technique
supplied an effective characterization platform for develop-
ing integrated terahertz photonic circuits.

3.3.3 Spectral imaging of chemical substances and
biological tissues

In terahertz focal-plane imaging, a terahertz signal could be
extracted on each pixel and terahertz spectral images at
different frequencies could be readily obtained by operating
the Fourier transformation. It meant that the imaging tech-
nique possessed a spectral measurement function which was
almost the same as that of THz-TDS. Taking advantage of
the function, spatial patterns of chemical substances with
different absorption features could be accurately identified.

In 2005, Usami M et al. used a transmission-type terahertz
focal-plane imaging system to measure three pellets made
from polyethylene powder with salicylic acid (concentration
of 70%), biotin (40%), and glucose (30%)'*. Figure 21(al)
gives the schematic diagram of these pellets. Absorption
images of the samples at 1.11 THz, 1.29 THz, and 1.44 THz
were acquired, as shown in Figs. 21(a2-a4). It could be seen
that the spatial patterns of three chemicals were clearly sepa-
rated based on their characteristic absorptions. In 2006,
Zhong H et al. applied a reflective terahertz focal imaging
system to measure five chemicals, including 2,4-DNT, Theo-
phylline, RDX, Glutamic Acid, and glass'**. Figure 21(b1)
and 21(b2) give the optical configuration of the imaging
system and the pictures of five samples, respectively. Using
the system, reflective spectroscopic imaging of five samples
were fulfilled at a standoff measurement distance of 0.4 m.
Figure 21(b3) exhibits the absorption images of the samples
at 0.82 THz, 0.96 THz, 1.08 THz, and 1.21 THz. Based on
their absorption discrepancies, the classification of the
samples was achieved with an accuracy rate above 80% by
using minimum distance classifier and neural network
methods. In 2011, Yasuda T et al. proposed a fast frequency-
resolved terahertz focal-plane imaging technique to reduce
the time consumption to a certain degree!*. Using the tech-
nique, two spectral images of a target at different frequen-
cies were rapidly obtained in 1 min and three kinds of drugs
(L-histidine, CBZ3, and maltose) were successfully distin-
guished. In 2024, Li C et al. developed an imaging-based
pixelated meta-material sensor to achieve the detection of
terahertz molecular fingerprint spectra of analytes by
combining with a terahertz focal-plane imaging system®, as
shown in Fig. 21(cl). The sensor contained 4 x 4 pixelated
array filters with transmission resonances tuned to discrete
frequencies. Figure 21(c2) shows the transmission spectra of
the meta-pixels without an analyte. The insets presented the
transmission images of the device at four specific frequen-
cies. A high transmission intensity marked the excitation of
a corresponding meta-pixel in a specific spatial location. In
this way, the interaction between an analyte and a localized
terahertz field on the device was effectively strengthened.
The absorption spectrum of a L-tyrosine sample was
measured by using the technique, as shown in Fig. 21(c3).
This work was beneficial to terahertz trace detection. In
general, the spectral measurement function of the imaging
technique was very valuable for security inspection, food
and pharmaceutical quality controlling.

The spectral measurement function of terahertz focal-
plane imaging could be also applied in biological sensing
due to sensitive responses of the terahertz radiation to water
content and different tissue structures. In 2017, Guo LH et
al. measured natural dehydration processes of three types of
animal tissues by adopting the imaging technique'®. The left
part of Fig. 22(a) shows the photos of the samples, including
cattle, mutton, and pork. The right part of Fig. 22(a)
presents the absorption images of the samples at 0.56 THz
with dehydration time of 0 min, 40 min, 80 min, 120 min,
160 min, and 1 day. From experimental results, it could be
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Fig. 21 | Identification of chemical substances. (a) Measurement of three pellets made from polyethylene powder with salicylic acid, biotin, and glucose.
(al) Schematic diagram of three samples. (a2-a4) Absorption images of the samples at 1.11 THz, 1.29 THz, and 1.44 THz. (b) Identification of 2,4-DNT,
Theophylline, RDX, glutamic acid, and glass. (b1) Terahertz focal-plane imaging system in reflection geometry. (b2) Optical pictures of five samples.
(b3) Absorption images of five samples at 0.82 THz, 0.96 THz, 1.08 THz, and 1.21 THz. (c) Imaging-based pixelated terahertz metamaterial sensor. (c1) Tera-
hertz focal-plane imaging system combining with the sensor. (c2) Transmission spectra of the meta-pixels without an analyte, the insets showed the trans-

mission images of the device at four specific frequencies. (c3) Absorption spectrum of a L-tyrosine sample measured by the technique. Figure reproduced
with permission from: (a) ref.**3, AIP Publishing; (b) ref.’*, (c) ref.>3, under a Creative Commons Attribution License.

seen that all of adipose tissues showed weaker absorption to
the terahertz radiation than muscle tissues. During dehydra-
tion, adipose tissues presented the remarkable loss of water
content on a large area. Simultaneously, the cattle and
mutton muscle tissues exhibited an overall dehydration
phenomenon after 160 min; the porcine tissues showed a
significant decline of terahertz absorption after 1 day. This
work successfully characterized different water-holding
capacities of adipose and muscle tissues in various animal
bodies. In 2023, Yang SX et al. used a terahertz focal-plane
near-field imaging technique to fulfill the measurement of
oral tissues with a resolution of 1/10 at 1 THz*. The left
column of Fig. 22(b) shows the histopathological images of
test tissues, including (D normal epithelial tissue, ) connec-
tive tissue, 3 muscle fiber, @ tongue squamous cell carci-
nomas, and &) tongue muscle tissue. The middle and right
columns of Fig. 22(b) exhibit the refractive-index and
absorption-coefficient images of the samples at 1 THz.
According to imaging results, the refractive index of loose
connective tissue was lower than that of epithelial tissue and
muscle fiber; the absorption coefficient of cancerous epithe-
lial tissue was higher than that of normal epithelial tissue
due to different water content; the muscle tissues sliced
transversely and longitudinally showed different refractive
indexes. This work demonstrated that the imaging tech-
nique could identify not only biological tissues with differ-
ent components, but also normal and cancerous tissues as

well as similar tissues with different slice directions. Based
on these reports, it could be expected that the imaging tech-
nique was applied in the field of biomedicine, especially
tumor diagnosis and surgery.

3.4 Other related technologies

Along with the development of terahertz focal-plane imag-
ing, other similar imaging techniques were also proposed
and applied in different fields. In 2003, Feurer T et al. adop-
ted a pump-probe imaging technique to generate terahertz-
frequency lattice vibrational waves in a 2 mm thick LiTaOs;
crystal and observe the spatial-temporal evolution of the
terahertz phonon-polariton waves'”’, as shown in Fig. 23(a).
In this work, the LiTaOj; crystal was excited by a shaped
femto-second laser with an 800 nm wavelength and a series
of terahertz phonon-polariton wavelets were generated with
different spatial locations and time delays in the crystal.
Constructive and destructive interferences between the tera-
hertz wavelets were clearly recorded by using a synchronous
probe laser with a 400 nm wavelength and a high-perfor-
mance CCD. This work pointed toward a potential applica-
tion for programmable controlling of phonon-polaritons
into integrated terahertz waveguides. Following that, Wu Q
and Werley CA et al. separately attempted different imaging
methods to enhance the measurement sensitivity, including
Talbot imaging, phase contrast imaging, Sagnac imaging,
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Fig. 22 | Measurement of biological tissues. (a) Measurement of natural dehydration processes for different animal tissues, including cattle, mutton, and

pork. The left part were the photos of samples; the right parts showed the absorption images at 0.56 THz with dehydration time of 0 min, 40 min, 80 min,

120 min, 160 min, and 1 day. (b) Imaging of oral tissues. The left column were histopathological images; the middle and right columns were the refractive-

index and absorption-coefficient images at 1 THz. Test tissues contained: @ normal epithelial tissue, @ connective tissue, @ muscle fiber, @ tongue
squamous cell carcinomas, and @ tongue muscle tissue. Figure reproduced with permission from: (a) ref.’?®, Optica Publishing Group; (b) ref.>*, American

Physical Society.

and polarization gating!*-1°.

A photo-conductive antenna was a traditional device for
terahertz detection, which has been widely applied in
commercial terahertz systems. In 2008, Pradarutti B et al.
fabricated a terahertz photo-conductive antenna array with
16-channels and fulfill the terahertz detection by combining
with a micro-lens array*. Figure 23(b) gives the optical
configuration of the terahertz system and the inset shows the
photo of the antenna array. In this way, a terahertz focal line
was measured and 16 THz temporal signals on the focal line
were simultaneously extracted by a multi-channel Lock-in
amplifier. This work opened up a new path for fast terahertz
imaging. In 2024, Li XR et al. developed a 2D array detector
consisted of 0.3 million plasmonic photo-conductive nano-
antennas to realize a 1000-fold increase in terahertz imaging
speed®”. Utilizing the device, terahertz imaging with pixel
super-resolution was fulfilled by combining with a convolu-
tional neural network algorithm. Taking advantage of the
technique, etched patterns in a silicon substrate and defects
in battery electrodes were exactly measured and recon-
structed. This technique provided possibility for the realiza-
tion of terahertz imaging with a large number of pixels, large
field of view, high SNR, high bandwidth, and fast data
acquisition.

In 2022, Tamaki R et al. introduced an echelon mirror
into a focal-plane imaging system to fulfill single-shot THz-
TDS and measured the dynamics of electrons and ions emitted
from a target material during laser ablation®!. Figure 23(c)
gives the schematic diagram of the system. In the path of the
pump beam, electrons were emitted from the sample surface
under the photoexcitation with an ultrashort laser so that
the transient dipole moment was formed and the resultant
macroscopic polarization radiated a terahertz wave, as sho-
wn in the inset of Fig. 23(c). Then, an echelon mirror was

used to introduce a staircase-shaped wave front in the probe
path and the single-shot acquisition of the terahertz wave-
form was realized by using differential detection and phase
offset methods. Utilizing the technique, the abrupt varia-
tions in the amplitude and carrier-envelope phase of the
terahertz waveform were accurately measured and analyzed
at the ablation threshold. The technique supplied an impor-
tant diagnostic tool for monitoring the ultrafast laser abla-
tion process. In 2023, Dong JL et al. developed a single-shot
ultrafast terahertz photography system to capture multiple
frames of a complex ultrafast scene™. Figure 23(d) exhib-
its the schematic diagram of the system. The initial probe
beam was split into four sub-pulses which were multiple-
xed in both the time and spatial-frequency domain by using
four Ronchi gratings with different angles. Subsequently,
these four sub-pulses were recombined to form the final
probe beam. Then, the probe beam co-propagated with a
terahertz beam that carried the temporal evolution of an
ultrafast scene. Frames of the ultrafast scene were separately
recorded on the four probe sub-pulses via EO sampling,
which were captured by a CCD. Finally, these frames were
separated in Fourier space and thus were extracted and
reconstructed. The technique provided a powerful tool for
the investigation of non-repeatable or destructive ultrafast
events. In summary, it could be said that these related tech-
niques endowed unique testing abilities from different
perspectives for terahertz focal-plane imaging.

3.5 Future development of terahertz focal-plane
imaging
To this date, the terahertz focal-plane imaging technique has

become increasingly mature and its value has been suffi-
ciently demonstrated. Nowadays, its development was the
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Fig. 23 | Development of related technology. (a) Generation and observation of terahertz phonon-polariton waves in a LiTaO3 crystal. (b) Terahertz detec-
tion with a 16-channel photo-conductive antenna array. (c) Observation of the terahertz radiation from the surface of a target material during the initial
laser ablation process. (d) Single-shot ultrafast terahertz photography for capturing the evolution of a complex ultrashort event. Figure reproduced with
permission from: (a) ref.**”, Science; (b) ref.**, (c) ref.?°?, (d) ref.>, under a Creative Commons Attribution License.

transition from a laboratory to practical applications. To
achieve the transition, it still has to overcome some techni-
cal bottlenecks such as how to reduce the size and price of
the system as well as how to further enhance the SNR and
resolution of the system. Currently, almost all terahertz
focal-plane imaging systems adopted a femto-second laser
amplifier as an optical source, which seriously limited appli-
cations of the technique in real world scenarios. If a laser
oscillator could be used to excite and detect the terahertz
radiation, it was promising to improve the portability of the
system. Of course, it required higher effective terahertz
emitters and more sensitive terahertz array sensors.
Recently, investigations of advanced photo-conductive
antennas?%22-25 and novel EO crystals?**-2% offered possi-
bility for the aim. In addition, some deep learning algo-
rithms has been successfully introduced into terahertz imag-
ing with the advancement of artificial intelligence technol-
ogy?7-2%8, Utilizing these algorithms, more detail informa-
tion could be effectively extracted in terahertz imaging and
the imaging quality could be further upgraded. Besides,
some terahertz metamaterial sensors have been also applied
in terahertz imaging to strengthen the interaction between
substances and localized terahertz fields for improving the
imaging contrast*® 2%, To sum up, it can be expected that
the terahertz focal-plane imaging technique will show
powerful application values in industrial inspection soon
based on its technical superiorities.

4 Terahertz pulse time-domain
holography

Terahertz pulsed time-domain holography (PTDH)?!! is an
imaging technique that combines the capabilities of broad-
band terahertz time-domain spectroscopy with the princi-
ples of digital holography. Unlike continuous-wave systems,
and similarly to focal-plane imaging, PTDH utilizes short
terahertz pulses that provide direct access to time-resolved
measurements. As it will be shown below, in the aspect of
the fast detection of time-resolved terahertz field, PTDH is
similar and may even repeat the principles of terahertz
focal-plane imaging technique, in the case when the tera-
hertz radiation if focused on the electro-optic crystal. The
cornerstone of terahertz PTDH is the mandatory use of
wave propagation equations to study the dynamics of the
terahertz pulses in spatio-temporal and spatio-frequency
domains®¢4212-21¢ a5 well as the formation of the hyperspec-
tral object images from broadband coherently-detected
complex-valued diffractive patterns® 864216,

4.1 Basic principles of terahertz PTDH

In PTDH, data acquisition is performed using coherent
detection techniques of the terahertz field'® with
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femtosecond laser pulses. The result of such measurements
is not the envelope or power of the radiation, but the spatial
distribution of the electric field itself. This allows extraction
of information not only about the field amplitude, but also
about the phase, and across all spectral components.

Figure 24 presents a conceptual diagram illustrating the
capabilities of the terahertz PTDH. On one hand, this tech-
nique can be used for conducting experimental measure-
ments of the optical properties and topology of various
objects (see the orange "Object Characterization" blocks on
the left in Fig. 24) and the direction from "Problem state-
ment-2" to "Result-2". On the other hand, it is possible to
numerically predict the diffraction properties of such objects
(see the sequence of actions from the "Problem statement-1"
block to "Result-1" on the same figure for the "Object Char-
acterization" case), as well as to evaluate the effectiveness of
sets of modulation components used for forming wideband
electromagnetic fields possessing a specific spatio-temporal
and/or spatial-spectral structure (the blue "Wavefront
Metrology" blocks in the same figure). In the latter case,
significant scientific interest lies in investigating the interac-
tion of such fields with obstacles and analysing their stabil-
ity against various types of interference. Such tasks can also
be addressed through experimental measurements, which
are indicated as "Problem statement-2" for obtaining
"Result-2" in the figure.

The terahertz PTDH has several significant advantages
compared to terahertz time-domain spectroscopy tech-
niques, as it involves measurements in a collimated beam,
which in practice means the possibility of stationary place-
ment of the object in any area of space within the beam
radius. This is often required when performing real-time
measurements. For example, the achievable resolution,
which is comparable to the wavelength, is significantly

higher than that of the competing raster scanning focal-
plane terahertz time-domain imaging technique, where the
resolution is limited by the size of the beam waist radius”’. In
addition, the configuration of terahertz PTDH in the practi-
cal implementation of measurements allows minimizing the
number of optical elements specially designed for use in the
terahertz spectral range, since field registration is performed
by a scanning aperture or a wide-aperture crystal coupled
with a matrix receiver directly in the collimated beam that
has passed through the object. In this configuration, the
reconstruction quality does not depend on the optical
elements used in the setup.

The terahertz PTDH combines the following aspects:

(i) Optical layouts for registering the wide terahertz wave-
front in the form of spatio-temporal profiles. Here the
diffracted terahertz field can be detected both by raster scan-
ning and by means of a wide-aperture electro-optic crystal
conjugated with a matrix photodetector, partial case of
which is the focal-plane imaging technology.

(ii) Mathematical methods for calculating diffraction of
monochromatic components of broadband radiation, used
for both the formation of object images and the analysis of
the propagation dynamics of complex-structured wave
fields.

(iii) Numerical data processing techniques including digi-
tal signal processing (signal extraction based on the used
observation model) and iterative algorithms, e.g. for expand-
ing the field of view and increasing spatial resolution.

4.2 Terahertz PTDH layouts

Terahertz PTDH employs several detection configurations for
wavefront acquisition: aperture-scanning techniques (include
aperture”, slit’®, and diaphragm-lens® scanning), antenna
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Fig. 24 | Conceptual illustration of terahertz pulsed time-domain holography.
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scanning’’*?! and wide-field detection systems*¢>222-225,

4.2.1 Aperture-scanning techniques

Figure 25 illustrates two detection configurations both rely-
ing on a scanning pinhole and a single-pixel detector
employing either an electro-optic crystal (Fig.25(a)) or a
photoconductive antenna (Fig. 25(b))*'°. These approaches
are based on the most widespread detection manners, imple-
menting electro-optic and photo-conductive mechanisms,
respectively. However, other detection mechanisms are also
known**, including air-biased, electro-optic, acoustic,
liquid-based, and fluorescence-based methods. Theoreti-

cally, these mechanisms allow for spatially-resolved detec-
tion of terahertz time profiles. The impact of the raster scan
parameters was studied in several works”?2>,

Raster scanning of an expanded terahertz field encoun-
ters a fundamental limitation, which manifests in the inher-
ent trade-off between spatial resolution and signal-to-noise
ratio when working with low-energy pulsed sources®. To
overcome this constraint, a modified detection scheme can
be employed, incorporating an additional lens that is opti-
cally conjugated with the scanning diaphragm and moves
synchronously with it during the raster scanning process
(Fig. 26).
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Fig. 25 | Schematic diagramsillustrating pinhole-scanning configurations for PTDH: (a) electro-optic crystal, (b) photoconductive antenna detection systems?*.
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Fig. 26 | Schematic of terahertz PTDH experimental setup, comparing two raster scanning configurations: (a) diaphragm-lens and (b) a conventional
diaphragm-only system (partially adapted from ref.%%). The diaphragm-lens system enables collimation of the spherical wavefront produced by diffraction

at the diaphragm aperture. Consequently, it achieves a substantial reduction in energy losses during radiation propagation and enhances the detected

signal compared to conventional pinhole-only scanning.
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The performance of the diaphragm-lens scanning config-
uration was evaluated through experimental registration of
broadband pulsed Bessel-Gaussian beams® alongside
numerical modelling (Fig. 27). The experimental validation
was conducted under challenging low-power conditions,
utilizing a terahertz source generating approximately 30 uW
average power. Under the demanding conditions, successful
detection was only achievable using the diaphragm-lens
system (Fig. 27(a, b)), whereas conventional diaphragm
scanning failed to produce any detectable signal.

Numerical simulations enabled direct comparison
between the two scanning methodologies. In Fig. 27(c, d),
the side-by-side arrangement of results displays spatio-
temporal and spatio-frequency distributions, with the upper
sections representing conventional diaphragm scanning and
the lower sections showing the enhanced diaphragm-lens
configuration under identical conditions. The results
demonstrate that while using identical diaphragm sizes, the
pinhole-lens system achieves substantial signal amplifica-
tion of 2-2.5 times in the EO crystal plane. This enhance-
ment enables improved spatial resolution in practical appli-
cations, as it permits the use of smaller diaphragm apertures
while maintaining adequate signal-to-noise ratio, thereby
overcoming a fundamental limitation in pulsed terahertz
imaging systems. Numerical modeling further established
the superiority of the diaphragm-lens system, showing it
provides more reliable wavefront reconstruction by elimi-
nating the influence of quadratic phase aberrations inherent
to the single-diaphragm configuration®.
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Fig. 27 | Application of the diaphragm-scan system in terahertz PTDH.
Spatio-temporal and spatio-frequency imaging of a terahertz pulsed
Bessel-Gaussian beam in the focal plane: (a, b) experimental results
obtained with the diaphragm-lens system; (c, d) the corresponding numer-
ical simulations comparing both detection schemes side-by-side (upper:
single diaphragm; lower: diaphragm-lens system)®.

4.2.2 Antenna-scanning techniques

Among other possible raster-scanning approaches for
broadband pulsed terahertz field detection a measurement
with a near-field photoconductive antenna equipped with a
scanning tip should be mentioned. This approach was
successfully implemented in refs.?!°2?!. Although these
works do not demonstrate numerical wavefront propaga-
tion inherent to holographic techniques, they measure the
field distribution not in the focal plane, but rather within
divergent diffraction volume, making them prospective
candidates for conjugation with PTDH.

4.2.3 Wide-field detection

While raster-scanning detection is conceptually simple, its
necessity for a 3D scan (across two spatial and one temporal
coordinates) creates a fundamental trade-off between data
acquisition time, spatial resolution, and the measurable field
of view. This often forces a compromise, limiting the practi-
cal achievement of the high three-dimensional resolution (in
x, y, and t) that pulsed terahertz holography theoretically
offers. To overcome this limitation, a faster full-wavefront
detection method was proposed (Fig. 28)>0:65222-223,
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Fig. 28 | Schematic diagram illustrating the single-scan terahertz field
spatio-temporal detection?'°.

G TF

This technique uses a large-area electro-optic crystal
(EOC) to encode the terahertz field onto the polarization of
an expanded probe beam, requiring only a single temporal
scan to capture the entire wavefront. This detection can be
implemented in two primary configurations. The codirec-
tional configuration minimizes the probe beam's intensity
loss; however, it reduces the collection angle of the scattered
terahertz field, limiting the resolution of the registered field.
In contrast, the retroreflected configuration shortens the
object-to-crystal distance, thereby increasing the spatial
collection angle and improving resolution, albeit at the cost
of significant probe beam attenuation due to double-passing
the beamsplitter. Furthermore, inhomogeneities in the tera-
hertz field distribution across the crystal can lead to
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non-uniform phase retardation in the probe beam?".
Furthermore, the entire holographic detection system,
particularly the retroreflective configuration, was specifically
engineered for practicality, with all optical mounts designed
for 3D printing and released as open-source hardware®222,

The measurement principle implemented in this
approach using partially-crossed polarizers is illustrated in
Fig. 29, and the a, b, and ¢ respectively represent the zeros,
negative and positive points.

Fig. 29 | lllustration of the temporally-resolved detection of terahertz field
strength. Figure reproduced with permission from ref.%>, Optica Publishing
Group.

4.3 Theoretical aspects and algorithms of PTDH

The mathematical model of the method is based on the
scalar theory of diffraction to describe the transformation of
a broadband wavefront as it propagates through objects and
free space®”°*219227_ In simple numerical simulation tasks (see
"Problem statement-1" in Fig. 24), the simulated terahertz
field is assumed to be ideally collimated. Consequently, its
wavefront is assigned a spatial Gaussian amplitude distribu-
tion and a flat phase profile. In the time domain, the origi-
nal signal is a single-cycle terahertz pulse with a duration of
several picoseconds. But achievement of the best matching
with the experimental profiles is possible when the terahertz
radiation is carefully simulated just after the terahertz source
with maximum details®®2!4,

4.3.1 Computational framework and object
parameterization

The object under study is computationally parameterized by
its transmission function®”®, In the context of wavefront
synthesis and analysis, these objects are referred to as modu-
lation components. Examples of such components include
spiral phase plates®>?!2, phase axicons®®, and specialized
composite elements like broadband vortex generators®®-*, as
well as more complex devices utilizing metamaterials for this
frequency range?'®.

The interaction of the collimated terahertz beam with
these modulating components is described in the spectral
domain. The general principle involves modifying the origi-
nal terahertz field's spatial-spectral distribution by multiply-
ing it with the spatial transmission function of the modula-
tor. This function can be frequency-independent or
frequency-dependent, and can act as an amplitude or phase
mask.

When applied to object characterization, the modulator
represents the sample under study, which alters the ampli-
tude and phase of the incident terahertz radiation. While the
technique can be applied to both transmission and reflec-
tion modes, the description here focuses on transmission
objects due to the current technological challenges associ-
ated with reflection-mode setups. Within this framework,
several key computational tasks can be addressed.

1) Calculating an object's surface profile based on its
known refractive index and the measured spatial distribu-
tion of the phase delay.

2) Determining the optical characteristics of a sample
based on known surface relief data and the measured phase
delay.

3) Identifying a material, its constituents, or impurities
from its absorption spectrum, given information about its
thickness and the measured phase distribution.

4) Blind identification of material, thickness, and optical
characteristics based on phase information retrieved from
several independent measurements.

The corresponding algorithmic approaches for solving
these tasks rely on a spectral methodology, where wavefront
propagation is calculated using scalar diffraction integrals
across all frequency components of the pulsed field.

In PTDH, the processing of data acquired as spatio-
temporal profiles utilizes numerous techniques originally
developed for terahertz spectroscopy. A notable feature is
that when working with spatial-spectral phase distributions,
information about the absolute phase can be retrieved using
phase-unwrapping algorithms that operate not only in the
spatial domain but also across the frequency domain.

Among the data processing techniques, a specialized iter-
ative broadband algorithm for extrapolating the complex
wavefield amplitude beyond the sensor's recorded area was
particularly developed®”’. This algorithm is highly relevant
for fast coherent detection systems in which wide field
sensors are typically limited in size. If a non-zero terahertz
diffracted field existed outside the crystal's active aperture,
this iterative post-processing algorithm can be applied to the
recorded data to recover the original field distribution. The
core idea of this technique is based on the assumption that a
portion of the diffraction pattern was truncated at the
sensor's boundaries and can be numerically reconstructed.
The algorithm iteratively alternates between the spatial and
frequency domains, applying constraints in each, and its
convergence is significantly improved by using an apodiz-
ing mask.
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The application of this algorithm leads to extension of the
field of view and enhancement of the effective spatial resolu-
tion beyond the classical diffraction limit achieved for the
lower-frequency spectral components.

4.3.2 Data denoising algorithms

The detection of terahertz fields is fundamentally limited by
source power, with typical values for common emitters like
photoconductive antennas being on the order of
microWatts. This low signal level necessitates sophisticated
denoising strategies, especially in wide-field holographic
setups where the signal is spatially distributed. A founda-
tional study systematically addressed the critical trade-off
between spatial resolution and SNR inherent in the
method”. The research focused on the use of a scanning
pinhole, where a smaller aperture improves resolution but
drastically reduces the signal energy reaching the detector.
This makes the signal resistant to detector noise, which
remains constant regardless of pinhole size. Through
numerical simulations that incorporated measured noise
models, the study demonstrated the method's surprising
tolerance, showing that object features could be recon-
structed even when noise amplitudes were comparable to
the signal at the hologram plane. The analysis concluded
that an optimal pinhole diameter (e.g., 1.5 mm in their
setup) could be identified to balance resolution and SNR
effectively, establishing a crucial pre-processing step before
applying advanced numerical denoising.

Building upon this understanding of noise origins and the
critical hardware trade-offs, the further research was focused
on adapting modern block-matching algorithms to the
multi-dimensional data of PTDH®. Two key algorithms
were investigated: the video block-matching and 3D
(VBM3D) filtering algorithm for denoising spatio-temporal
data, and the complex-domain BM3D (CDBM3D) algo-
rithm for direct processing of complex-valued spatio-spec-
tral data. It was shown that while VBM3D is effective for
visualizing wavefield dynamics in time, the CDBM3D algo-
rithm, which exploits the correlation between amplitude and
phase, provides superior accuracy for phase image recon-
struction. A hybrid approach, using VBM3D for "soft" pre-
filtering of temporal data before applying CDBM3D to the
spectral domain, yielded the most precise results for object
profile reconstruction.

Subsequent work addressed the specific case of hologra-
phy with a balanced detection system, where the noise
follows a Skellam distribution rather than a Gaussian
model®. The noise variance in such a system is signal-inde-
pendent. For this optimized noise model, the study intro-
duced and validated a more advanced algorithm, the cube
complex-domain filter (CCF). Unlike CDBM3D, which
processes each frequency layer independently, CCF
performs block-matching simultaneously across the entire
3D hyperspectral data cube (two spatial and one spectral
dimension). The combination of temporal filtering

(VBM3D) and this enhanced spectral filtering (CCF) was
demonstrated to expand the usable dynamic range of tera-
hertz frequencies and provide a significant qualitative
enhancement in image contrast and spatial resolution,
particularly for the lower-frequency spectral components.

A detailed comparison of terahertz focal-plane and PTDH
techniques reveals their conceptual kinship, which mani-
fests in partial overlaps on both methodological and applica-
bility levels. This is illustrated by specific cases: the focal-
plane technique sometimes employs numerical wavefront
propagation—a key feature of PTDH (e.g., refs.”!®")—while
a distinct application of PTDH itself is the analysis of tera-
hertz field evolution at the focus (as discussed in refs.®%¢7),
These similarities and distinctions between the techniques
stem from their independent, parallel development by
different research teams.

4.4 Applications of PTDH

The ultrabroadband pulsed terahertz radiation offers
distinct advantages for material characterization, particu-
larly as it reveals characteristic molecular absorption reso-
nances across various organic compounds, thereby facilitat-
ing simultaneous imaging and spectroscopic analysis. PTDH
enables quantitative extraction of material optical constants,
e.g., refractive index distribution, and achieves superior
spatial resolution compared to time-domain focal plane
imaging.

4.4.1 Retrieval of object properties
The principal advantage of coherent detection in PTDH lies
in its capacity to extract quantitative object properties from
the recorded complex-valued field. The amplitude of the
wave provides insights into the material's absorption coeffi-
cient, while the phase delay encodes information about the
refractive index and physical thickness. This allows for solv-
ing inverse problems such as calculating surface relief from
known optical constants or determining material character-
istics from a known profile. A demonstration of this oppor-
tunity was presented in*’, where the authors were the first to
apply PTDH for quantitative phase imaging of an object that
only modulates phase. The experiment involved a custom-
fabricated Teflon target with a gradient-step relief, specifi-
cally designed to test the method's ability to resolve both
gradual and abrupt topological changes. Through a pinhole-
assisted raster scan of the collimated terahertz beam and
subsequent numerical back-propagation of the wavefront,
the object's relief was accurately reconstructed. The research
conclusively showed that phase imaging was indispensable
for resolving the object's topology and that multi-spectral
synthesis (Fig. 30) was crucial for achieving high-fidelity
reconstruction, establishing a new benchmark for metrologi-
cal applications of PTDH.

In work®, the authors investigated the optical properties
of sodium polyacrylate in the terahertz range. It was
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demonstrated that accounting for material dispersion is
essential for the accurate reconstruction of an object's phase
and relief in terahertz PTDH imaging. The work high-
lighted that neglecting dispersion introduces significant
phase uncertainty, which becomes particularly problematic
when visualizing objects with a complex spatial distribution
of the refractive index. This research expanded the applica-
bility of terahertz PTDH to include dispersive materials,
a consideration that is also highly relevant for the challeng-
ing task of locating objects embedded within complex,
dispersive media.

In a related study?®”, researchers demonstrated the appli-
cation of terahertz PTDH for reconstructing spectrally selec-
tive objects. They used a specialized test object—an opaque
mask with letters that were transparent only within specific
terahertz frequency bands. This setup allowed the authors to
simulate and reconstruct a spatially inhomogeneous object
whose transmission depended on the illumination
frequency. The reconstruction was performed using an iter-
ative algorithm, which successfully resolved both the spatial
and spectral features of the object. The method led to a
substantial improvement in reconstruction quality, approxi-
mately halving the mean root square error, and proved
effective for objects with complex spectral-spatial properties.
This work underscores the technique's potential for spatio-
temporal metrology of broadband wavefronts and imaging
of spectrally complex structures.

Terahertz PTDH has been adapted for biomedical diag-
nostics?®®, specifically for the analysis of lyophilized blood
plasma to identify markers associated with diabetes®. This
approach addresses key challenges in studying biological
samples: liquid blood plasma is unstable over time, and
whole blood contains cells that dominate the THz response,
obscuring the signal from glycated proteins. Lyophilized

plasma pellets provide a stable, transportable alternative
with low THz absorption, making them ideal for transmis-
sion-mode analysis.

The core of the method is its sensitivity to spatial inhomo-
geneities in the pellet's refractive index, which arise from
variations in the concentration of glycated proteins like
albumin—a key indicator of diabetes. While traditional TDS
with raster scanning is too slow for practical clinical use,
PTDH enables rapid, single-scan acquisition of the entire
wavefront, making it suitable for express diagnosis.

The research methodology, outlined in Fig. 31, combines
physical and numerical experiments. The physical stage
involves preparing pellets from diabetic and healthy plasma
and characterizing them with TDS. The numerical stage
synthesizes a realistic terahertz hologram, incorporating
noise and detection artifacts, to develop and validate the
reconstruction algorithms. This workflow establishes a
protocol where a measured pellet's hologram can be
processed to extract its optical properties, which are then
statistically analyzed against a database for diagnosis. This
positions PTDH as a promising tool for fast, reliable
biomedical inspection.

4.4.2 Wavefront metrology and design of modulating
components

Terahertz PTDH establishes itself as an efficient tool for the
multi-dimensional analysis of complex-structured, broad-
band wavefields across spatial, angular, temporal, and
frequency coordinates, while also serving as a direct tera-
hertz-domain analogue of modern spatio-temporal metrol-
ogy techniques developed for the visible range, namely the
TERMITES?” and INSIGHT?*. The unique capability of
PTDH in this context stems from its fundamental detection
principle: EO sampling. Unlike these optical techniques that

0.3-0.4 THz

0.3-0.5THz

- Profile 1
i ® 0.3-04THz
- * 0.33THz

Vel

““““ Profile 2
® 03-04THz
#* 0.33THz

Fig. 30 | Comparative reconstruction of an object's surface profile using different terahertz spectral bands. Cross-sections along the white lines in images

corresponds to 0.3-0.5 THz are quantitatively compared in the right column. Figure reproduced with permission from ref.>’, IEEE.
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Fig. 31 | Conceptual workflow for diabetes diagnostics using terahertz PTDH. The diagram outlines the methodology from sample preparation (lyophilized

blood plasma pellets) to diagnosis, integrating both physical experiments and numerical modeling to enable fast, single-scan holographic assessment®:.

rely on measuring correlation functions, PTDH provides a
direct measurement of the electric field's temporal evolution.
This grants immediate access to the full phase information
in the Fourier spectrum and uniquely enables the complete
characterization of single-cycle field oscillations, a feat that
remains challenging in the visible domain. Nevertheless, this
technique presents several practical limitations. The spatial
and temporal resolution in the THz range is inherently
constrained by the longer wavelengths and limited source
power. Furthermore, the method is inherently data-inten-
sive. A single measurement of a hyperspectral wavefront can
require gigabytes of storage for the spatio-temporal data
cube. While this data volume is significant, it is politely
comparable to the demands of other advanced metrology
methods; for instance, a raw dataset from a TERMITES
measurement in the visible range can be an order of magni-
tude larger. This highlights a common challenge in the field
of ultrafast spatio-temporal metrology, where capturing
complex phenomena, such as the dynamics of highly scat-
tered fields, pushes the limits of both computational
resources and physical measurement constraints'.

The previously outlined capability of PTDH for multi-
dimensional analysis has been directly applied to study the

propagation dynamics of spatio-temporal and spatio-spec-
tral terahertz fields. In the work®, the propagational dynam-
ics of pulsed broadband terahertz Gauss-Bessel beams are
examined numerically, while ref.®® contains experimental
data. Figures 32 and 33 illustrate the beam evolution in the
spatio-temporal and spatio-spectral domains, respectively,
showing pulse reshaping during propagation. The character-
istic X-shaped envelope is uniquely visible in the spatio-
temporal distribution (Fig. 32). The analysis® in further
revealed a pronounced spatio-temporal coupling, mani-
fested by a significant reshaping of the beam's leading edge
during propagation.

The study provides a detailed analysis of Gauss-Bessel
beam properties. The results demonstrate that interference
from different axicon sectors produces specific amplitude
extrema for individual frequency components (Fig. 34),
resulting in a spatially narrow beam profile advantageous for
high-resolution imaging. Furthermore, phase velocity analy-
sis reveals a discrepancy with interpretation of the existing
experimental data. The calculations indicate sensitivity to
sampling step, which leads to apparent superluminal or
subluminal behavior depending on the regime.

Using PTDH there is also an opportunity to calculate and
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study the longitudinal field component using the two trans-
verse ones. Importantly, the technique provides the oppor-
tunity to study the evolution of the longitudinal terahertz
field component within the volume of its diffraction propa-
gation?'. Figure 35 presents the normalized spatio-spectral
and spatio-temporal profiles of the transverse (top row) and
longitudinal (bottom row) terahertz field components
following diffraction from a spectral Fresnel filter aperture at
two different distances.

The application of terahertz PTDH for the comprehen-
sive characterization of broadband terahertz vortex beams
throughout their formation and propagation is demon-
strated in work®”. Terahertz beam modulators based on
polarizing components and the geometric-phase effect are
reviewed in ref.®®. Different configurations of such modula-
tors are schematically presented in Fig. 36, which details the
transformation of the beam polarization structure after each
component and demonstrates the possibility of generation
of vortex and cylindrical vector beams with circular or linear
polarization.

Work®” details the development of achromatic multilayer
quarter- and half-waveplates, designed to operate across a
broad terahertz frequency spectrum. Essential for broad-
band beam manipulation, these waveplates are realized by
stacking birefringent plates and optimizing their thicknesses
and crystal orientations (Fig. 37(a)). A Jones matrix formal-
ism provides an analytical model to describe the transforma-

tion of the input beam's polarization state as it propagates
through the multilayer structure. The optimization
performed in work is based on the equalizes the phase retar-
dation between the ordinary and extraordinary waves for all
spectral components of interest, achieving a target value
(e.g., m for a half-waveplate).

Furthermore, the work proposes a method for construct-
ing an achromatic g-plate. This is achieved by assembling
the pre-optimized achromatic waveplates into segmented
patterns (Figs. 37 (b, ¢)), where each segment is specifically
oriented. The resulting waveplates and g-plates, arranged in
the correct sequence, serve as achromatic devices capable of
generating broadband uniformly-topologically charged
(BUTCH) beams, in accordance with the scenarios in Fig. 36.
The propagation dynamic of such beams was investigated in
free space under edge diffraction, where half of the beam
was obstructed (Fig. 38).

Analysis of the spatio-temporal and spatio-spectral distri-
butions following beam blocking reveals that, although a
strong asymmetry emerges in the spatial amplitude profile,
the singular phase recovers and transverse energy circula-
tion is preserved. This conclusion is supported by the analy-
sis of spectral trajectory of the singular point and the phase
structure of individual spectral components (Fig. 39).

The self-reconstruction of the BUTCH beam vortex prop-
erties, analogous to the behaviour of monochromatic opti-
cal vortices, verifies the conservation of topological charge
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Fig. 32 | Spatio-temporal evolution of a broadband Bessel-Gaussian beam after an axicon. Panels show the THz field in the central plane at successive prop-
agation distances: 0 mm, 5 mm, 10 mm, 15 mm, 20 mm, and 25 mm. Figure reproduced with permission from ref.>’, under a Creative Commons Attribu-

tion License.
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under obstruction and confirms the potential of BUTCH
beams for broadband terahertz telecommunications.

The propagation dynamics and interference of BUTCH
beams have been a subject of detailed study. Initial research
focused on configurations involving the interference of two
BUTCH beams with single and binary topological charges?'*.
Subsequent investigations, however, revealed that more
straightforward and practically significant phenomena are
observed when a BUTCH beam with a unit topological
charge interferes with a fundamental Gaussian beam®.

The experimental configuration for studying spatio-
temporal and spatio-frequency evolution of terahertz
BUTCH beams with integer topological charge employs a
dual-interferometer system (Fig. 40). A Ti:sapphire femto-
second laser system with chirped pulse amplification serves
as the optical source, split into pump and probe beams. The
pump beam passes through a Michelson interferometer with

controlled delay, generating two sequential terahertz pulses
carrying Laguerre-Gaussian profiles from the terahertz
generator G. These pulses are then divided in a terahertz
Mach-Zehnder interferometer, where one arm incorporates
a beam modulator creating BUTCH beams (Fig. 40(a)) while
the other arm maintains Gaussian profiles with intensity
compensation. At the detecting ZnTe crystal both arms are
combined together. The resulting four-pulse sequence
consists of two vortex BUTCH pulses and two matched
Gaussian reference pulses (Fig. 40(b)).

When the BUTCH beam undergoes controlled displace-
ment through delay variation in a Mach-Zehnder interfer-
ometer, the interference structure shows characteristic rota-
tions of extrema along the frequency axis. This displace-
ment was utilized to implement a spectral encoding scheme.
The principle involves summing the spectral density within
a specifically optimized receiving aperture for distinct spec-
tral channels. Varying the interferometer delay deforms the
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Achromatic wave plate

Fig. 37 | Schematic designs of terahertz wavefront-modifying elements.
Shown are (a) an achromatic wave plate, (b) a g-plate with a topological
charge of g = 1/2, and (c) a g-plate with g = 1. Figure reproduced with
permission from ref.%’, under a Creative Commons Attribution License.

helical wavefront, shifting the intensity maxima across the
aperture and creating a unique binary signature for each
delay position. An optimal aperture shape and orientation
were identified to exploit the wavefield's chiral symmetry,
effectively halving the number of required measurements.
Figure 41 demonstrates the successful operation of this prin-
ciple for a three-channel system, plotting the normalized
signal in each channel against the delay line position. A
defined threshold (red line) cleanly converts the analogy
signals into a robust binary code, shown above the graph?®.
Thus, PTDH establishes itself as a versatile methodology for
applied studies of beam propagation dynamics, providing
unparalleled capability for multi-dimensional analysis in the
spatial, temporal, and spectral domains. It is noteworthy that
a direct analogue of this technique, known as transient
acoustic holography, exists in the field of acoustics?*>. Both
methods share the fundamental principle of reconstructing a
complete wave field from measurements in a single plane to
analyse propagation dynamics and extract spatio-spectral
characteristics, differing primarily in the nature of the waves
they probe—electromagnetic waves in the terahertz regime
versus acoustic pressure waves.

5 Terahertz single-pixel imaging

Single-pixel imaging (SPI), also known as computational
ghost imaging (CGI), is a novel imaging scheme based on
spatial modulation of the light field and computational
reconstruction. Its core feature lies in breaking the reliance
of traditional imaging on pixel array detectors; instead, it
realizes the recovery of the target's spatial information
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Fig. 38 | Layout of the numerical experiment for a pulsed broadband terahertz vortex beam propagating past a half-blocking screen. Figure reproduced

with permission from ref.®°, Optica Publishing Group.
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Fig. 39 | Spatial distributions of phase (left two columns) and amplitude (right two columns) for different frequency components of the terahertz BUTCH
beam at the focal point. Figure reproduced with permission from ref.%°, Optica Publishing Group.

through intensity measurement by a single-pixel detector
and computational algorithms?*, boasting the significant
advantage of full-wavelength adaptability*>-?*'. The emer-
gence of terahertz single-pixel imaging (THz-SPI) benefits
precisely from the breakthroughs in the underlying princi-
ples of SPI and the maturity of experimental techniques,
thereby providing an innovative solution to the imaging
challenges in the terahertz band.

5.1 Development of terahertz single-pixel imaging

In 2008, in a study conducted by Shapiro JH et al. from the
Massachusetts Institute of Technology®*, the computational
ghost imaging scheme based on spatially modulated
measurement and single-pixel detection was systematically
proposed for the first time from a theoretical perspective, as
shown in Fig. 42(a). This marked the initial establishment of
the theoretical framework for single-pixel imaging technol-
ogy. Addressing the limitations of traditional ghost imaging,
which relies on entangled light sources*** or beam-splitting
optical paths?*, the study innovatively introduced a SLM as
the core modulation component. It replaced the function of

traditional reference optical paths by performing determin-
istic spatial encoding on beams. In the same year, Duarte
MF et al. experimentally verified a SPI system based on
compressed sensing (CS) theory for the first time?*, and
officially established the technical term "single-pixel imag-
ing". This experimental system is detailed in Fig. 42(b),
employed a digital micromirror device (DMD)*¢ as the core
of spatial modulation, utilizing its flipping characteristic to
generate binary pseudo-random modulation patterns. After
being modulated by the DMD, the laser beam irradiated the
target object, and the transmitted or reflected light was
collected by a photodiode (single-pixel detector) and
converted into electrical signals. Based on CS theory*¥-2%,
the undersampled data (with a sampling ratio of only
10%-30% of the Nyquist frequency) was processed using the
Ll-norm minimization algorithm®, successfully recon-
structing an image with 128 pixelx 128 pixel.

Due to the lack of high-performance focal plane array
detectors in the terahertz band, traditional imaging
technologies face bottlenecks such as low resolution and
complex systems. However, the "single pixel detector +
computational reconstruction" characteristic of SPI perfectly
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from ref.?*?, Optica Publishing Group.

forms a technical complementarity to this situation. In 2008,
the team led by Chan WL achieved the first experimental
verification of THz-SPI*". The experiment used random
metal patterns fabricated on printed circuit boards (PCBs) as
terahertz spatial modulators. Leveraging the strong reflec-
tive property of metal materials towards terahertz waves®!, it
created a transmittance difference between the metal and
non-metal regions in the patterns, thereby realizing spatial

encoding of terahertz waves. The experimental system was
composed of a terahertz transmitter, a modulation screen,
an object mask, and a terahertz single-pixel receiver in
Fig. 42(c). By replacing different modulation patterns and
recording the detector's signals, the terahertz image of the
target object as shown in Fig. 42(d) was finally reconstru-
cted based on a correlation algorithm, exhibited in Fig. 42(e)
and 42(f). This experiment verified, for the first time, the
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applicability of SPI in the terahertz band, marking the
successful extension of SPI to the terahertz band.

5.2 Components of terahertz single-pixel imaging

From a structural perspective, the core optical path architec-
ture of THz-SPI exhibits distinct modular characteristics. Its
basic system consists of three key components: the terahertz
illumination/detection unit, the target object, and the modu-
lation unit, as seen in Fig. 43. As the core of the system for
signal generation and acquisition, the illumination/detec-
tion unit undertakes the functions of generating terahertz
radiation and converting terahertz signals carrying target
information into measurable signals. Its performance
directly determines the SNR, spectral range, and temporal

resolution. This part outlines two technical approaches: the
first is the continuous-wave terahertz (CW-THz)
system?*>?*3, which employs a CW-THz source to produce
stable monochromatic terahertz radiation, and works in
conjunction with high-sensitivity pyroelectric detectors to
enable direct measurement of terahertz wave intensity.
Featuring a simple structure and low cost, this system is
well-suited for static imaging scenarios where temporal
resolution requirements are modest, such as non-destruc-
tive testing of cultural relics. However, its inability to resolve
temporal details means it cannot capture the terahertz time-
domain spectral information of a target, which limits its
capability for material identification. The second approach is
the THz-TDS imaging system®‘, which generates pulsed
terahertz waves based on photoconductive antennas or the
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Fig. 42 | Development of terahertz single-pixel imaging. (a) Theoretical model of single-pixel imaging. (b) Schematic of the first implemented SPI experi-
ment. (c) Demonstration of the first THz-SPI experiment. (d) Original image of the object. (e,f) Reconstructed images of the object after 300 and 600 acqui-
sition times, respectively. Figure reproduced with permission from: (a) ref.?*2, American Physical Society; (b) ref.?**, IEEE; (c—f) ref.?>°, AIP Publishing.
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Fig. 43 | Basic architecture of THz-SPI, primarily categorized by two aspects: SLMs (upper section) and terahertz illumination/detection modes (lower
section); the common types of SLMs (upper section, left to right) are: @ mechanical metal mask (strip type); @ mechanical metal mask (rotating disk
type); @ terahertz direct SLM; @ metasurface modulator; @ terahertz indirect optical modulator (e.g., optically pumped semiconductor materials). The
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optical rectification effect. It records the time-domain wave-
form of terahertz pulses through EO sampling or photocon-
ductive detection, enabling simultaneous acquisition of the
amplitude and phase information of the target, and obtains
the spectral distribution through Fourier transform.
Equipped with both temporal and spectral resolution capa-
bilities, this system can identify materials (e.g., distinguish-
ing between different chemical substances) by analyzing the
terahertz spectral characteristics of the target. It delivers
high imaging contrast, making it ideal for fields that demand
spectral information—including biomedical imaging (e.g.,
early tumor diagnosis*®>**°) and hazardous material detec-
tion (e.g., spectral identification of explosives?’-2*).

As the imaging object, the target to be imaged encodes its
own spatial distribution information (geometric structure
and material properties®®?*!) into terahertz waves through
the absorption, reflection, transmission, or scattering of
terahertz waves. Since terahertz waves have unique sensitiv-
ity to polar molecules®?, semiconductor materials*®’, etc.,
this technology can detect target details that are difficult to
identify by traditional optical imaging, such as non-metallic
items concealed within packages and lesion-affected regions
in biological tissues.

The modulation unit is the encoding core of SPI technol-
ogy. By implementing spatial modulation (including amplitu-
de, phase, or polarization modulation) on terahertz waves, it
converts the two-dimensional spatial information into time-
series signals that can be recorded by a single-pixel detector.
The design of modulation patterns and their switching speed
directly affect imaging resolution and efficiency, and are key
bottlenecks restricting the improvement of system perfor-
mance. As a core innovative component of THz-SPI
systems, beam modulators have shown an evolutionary
trend from "static" to "reconfigurable” and from "mechani-
cal" to "optical /electrical ", and are primarily categorized
into two types: one is fixed mask modulators, which use
prefabricated physical masks (e.g., 3D-printed diffusors?+2%,
circuit boards printed with random metal patterns®®,
microstructural arrays prepared by lithography) to perform
spatial modulation on terahertz waves. They utilize the

strong reflective property of metal regions and the transmis-
sive property of non-metallic regions towards terahertz
waves to form fixed two-dimensional modulation patterns.
The other is reconfigurable modulators. To overcome the
speed limitation of fixed masks, reconfigurable modulation
materials has become a research focus, among which opti-
cally controlled mask modulation is the current mainstream
solution. It takes advantage of the characteristic that the
terahertz transmittance of photoactive materials (e.g., doped
semiconductors, vanadium dioxide films’**¢¢) changes with
the intensity of pump light. A SLM projects a patterned
pump laser to form a reconfigurable terahertz modulation
mask on the material surface. The spatial distribution of the
pump laser determines the terahertz wave mode, realizing
high-speed "light-controlled light" modulation.

5.3 Development of mechanical modulation imaging

5.3.1 Metal masks

Early THz-SPI relied on mechanical masks to achieve beam
modulation. The principle is to perform spatially blocking of
terahertz through physical structures, thereby indirectly
accomplishing encoding. Initial strip-shaped mechanical
masks, limited by mechanical switching properties, suffered
from inherently slow switching speed and failed to meet fast
imaging needs. To overcome this limitation, Shen H et al.
proposed a rotating disk modulation scheme®”’. As shown in
Fig. 44, this scheme innovatively utilized the continuity of
circular motion: after terahertz waves were collimated by a
parabolic mirror, they passed through the sample and the
patterns on the rotating disk, and finally, the detector
received the intensity signals to reconstruct the image.
Compared with the stepwise switching mode of traditional
strip masks, the rotating disk eliminates the need for
frequent starts and stops, increasing modulation efficiency
by approximately 20 times. Nevertheless, limited by
mechanical rotational inertia, its frame rate remains at a
relatively low level (usually a few frames per second), and
the pattern flexibility is poor. It is only suitable for applica-
tions in static or low-speed scenarios.
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Fig. 44 | Experiment using a rotating metal disk. (a) THz-SPI implemented with a rotating metal disk. (b) Design schematic of the rotating disk: the red dot

in the center is the rotation axis, and the positioning hole at the corner is used to calibrate the state of the rotating disk. Figure reproduced with permis-

sion from ref.?’, Optical Society of America.
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Valles A et al. further optimized the rotating disk design’.
They improved spatial encoding accuracy by designing high-
precision periodic patterns (Fig. 45), and at the same time,
adopted a broadband terahertz source to expand the spec-
tral coverage range of imaging. This allowed the system to
maintain stable imaging quality in the 3-13 THz frequency
band, solving the limitation that early mechanical masks
were only used for narrowband imaging.

In addition to the modulation of terahertz waves using
such metal masks, there is another approach that employs
specially fabricated terahertz modulators for patterned
modulation. Unlike the method that uses mature visible-
light SLM devices to modulate laser pump and then indi-
rectly modulates terahertz waves via semiconductor materi-

als, this approach modulates terahertz waves directly. There-
fore, it is also classified into "mechanical" masks here. Most
of the currently proposed terahertz direct modulators are
electronically addressed devices; thus, compared with the
aforementioned metal masks, they offer significantly
enhanced flexibility.

5.3.2 Terahertz spatial light modulators

Watts CM et al. developed an all-solid-state THz-SPI system
based on electronically controlled metamaterial SLM’'; they
constructed an 8 x 8 reconfigurable metamaterial array,
where the electromagnetic absorption properties of each
pixel are dynamically adjusted via a bias voltage, and inte-
grated it with a single-pixel terahertz detector for imaging

Metallic ring

Object

2,=1.51-1.62 pm

FL =
PBS A=1.51um

Object

L -
8 THz 11 THz

Fig. 45 | Further development of rotating disk. (a) Schematic of the imaging setup. (b) Photograph of the designed metal rotating disk. (c) Photograph of
the object used for imaging. (d) Experimental results showing the broadband high-resolution imaging within the high-frequency terahertz region. Figure
reproduced with permission from ref.”%, under a Creative Commons Attribution License.
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(Fig. 46). The modulator's all-electronic control eliminates
artifacts from mechanical rotation in traditional masks,
while a lock-in detection scheme enables direct use of [1, —1]
or [1, 0, —1]mask values, avoiding the doubled acquisition
time and increased noise of indirect negative-value approxi-
mation methods. Additionally, combining compressed sens-
ing with partial Hadamard matrices*® reduces the number
of measurements by over 70% (from 64 to 19) while main-
taining image quality, increasing the frame rate to approxi-
mately 1 Hz and enabling real-time imaging of moving
objects (1.8 mm/s lateral movement).

Compared with single-frequency terahertz SLMs, Li WL
et al. developed an 8 x 8 dual-color terahertz SLM based on
tunable liquid crystal (LC) metamaterial absorbers™, as
shown in Fig. 47. They utilized the large terahertz birefrin-
gence of LC, where a 0-10 V bias drives a ~20 GHz
frequency shift of the absorber (from f;=470.2 GHz to
f,=450.7 GHz) with a modulation depth exceeding 70% at
both frequencies, enabling dual-frequency spatial encoding.
They also proposed an auto-calibrated CS algorithm to miti-
gate the effects of non-uniform terahertz beams and pixel
modulation, increasing the peak signal-to-noise ratio of
images of dispersive objects by 52%.

Beyond the aforementioned metamaterial and LC modu-
lators, Malevich Y et al. developed a 16 x 16 terahertz SLM

based on electrolyte-gated graphene’; they utilized the elec-
tric double layer at the graphene-electrolyte interface to
achieve high charge density via electrostatic gating (Fig. 48),
and broke the trade-off between gating efficiency and
switching speed by optimizing ion packing dynamics,
enabling a maximum switching frequency of 1 kHz. The
modulator realizes over 70% broadband terahertz modula-
tion (covering 0.1-4 THz) and is integrated with a single-
pixel detector to form an imaging system, reconstructing
clear images of large-area objects.

Metal masks offer advantages such as a simple optical
path structure, low cost, and no need for complex optical or
electronic control systems. However, their flexibility in
encoding images is limited. In contrast, devices like direct
terahertz SLMs have a simple structure and can form rela-
tively fine patterns through electronic control methods.
Nevertheless, they suffer from limited resolution: fabricat-
ing high-resolution devices is not only difficult but also
costly. These drawbacks have prompted researchers to shift
toward developing optically controlled modulators. The core
of optically controlled modulators lies in utilizing the
photoinduced electron properties of specific materials to
achieve dynamic regulation of terahertz waves, a process
that deeply relies on the photoelectric effect within the
materials.
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Fig. 46 | Single-pixel imaging with a THz-SLM. (a) Schematic of the SPI process using an SLM. (b) Photograph of the SLM. (c-g) Comparison of reconstruc-

tion techniques for an inverse cross aperture: (c) 64 [1, 0] raster-scan masks; (d) 64 [1, 0] random masks; (e) 64 [1, O,

-1] random masks derived from

subtracting two sets of data; (f) 128 [1, 0] random masks and (g) 64 [1, -1] Hadamard masks. (h) Photograph of the object (inverse cross). Figure repro-

duced with permission from ref.”, Springer Nature.
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Fig. 47 | Dual-color terahertz SLM. (a) Schematic diagram of the dual-color terahertz SLM; the inset shows a photo of the fabricated terahertz SLM. (b)
Exploded view of the terahertz SLM and simulated reflectance spectra for different permittivities of LC. (c-e) Projection display results at f;. (f-h) Projec-
tion display results at f,. Figure reproduced with permission from ref.’, under a Creative Commons Attribution License.

5.4 Development of optical modulation imaging

5.4.1 Improvement of imaging speed

Taking typical materials such as high-resistivity silicon*®,
germanium?*?!, and vanadium dioxide (VO2)*? as exam-
ples: in the dark state, these materials show high resistivity
(valence band electrons bound to atomic orbitals), allowing
terahertz waves to penetrate easily (transmittance usually
over 50%); when irradiated by near-infrared or visible light
pump, the materials absorb photon energy and trigger the
photoelectric effect: valence band electrons jump to the
conduction band to form massive free carriers, where for
semiconductors like high-resistivity silicon and germanium,

photoexcited carrier concentration can rapidly rise to
10%-10" cm~ within several picoseconds, sharply increas-
ing conductivity (from 10-* S/m in the dark to 10-'-10 S/m)
and producing a metal-like electromagnetic response (free
electrons induce a strong surface plasmon effect, leading to
terahertz absorption or reflection with a modulation depth
over 70%), while for phase-change materials like VO,
photoexcitation not only boosts carrier concentration but
also drives a phase transition from monoclinic (insulating
state) to rutile (metallic state), and this structural change
further enhances terahertz reflectivity (modulation depth
over 60%) with a picosecond-level phase transition response.
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Fig. 48 | Terahertz SLM based on electrolyte-gated graphene. (a) Photograph of graphene-based terahertz SLM arrays on a PCB. (b) Schematic of one single
pixel of the device. (c) Terahertz transmission image (0.1 THz) through the device. (d) Schematic of the experimental setup. (e) Integrated intensity varia-
tion when one SLM pixel is periodically switched. (f) Reconstructed images of cross and double-line masks; insets show metallic mask photographs. Figure

reproduced with permission from ref.”?, American Chemical Society.

This photoelectric-effect-based modulation mechanism
improves the response speed of optical control masks by 6-9
orders of magnitude compared to millisecond-level mechani-
cal masks, and when combined with the sub-picosecond sync-
hronous control of pump light and terahertz pulses via THz-
TDS, it enables high-speed terahertz spatial encoding (prov-
iding key hardware support for fast imaging), with the upper
limit of pattern switching frequency determined by the mat-
erial's carrier lifetime (e.g., ~nanoseconds for silicon) or phase
transition recovery time (e.g., ~microseconds for VO,).

Enhancing imaging speed and achieving real-time imag-
ing capability is a key to the practical application of THz-
SPI, with the core lying in optimizing the efficiency between
the modulation and reconstruction algorithm. Stantchev RI
et al.”> compared the total internal reflection (TIR), trans-
mission, and reflection modes of high-resistivity silicon and
found that the TIR mode could reach a modulation depth of
0.91 when the pump power increased. This performance
outperforms the 0.77 of transmission mode and 0.57 of
reflection mode, while the TIR mode also has insertion loss
comparable to that of transmission mode. These advantages
make it the preferred solution for high-speed imaging, as
depicted in Fig. 49. Also, the team adopted a Hadamard
matrix with partial sampling and a regularized imaging
reconstruction matrix to reduce computation time, increas-
ing the imaging frame rate for 32 pixelx32 pixel to 6 f/s and
achieving terahertz video imaging for the first time; this
enabled the observation of dynamic processes, a break-
through compared to traditional static imaging.

To demonstrate the real-time dynamic imaging perfor-
mance of this terahertz system, Stantchev RI's team’ tracked
hydration changes in Achyranthes aspera: the leaves were
illuminated with an intense white-light source, whose exces-
sive intensity induced high oxidative stress and chlorophyll
loss (clearly observable post-experiment)?’s. Using terahertz
transmission and phase delay images, the team recorded the
leaf's photodamage process (Fig. 50): in the initial images,
main leaf veins were clearly visible (white in transmission
images, green in phase delay images), which corresponded
to low transmittance and large phase delay. This is because

veins are thicker than other leaf parts and responsible for
water transport, so they increase terahertz absorption and
phase delay in this region. As photodamage worsened,
damaged areas showed gradually decreasing phase delay and
increasing transmittance. This result comes from photoox-
idative stress-induced thinning of these regions, and thinner
leaves further reduce terahertz phase delay while boosting
transmittance. The team also found phase delay images
offered clearer vein contrast, which indicates higher water
content near veins with overall leaf thickness unchanged.
Finally, imaging showed vein internal phase delay decreased
over time, as the leaf became water-deficient and shrank.
This research confirms THz-SPI enables real-time dynamic
imaging of biological tissues.

Beyond the aforementioned technical routes, there are
other improvement directions aimed at enhancing the imag-
ing speed of THz-SPI. One category involves optimizing
sampling efficiency through innovative signal measurement
methods, while the other focuses on breaking the speed
bottleneck by improving the performance of terahertz
modulation materials.

In terms of innovative signal measurement methods,
Zanotto L et al.”’* addressed the long acquisition time bottle-
neck of traditional THz-TDS SPI, which is caused by delay
stage scanning sampling. They proposed a scanless terahertz
waveform detection scheme: by cleverly utilizing the wave-
front tilt effect, they implemented spatiotemporal encoding
for terahertz detection, enabling instantaneous capture of
terahertz waveforms, as seen in Fig. 51. This design elimi-
nates the step of scanning sampling that relies on a delay
stage in traditional time-domain measurement, further
compressing the sampling process and forming a synergy
with the spatial encoding strategy of SPI. The combination
of SPI and single-shot detection?”” not only reduces system
complexity but also breaks through the speed limitations of
traditional raster imaging in both spatial and temporal
dimensions, especially suitable for scenarios requiring rapid
acquisition of material spectral-spatial information.

Regarding the improvement of terahertz modulation
materials, Liang JX et al.”’® focused on the trade-off between
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modulation depth and rate in terahertz SLMs. They
proposed using a polymer-silicon heterojunction as the core
of the modulator, combined with CW optical illumination,
to achieve high-performance THz-SPI, as shown in Fig. 52.
Its core innovation lies in optimizing carrier dynamics
through organic-semiconductor interface design: the polymer
layer, serving as a light-absorbing unit, efficiently captures
pump light energy, and the generated photogenerated carri-
ers accumulate rapidly at the heterojunction interface;
meanwhile, the thickness of the silicon substrate achieves

performance balance by regulating the effective carrier life-
time. Based on this modulator, the study realized video-rate
super-resolution SPI under a CW terahertz source.

5.4.2 Improvement of resolution

Limited by the diffraction resolution limit of the terahertz
band, the far-field resolution of THz-SPI is on the order of
the wavelength. To improve the resolution and meet the
demand for smaller resolution, scanning with near-field
probes?’-? is an effective experimental method; however,
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raster scanning with near-field probes is often restricted by
requirements for sample flatness and suffers from low SNR.
The SPI scheme, which uses optical probes instead of physi-
cal ones, is a promising approach to achieve near-field
detection.

In early near-field THz-SPI research, Stantchev RI et al.
innovatively placed the sample in close to a high-resistivity
silicon modulator’?, enabling terahertz waves to interact
with the sample at sub-wavelength distances. By utilizing the
information carried by evanescent fields, they achieved a
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Fig. 51 | THz-SPI based on single-shot detection. (a) Simplified schematic of the THz-SPI optical path based on single-shot detection. (b) Example images recorded by
an infrared (IR) camera. (c) Waveform showing an example of the measured terahertz trace. (d) A high-density polyethylene (HDPE) sample engraved with the letters
"T-H-Z", along with the reconstructed images obtained based on the electric field amplitudes at three different peak-corresponding time positions selected from the
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resolution of 103 (+7) pum (Fig. 53) for the first time (smaller
than the peak wavelength of 375 pum). The breakthrough of
this work lies in proving that THz-SPI combined with the
near-field effect can break the diffraction limit, providing
ideas for subsequent high-resolution research. Later, the
team further optimized the system: they used 6 pm ultrathin
silicon wafers*®’ instead of thick silicon wafers to further
extract evanescent wave information, improving the resolu-
tion to approximately 9 um (1/45 at 0.75 THz), as shown in
Fig. 53(c). Compared with their previous work, the ultra-
thin silicon wafers reduced the propagation loss of terahertz
waves in the material and extended the retention time of
evanescent fields; however, the reduced thickness of the sili-
con wafers led to a roughly 20% decrease in terahertz modu-
lation depth, revealing the trade-off relationship between
resolution and signal intensity. Chen SC et al. used an 180
nm-thick VO, film as the modulator®®'; its ultrathin film
property (only 3% of the thickness of silicon wafers) effec-
tively retained evanescent wave information, and driven by
femtosecond lasers, a resolution of 4.5 pm (exceeding 1/100)
was achieved (Fig. 54): doubled compared to the 9 pm reso-
lution. The innovation of this work lies in the selection of
VO, material: its photo-induced maximum terahertz modu-

lation depth can reach 60%, and the penetration depth of
800 nm laser is only 100 nm*®, avoiding interference from
photoexcitation on the imaged object. Meanwhile, through
the CS algorithm, high correlation was maintained during
the acquisition process, providing stable data support for
high-resolution imaging.

However, to achieve a large modulation depth, high laser
energy is required to pump the terahertz modulation mate-
rial, which imposes requirements on equipment perfor-
mance. To reduce the demand for laser power, She RB et al.
integrated single-layer graphene on a high-resistivity silicon
(GOS) substrate?®, and its setup is detailed in Fig. 55(a).
Utilizing the high carrier mobility of graphene, a higher
modulation depth (improved by approximately 30%) was
achieved under laser excitation compared to pure high-resis-
tivity silicon substrates?**. At the same time, they introduced
the Fourier SPI method*>2* through the video mode of a
DMD, achieving a resolution of 270 um at a central wave-
length of 1.363 mm. Even when the sampling ratio was as
low as 1.6%, the SNR still reached 5.11, which was better
than the 3.89 of Hadamard SPI. In addition, Yang XY et al.
integrated subwavelength metallic gratings on a silicon-on-
sapphire (SOS) substrate (Fig. 55(e))*””. They utilized the
surface plasmon effect of metallic gratings to enhance the
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Fig. 53 | Near-field THz-SPI based on silicon. (a) Schematic illustration of near-field THz-SPI. (b) 128 pixelx128 pixel terahertz image of the resolution test
target shown in (a). (c) Terahertz images of the cartwheel captured through a 6-um-thick silicon wafer. (d) Calculated diffracted fields of the cartwheel.
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interaction between terahertz waves and materials?®*?%.  (~nanoseconds, GHz), and low required pump power
Under a low pump energy density (80 uJ/cm?), they achieved  (pJ/cm?). However, they are limited by the penetration depth
a modulation depth of over 60%, which is five times higher ~ (~12 pm); with a reduced thickness resulting in a lower
than that of pure SOS substrates (approximately 10%). This  carrier concentration. This thus necessitates the incorpora-
efficient modulation characteristic provides sufficient signal tion of materials such as graphene to provide additional
dynamic range for high-resolution imaging, helping to  carriers for enhancing the modulation depth. In compari-
capture target details more accurately. son to silicon, VO, features an extremely small penetration
depth (~100 nm) and a relatively high modulation depth
(>60%), which empowers it to achieve ultra-high resolution
in near-field THz-SPI. Nevertheless, its slow switching speed
Based on the aforementioned experimental scheme, in the  (~milliseconds, kHz) and the need for relatively high pump
modulation of THz-SPI, materials such as Si and VO, are  power (m]J/cm?) circumscribe its application scenarios.

selected due to their broad operating bandwidth (0.1-3 To overcome the limitation imposed by material modula-
THz). Semiconductor materials like silicon demonstrate an  tion depth, researchers consider abandoning the use of
ultra-high modulation depth (>90%), rapid switching speed =~ modulation materials and instead implementing encoding

5.4.3 Limitation of modulation materials and other
imaging methods
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directly on the transmitter/detector to achieve THz-SPL
Olivieri L et al. directly encoded femtosecond pump light
using a SLM>"->2, generating terahertz pulses with the same
spatial pattern on a ZnTe crystal, is shown in Fig. 56. They
advanced the generation of patterned beams to the terahertz
generation stage, removing the modulator from the tera-
hertz path and reducing loss. Combined with the principle
of nonlinear SPI, this approach not only achieved hyper-
spectral imaging but also created favorable conditions for
improving imaging resolution, further expanding the appli-
cation dimensions of high-resolution imaging.

Chen SC et al. used spintronic terahertz emitters (STEs)
instead of traditional EO crystals to further reduce the thick-
ness of the transmitter, as shown in Fig. 57%%; they gener-
ated terahertz pulses using the inverse spin Hall effect?*>

and placed the object in close contact behind the modulator.
The modulator's thickness of only a few nanometers avoided
the blurring of encoded images caused by thick EO crystals,
achieving a minimum resolution of 6.5 um and covering a
broad frequency band of 0.1-30 THz** (expanding the spec-
tral range compared to electro-optic crystals (which usually
cover 0.1-5 THz)). Meanwhile, its generation efficiency is
comparable to that of electro-optic crystals, providing a new
scheme for broadband high-resolution imaging.

As depicted in Fig. 58, Zhao JP et al. proposed the probe-
beam encoding technology®”’, they performed encoding in
the detection stage, utilizing the spatiotemporal overlap
characteristic between the terahertz field and probe light in
EO sampling. By encoding the probe beam to selectively
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measure the target field, no dedicated terahertz modulators
are needed. This method is not only simpler than directly
modulating the terahertz field but also effectively retains the
spatial information of the terahertz field. A resolution of 62
pm (A/15) was achieved at 0.32 THz, providing a new tech-
nical path for high-resolution imaging.

5.5 Spectral identification imaging and time-of-flight
imaging

Beyond the aforementioned functionalities, due to the
distinct absorption characteristics of different substances
for broadband terahertz waves, THz-SPI based on a THz-
TDS system enables spectral identification imaging of mate-
rials. Shen YC et al.”*® analyzed a composite material made
of polyethylene (PE) and lactose (Fig.59(a—e)). Since the
regions containing lactose exhibit two main absorption
lines at 0.54 THz and 1.38 THz, the component regions of
PE and lactose can be identified and distinguished by
decomposing the time-domain spectral information of
different coordinate regions. Olivieri L et al.** also adopted

a similar approach, combining encoded terahertz genera-
tion and time-resolved measurement methods to achieve the
classification and identification of gold, Kapton, and Teflon
(Fig. 59(f-1)).

In addition, when terahertz pulses pass through a mate-
rial, the difference in refractive index between the material
and air causes varying degrees of peak shift in the terahertz
time-domain pulses. The traditional raster scanning method
requires time-resolved measurements of different regions of
the material to calculate the material's thickness. In contrast,
by encoding different regions of the object via THz-SP]I, the
superposition of time-domain waveforms of the material in
the terahertz-transmitted regions can be obtained. Zanotto L
et al.””* used samples made of high-density PE with different
thicknesses and successfully reconstructed 16x16 3D images
at different time delays; Chen SC et al.>* also utilized their
self-developed SPI system to achieve 3D imaging of SiO;
with different thicknesses and specific patterns, as shown in
Fig. 60. At the same time, combined with CS technology,
high-resolution phase detection capability can also be
achieved using a small number of measurements.
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5.6 Future development of terahertz single-pixel that are continuously improved. It has formed typical appli-
imaging cations in fields such as real-time dynamic imaging, near-
field imaging, spectral imaging, and time-of-flight imaging,

Currently, THz-SPI technology mostly adopts easily modifi-  and is one of the most promising technologies for achieving

able optical modulators, enabling flexible imaging methods  fast and even real-time imaging in the terahertz frequency
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Fig. 59 | Spectral identification imaging. (a—c) Reconstructed terahertz images of the sample at 0.50 THz, 0.54 THz, and 1.38 THz, respectively. (d) RGB
chemical map of the sample. (e) Terahertz spectra of polyethylene and lactose. The hyperspectral imaging based on time-resolved measurements: (f) the
object; (g—i) reconstructed images, used to demonstrate the chemical selectivity of the hyperspectral method. Figure reproduced with permission from:
(a—e) ref.?¢, AIP Publishing; (f—i) ref.?°, under a Creative Commons Attribution License.
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band, with significant advantages in cost, speed, and effi-
ciency. However, the technology still faces several key limi-
tations at present.

A lack of direct, efficient terahertz modulators persists:
existing static devices (e.g., mechanical masks) suffer from
slow switching speeds and fixed encoding sequences, while
dynamic devices (e.g., photomodulated materials) require
high-power lasers for modulation. Both types are
constrained by material inherent properties and light source
limitations. Thus, low-cost devices with large modulation
depth and high switching rates are urgently needed to
simplify system function implementation.

Insufficient fast full-waveform acquisition technology
remains: most current systems only measure the peak inten-
sity of terahertz waves, which is a trade-off to boost acquisi-
tion speed at the cost of full information, while full-wave-
form measurement is significantly time-consuming. Though
improvements can be achieved via mechanical methods**3%
(replacing stepping delay lines with oscillating/rotating delay
lines) or optical methods**'**? (wavefront transformation),
further optimization is still required.

The advancement of new imaging algorithms is needed:
the selection of sampling matrices’*>% and compressed
sensing reconstruction®”® are core components of the tech-
nology. Although deep learning-based image enhancement
algorithms®”’-3!! have been initially applied, it is still neces-
sary to develop advanced algorithms based on imaging prin-
ciples to achieve lower sampling ratios, which will help the
technology move toward real-time imaging.

Looking ahead, the advancement of THz-SPI technology
will focus on addressing its current key limitations through
targeted innovations. As these challenges are tackled, THz-
SPI is expected to expand into more high-value applications,
ranging from chemical spectroscopy to on-site non-destruc-
tive testing, which will solidify its role in unlocking the prac-
tical potential of the terahertz band.

6 Terahertz near field imaging

Terahertz technology has emerged as a powerful tool across
diverse fields, yet conventional far-field terahertz imaging
remains fundamentally constrained by the Rayleigh diffrac-
tion limit. Its lateral resolution is limited to roughly half the
wavelength-on the order of hundreds of micrometres,
making it unsuitable for applications that demand micron-
to nanometre-scale detail. In biomedical research, for exam-
ple, single-cell imaging requires nanometre resolution, and
probing terahertz responses of proteins, DNA, and viruses
demands still finer discrimination. In the same way, the fast
progress of micro- and nanomaterials in materials science
needs detailed study of how electromagnetic forces interact
with matter to understand the causes of many large-scale
effects.

Driven by the demand for sub-wavelength spatial resolu-
tion, terahertz super-resolution imaging has attracted

extensive attentions®>!>. Confocal and compressive-sens-
ing approaches, despite still using far-field detection®'7,
achieve only modest gains, which are typically limited to
approximately ~A/10. By contrast, evanescent-wave-based
near-field techniques deliver markedly higher resolving
power. These methods draw inspiration from mature
infrared and visible-light near-field systems, which now
routinely spatially map plasmonic, phonon-polariton, and
excitonic resonances®**%, probe strong coupling phenom-
ena***?” and enable micro- to nano-scale material character-
ization®*3% (Fig. 61). The unique ability of the terahertz
band to penetrate materials and select specific wavelengths
makes near-field terahertz imaging a promising tool for
studying biological tissues and understanding how electro-
magnetic waves interact with matter at the nanoscale in
advanced materials.

6.1 Principal near-field imaging schemes

To resolve the terahertz near-field distribution on a sample's
surface and surpass the Rayleigh limit by orders of magni-
tude, three principal near-field imaging schemes have been
developed over the past decades: aperture-based, photocon-
ductive-probe, and scattering-type techniques. The first two
modalities require the detector to be positioned within the
evanescent field region immediately above the surface,
whereas the scattering-type approach uses a sharp probe to
scatter the local field, converting evanescent waves into
propagating waves that can be detected at a distance. Each
method has its pros and cons: aperture and photoconduc-
tive probes usually only provide resolution at the microme-
tre level, while scattering-type systems can achieve resolu-
tion in the tens of nanometres but can disturb the original
surface field, requiring complex algorithms to fix the data.
Thus, the optimal choice of near-field detection strategy
depends critically on the specific application requirements.

6.1.1 Aperture-based terahertz near-field imaging
An aperture-type terahertz near-field imaging system typi-
cally employs a sub-wavelength aperture—fabricated as a
tens-of-micrometres-wide hole in a metal film—with a
detector placed directly against the aperture. When a tera-
hertz wave is incident upon and transmits through the
sample, only the evanescent fields in the immediate vicinity
of the aperture reach the detector. Because the separation
between the aperture (and detector) and the sample surface
is much smaller than the wavelength, the measured signal
predominantly encodes the sample's near-field distribution.
Synge EH first proposed this seminal approach in 1928%*.
The main part of using an aperture-type terahertz near-
field system is to carefully control the space between the
metal plate, which has a tiny hole, and the surface of the
sample. In theory, the smaller this spacing, the stronger the
near-field signal; in practice, one must keep the gap on the
order of tens of micrometres to avoid contact or collision
and to ensure experimental stability. The method's chief
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advantage is its simplicity: by raster-scanning the sample
beneath a fixed aperture, one can directly record terahertz
near-field contrasts with a spatial resolution set by the aper-
ture diameter (tens of micrometres). However, it also has
notable drawbacks. The tiny aperture transmits only a weak
fraction of the incident terahertz power, yielding low signal-
to-noise ratios that demand low-noise, high-gain amplifica-
tion. Diffraction from the aperture edges and surrounding
regions further degrades resolution and can introduce back-
ground artifacts. Moreover, any variations in the sample's
surface topography can alter the plate-sample separation
during scanning, causing fluctuations in the detected near-
field intensity and thus compromising image quality. In
recent years, research on aperture-type terahertz near-field
systems has been limited—largely focused on mapping
surface-resonant fields in individual metallic resonator
elements™34,

6.1.2 Photoconductive-probe terahertz near-field
imaging

Photoconductive-probe terahertz near-field systems like-
wise position the detector within the evanescent region to
directly sample the surface field, but unlike aperture-type
setups, the photoconductive switch itself can be fabricated at
subwavelength dimensions, obviating the need for a sepa-
rate aperture. Figure 62 shows two representative probe
geometries. geometries, because the active switch is sensi-
tive only along its biased axis, the left-hand configuration
selectively detects the transverse field component, whereas

the right-hand probe is oriented to measure the longitudi-
nal field.

Fig. 62 | Schematic illustrations of two representative photoconductive probes.

In practical implementations, the photoconductive-probe
tip must be positioned just a few to a few tens of microme-
tres above the sample surface. Owing to the micron-scale
dimensions of the photoconductive switch and the elimina-
tion of aperture-diffraction effects, these systems can achieve
lateral resolutions on the order of a few micrometres. Never-
theless, they face notable challenges. First, the absence of an
intrinsic tip—sample spacing feedback mechanism—and the
extreme fragility of the photoconductive tip—means even
slight collisions can render the probe inoperative. Conse-
quently, real-time monitoring of the tip height via optical
microscopy, often augmented with image-recognition algo-
rithms for active position adjustment, is essential. Second,
optical alignment is particularly demanding: a femtosecond
laser (typically 780 nm or 1560 nm) must be precisely

250009 (Page 52 of 71)


https://doi.org/10.29026/oet.2026.250009

Tian YY et al. Opto-Electron Technol 2, 250009 (2026)

https://doi.org/10.29026/0et.2026.250009

focused onto the tiny switch, with alignment accuracy
directly governing system performance. Despite these
hurdles, photoconductive-probe  terahertz  near-field
microscopy has advanced rapidly recently, thanks to its abil-
ity to selectively detect specific field-polarization compo-
nents and to record time-domain near-field signals, finding
growing application in biomedical diagnostics and in the
electromagnetic control of metasurfaces?!% 34134,

6.1.3 Scattering-type terahertz scanning near-field
imaging

Scattering-type terahertz scanning near-field optical
microscopy (s-SNOM) departs fundamentally from aper-
ture- and photoconductive-probe schemes by employing an
indirect scattering mechanism: evanescent waves at the
sample surface are converted into propagating waves via a
sharp probe and detected in the far field, as shown in Fig. 63.
In practice, terahertz s-SNOM integrates a conventional far-
field terahertz optical path with a scanning probe micro-
scope (SPM)—typically an atomic force microscope (AFM)
or a tuning-fork-based probe—to raster the near-field sensor
across the sample and achieve nanoscale mapping of surface
field distributions.

L
Far-field zone
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Fig. 63 | Schematic illustration of the operational principle of a terahertz
scattering-type scanning near-field optical microscope (THz s-SNOM).
Figure reproduced with permission from ref.>*, John Wiley and Sons.

When the terahertz beam is tightly focused onto the probe
apex, the probe becomes polarized, and-by the "lightning-
rod" effect-a highly confined local field is established at the
tip. As the tip approaches the sample surface, image charges
are induced within the sample to mirror the probe's excita-
tion charges, forming an effective dipole between tip and
sample that radiates electromagnetic waves into the far field.
This mechanism converts the localized near-field into a
propagating wave, with an efficiency set by the effective
polarizability of the tip-sample dipole. Achieving true

nanometre-scale resolution therefore requires a tip curva-
ture radius on the same order; however, owing to the long
wavelength of terahertz radiation, the dipole's polarizability
remains relatively low. To overcome this, the probe is oper-
ated in tapping mode so that the scattered signal is modu-
lated at the probe's oscillation frequency. By demodulating
the detected signal at higher harmonics, one can selectively
recover the terahertz near-field information from the sample
surface. Later sections provide detailed discussions of the
signal-modulation and demodulation schemes, as well as the
optical-path design.

This system offers several key advantages. First, its spatial
resolution is governed by the tip's curvature radius rather
than the incident wavelength, enabling true nanometre-scale
imaging. Second, by leveraging mature AFM feedback
control, the tip-sample distance can be precisely main-
tained, improving stability and image quality. Third, the
integration of either single-frequency continuous-wave
sources or broadband pulsed sources allows both high-reso-
lution near-field imaging and terahertz near-field time-
domain spectroscopy.

Nevertheless, the use of a scattering probe inevitably
perturbs the native evanescent field, necessitating sophisti-
cated near-field models to reconstruct the unperturbed
distribution. Additionally, compared to aperture and photo-
conductive probe systems, terahertz s-SNOM is more
complicated and costly, and the probe's lower scattering effi-
ciency can affect its performance on samples that reflect
light poorly. The remainder of this review focuses on this
technique, exploring its diverse application scenarios.

Recently, numerous research groups worldwide have
independently developed terahertz s-SNOM systems and
extended their applications across materials science® 346-3%,
biological imaging®!, and nanotomography’”3>2-353, Notably,
leading advances have come from Rainer's team at CIC
nanoGUNE (Spain), Haewook's group in Korea, Basov's
laboratory in the USA, Mengkui Liu's team, and Huber's
group. Leveraging terahertz s-SNOM, these teams have
conducted in-depth studies of metamaterials, two-dimen-
sional electronic systems, photonic crystals, and biological
tissues, thereby laying a solid foundation for the future
development of terahertz near-field imaging.

By contrast, development of terahertz scattering-type
near-field techniques in China began somewhat later. The
earliest home-grown system was demonstrated in 2018 by
Cui HL's group at Jilin University, who achieved continu-
ous-wave terahertz near-field imaging at 110 GHz”™ %
Subsequently, Shanghai University of Electricity and Tech-
nology, the Shanghai Institute of Microsystems and Infor-
mation Technology, and the USTC have each constructed
their own terahertz s-SNOM platforms. To broaden the
technique's applicability, these domestic efforts have inte-
grated various terahertz sources—electronics-based emitters
operating in the hundreds-of-GHz band, quantum-cascade
lasers above 2 THz, and pulsed sources covering 0.2-3 THz.
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6.2 Applications of terahertz scattering-type near field
imaging

After more than a decade of rapid advancement, terahertz
scattering-type SNOM has been applied across a broad spec-
trum of fields, opening up diverse application scenarios.
These include nanoscale materials characterization®¥-3>¢,
mapping of surface-field distributions in resonant architectu-
res’® 35739, probing of surface-plasmon standing waves*®-3%3,
biomedical imaging®" =% and near-field tomographic
reconstruction’” 3527353,

To exploit the direct correlation between the near-field
signal and the local dielectric properties beneath the probe,
Moon K et al. employed a custom-built THz-TDS-based
near-field imaging system to perform both imaging and
spectroscopy of a-lactose® in 2019. The experimental opti-
cal layout is shown in Fig. 64. In Fig. 64, the sample's topog-
raphy and first-harmonic near-field image are presented:

trace a-lactose crystals embedded within a HDPE matrix
produce markedly stronger near-field contrast, reflecting
lactose's higher dielectric constant in the terahertz band.
Finally, the authors recorded near-field spectra of lactose (A)
and HDPE (B) (Fig. 64(c)) and applied a probe-sample line-
dipole model to extract the dielectric constant of lactose.

In 2020, Chen C et al. employed a gas-laser-based tera-
hertz scattering-type near-field imaging system to compare
the near-field intensity and phase of two phase-change
materials—amorphous Ge;Sb,Tes (a-GST) and crystalline
Ge;Sb,Tey (c-GST)—at multiple frequencies, as shown in
Fig. 65°1. Owing to a phonon resonance in ¢-GST near 4
THz, its dielectric constant undergoes a pronounced varia-
tion around that frequency, whereas a-GST's dielectric
response changes more gradually. This difference manifests
as a contrast reversal at ~4.25 THz in both the near-field
intensity and phase images.

b | T

Fig. 64 | THz-TDS s-SNOM near-field imaging and spectroscopy of a-lactose.
topography images of lactose embedded in HDPE, and (c) time-domain sc.
with permission from ref.°, under a Creative Commons Attribution License.
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Fig. 65 | Comparison of near-field amplitude and phase for two phase-change materials at different terahertz frequencies. (a) Near-field amplitude (s;) and
phase (¢;) images of substrate/a-GST/c-GST areas across multiple frequencies. (b, c) Measured and calculated near-field spectra extracted from the images
in (a).Figure reproduced with permission from ref.?, under a Creative Commons Attribution-NonCommercial License.
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The following year, Basov and colleagues in the USA
employed a THz-TDS s-SNOM system to study thin-layer
Weyl semimetal WTep**%. As shown in Fig. 66, the setup
Fig. 66(a) consists of the THz-TDS optical path combined
with an AFM probe; panel Fig. 66(b) shows optical micro-
graphs of monolayer, bilayer and trilayer WTe; on an hBN
substrate; and panel Fig. 66(c) presents the corresponding
first-harmonic, time-domain peak near-field images. They
observed a clear layer-dependent insulator-to-metal transi-
tion: the monolayer's near-field signal is nearly identical to
that of the hBN substrate, whereas in the trilayer a
pronounced signal increase denotes emergent metallic
behaviour. Importantly, this transition was shown to persist
even at low temperatures.

In 2018, Rainer's team in Spain employed an electronic
frequency-multiplier source to realize a 500-750 GHz tera-
hertz s-SNOM system*®. By combining this source with an
AFM-based probe, they imaged a single static-memory cell,
acquiring both topography and first-harmonic near-field
amplitude and phase maps, as shown in Fig. 67. Two
measurement points straddled the device's PN junction:
point C in the n-doped region (carrier density 2x10'7 cm)
and point D in the p-doped region (2x10' cm~3). These two
sites exhibited markedly different near-field contrasts,
directly reflecting their carrier concentrations. Furthermore,
theoretical calculations of the dependence of near-field
amplitude and phase on carrier density reproduced the
experimental transition between points C and D with high
fidelity, validating the system's quantitative sensitivity to
semiconductor doping levels®¢:.

Scattering-type terahertz s-SNOM offers unique advan-
tages for probing the surface resonance fields of sub-wave-
length metallic structures. In 2017, Riccardo et al. imple-
mented a QCL-driven s-SNOM system to map both the
amplitude and phase of surface resonances in a metallic
photonic crystal”, as shown in Fig. 68. Dean's group used a
similar QCL-based s-SNOM setup to image a sub-wave-
length metallic ring resonator in 2021, extracting the real-
part near-field signal to reveal opposite positive and nega-
tive electric field polarities on the ring's left and right

sides*”, as shown in Fig. 69.

In 2024, the team at the UESTC introduced a time-
domain-filtered terahertz scattering-type scanning near-field
optical microscope (THz-TDF s-SNOM), in which an
extended probe cantilever permits temporal separation and
removal of probe-surface-wave interference, thereby isolat-
ing the sample's intrinsic terahertz nanospectral and imag-
ing signals. They demonstrated its superiority in revealing
deep sub-wavelength vibrational and resonant modes in
historical pigments and metallic antennas®> 3, as show in
Fig. 70. In the same year, they further employed a conven-
tional terahertz s-SNOM to achieve reversible nanoscale
switching between Lorentzian and Fano resonance line
shapes by rotating the resonant structure, thus elucidating a
probe-induced phase-interference mechanism**. Addition-
ally, by tuning the incident polarization angle, they realized
tunable weak-strong coupling hybrid states at 0.75 THz and
091 THz in a metal microstrip—substrate-waveguide
"photonic molecule", providing a new strategy for geometri-
cal-angle control of light-matter interactions®”.

Surface plasmon-polaritons are a fundamental phenom-
enon in condensed-matter physics that, prior to the advent
of near-field techniques, could only be inferred indirectly via
far-field reflection or transmission. In 2017, Rainer et al.
employed a graphene-hBN-Au multilayer heterostructure
combined with a near-field photocurrent detection scheme
to achieve real-space imaging of acoustic graphene plas-
mons*®, as shown in Fig. 71. Given that terahertz wave-
lengths are typically on the order of hundreds of microme-
tres, directly resolving the resulting standing-wave pattern
demands both an extended imaging range and plasmons
with very high confinement to overcome their intrinsic
propagation losses. By using the dielectric environment of
the multilayer stack to compress the plasmon wavelength by
more than two orders of magnitude, the authors were able to
observe multiple standing-wave fringes within a few
micrometres of the surface.

In 2022, Chen S et al. at the University of Shanghai for
Science and Technology used a terahertz -gas -laser -driven
scattering -type s-SNOM to achieve real-space imaging of

Optical microscope image

c Near-field S;
290 pV  n— ] 380 pV

Fig. 66 | Near-field imaging of the Weyl semimetal WTe; using a THz-TDS s-SNOM system. (a) Schematic of the THz s-SNOM experiment on an hBN-encap-
sulated WTe; microcrystal, (b) corresponding optical microscope image, and (c) room-temperature THz near-field image revealing distinct layer-depen-
dent signals across 1L, 2L, and 3L regions. Figure reproduced with permission from ref.>**, under a Creative Commons Attribution License.
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Fig. 67 | Terahertz near-field imaging of regions with different carrier concentrations. (a) Schematic of the tunable THz s-SNOM setup, (b) topography
alongside 0.6 THz near-field amplitude and phase images of doped Si, and (c) predicted near-field signals as a function of carrier density. Figure repro-
duced with permission from ref.>%¢, under a Creative Commons Attribution License.

surface plasmon-polaritons on the topological insulator
Bi,Ses*!, as shown in Fig. 72. Although only half a fringe
was captured, tuning the incident terahertz frequency
produced the expected shift in fringe spacing, in excellent
agreement with theoretical predictions. The following year,
the same platform was applied to map standing waves of
acoustic plasmons in silver telluride (Ag,Te)**, as shown in
Fig. 73. Thanks to an exceptionally high field-confinement
factor, plasmons excited at 4.25 THz exhibited a measured
wavelength of approximately 2.5 pm.

Near -field terahertz imaging has also made significant
inroads into biomedical applications. In 2020, Wang HB et
al. at the Chongqing Institute of Green and Intelligent Tech-
nology (CAS) employed a THz-TDS s-SNOM system to
achieve nanoscale near-field mapping of individual
immunoglobulin molecules, ingeniously using graphene
substrates to combine high imaging contrast with an excep-
tionally flat background signal®!, as shown in Fig. 74. In

2024, Hu M's group at UESTGC, in collaboration with Hu T's
team at West China School of Stomatology, extended THz-
TDS s-SNOM to visualize oral Streptococcus bacteria, estab-
lishing a clear correlation between cellular morphology and
near-field response®, as shown in Fig. 75. Later that year,
the same teams applied nanoscale near-field imaging to
bovine enamel before and after demineralization; by inte-
grating AFM, SEM and elemental mapping, they uncovered
the morphological and dielectric-constant changes driven by
lattice dissolution and mineral-ion migration during early
caries formation, offering fresh insights for early caries diag-
nosis and enamel electromagnetic characterization®*.

In 2025, a team from the UESTC and the Third Military
Medical University implemented a single-bacterium tera-
hertz dielectric nanoscopic imaging (STDN) strategy on a
custom terahertz scattering-type SNOM platform®”, as
shown in Fig. 76. By synchronously capturing AFM three-
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Fig. 68 | Observation of localized terahertz plasmonic modes on a metallic photonic crystal. (a) Schematic of the experimental setup, (b) SEM micrograph
and simulated electric field of the patterned quantum cascade laser (QCL) surface, alongside (c) topography and (d) corresponding THz near-field scattered
signal with extracted profiles. Figure reproduced with permission from ref.’8], American Chemical Society.

dimensional topography and terahertz near-field dielectric
responses, and combining principal-component analysis
with a support-vector-machine classifier, they demon-
strated 99.3% accuracy in species identification and 91.6%
accuracy in antibiotic-susceptibility testing within just two
hours—paving the way for label-free, culture-free rapid
single-cell microbial diagnostics.

By exploiting the intrinsic depth-sectioning capability of
near-field microscopy, nanometre-scale tomographic recon-
struction has become possible. In 2014, Rainer and co-work-
ers demonstrated three-dimensional imaging of a protrud-

ing feature buried beneath a dielectric overlayer using an
infrared s-SNOM platform®?. That same year, Moon et al.
extended this concept to the terahertz band, achieving
nanometre -resolution imaging of a metal grating under a
dielectric coating with their THz-s-SNOM system—attain-
ing ~80 nm resolution at the third-harmonic frequency”, as
shown in Fig. 77. More recently, in 2023, Wang HB's team at
the Chongqing Institute of Green and Intelligent Technol-
ogy applied THz-TDS s-SNOM for tomographic mapping of
protein films on solid substrates. By incorporating a finite-
dipole probe -sample model, they developed a novel
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Fig. 69 | Terahertz near-field imaging of a rectangular antenna and ring
resonator. Measured THz s-SNOM images and corresponding out-of-plane
field simulations of (a) a dipole antenna and (b) a split-ring resonator (SRR)
at ~ 3.45 THz, under both on- and off-resonance excitation. Figure
reproduced with permission from ref.>*’, under a Creative Commons Attri-

bution License.
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Fig. 70 | Time-domain-filtered THz scattering-type s-SNOM revealing
intrinsic nanoscale light-matter interactions. Figure reproduced with
permission from ref.?3, American Chemical Society.
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Fig. 71 | Real-space imaging of graphene acoustic surface plasmon-polari-
tons. (a) Schematic of the THz photocurrent nanoscopy setup alongside
the near-field photocurrent image of a split-gate graphene photodetector.
(b) Near-field photocurrent profiles at various frequencies and (c) the
corresponding experimental and theoretical plasmon dispersion relations.
Figure reproduced with permission from ref.>, Springer Nature.
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Fig. 72 | Near-field real-space imaging of surface plasmon-polaritons in
bismuth selenide. (a) Schematic of polariton mapping alongside the topog-
raphy, near-field amplitude, and phase images of a 25-nm-thick Bi,Ses film
at 2.52 THz, and (b) corresponding near-field phase line profiles at various
frequencies. Figure reproduced with permission from ref.*®!, under a
Creative Commons Attribution License.

thickness -reconstruction algorithm that enabled full three-
dimensional morphological recovery of the protein layer®”!,
as shown in Fig. 78.

Extensive further investigations have employed terahertz
near-field platforms to resolve carrier-dynamics processes in
materials at micro- and nanometre scales’”* 7%, as well as to
explore novel phenomena emerging from probe-induced
perturbations®®377-381,

6.3 Future development of terahertz near-field
imagimg

Terahertz near-field microscopy has rapidly evolved into a

powerful tool for probing electromagnetic-matter interac-
tions at deeply sub-wavelength scales, with demonstrated
successes in material characterization, surface-plasmon
mapping, phase-change dynamics, biological imaging, and
even label-free single-cell diagnostics. By converting evanes-
cent terahertz fields into far-field signals via aperture, photo-
conductive or scattering-type probes, researchers have
routinely broken the Rayleigh limit—reaching spatial resolu-
tions from tens of micrometres (aperture- and photocon-
ductive-probe systems) down to tens of nanometres (THz s-
SNOM). Integration with AFM feedback, lock-in demodula-
tion and ultrafast time-domain detection has enabled both
high-contrast imaging and local spectroscopy, opening new
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Fig. 73 | Near-field real-space imaging of acoustic surface plasmon-polaritons in silver telluride (Ag,Te). (a) Topography and THz near-field images of an
Ag,Te platelet, (b) schematic of the experimental setup alongside the corresponding dispersion relations, and (c) extracted near-field line profiles. Figure

reproduced with permission from ref.3%?, Springer Nature.

windows on carrier dynamics, polariton physics, and
nanoscale chemical heterogeneity.

Yet several challenges must be overcome to transition
terahertz near-field microscopy from a predominantly
academic technique to a broadly deployed analytical tool.

Signal-to-noise ratio: the inherently weak scattering cross-
section of sub-wavelength probes demands very high-power
sources, low-noise detector. This hardware burden limits
sensitivity—especially for materials with low reflectivity or
weak dielectric contrast—and slows acquisition times.

Broadband spectroscopy: achieving true broadband spec-
tral coverage remains difficult. Many setups rely on single-
frequency continuous-wave sources (e.g., QCLs) or narrow-
band electronic multipliers, constraining the accessible spec-
tral window. Pulsed THz-TDS approaches offer wider band-
width but suffer from lower peak power and require
complex phase-stabilized optics.

Quantitative reconstruction: extracting absolute material
parameters (e.g., complex permittivity) requires sophisti-
cated probe-sample interaction models and careful calibra-
tion. Probe-induced perturbations, dispersion in the optical
path and sample topography all introduce uncertainties that
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Fig. 74 | Near-field imaging of immunoglobulin molecules using a THz-TDS
scattering-type scanning near-field optical microscope (s-SNOM) system.
(a) Topography and (b) corresponding THz near-field amplitude images of
individual IgG molecules on graphene, alongside (c, d) their respective
section profiles. Figure reproduced with permission from ref.3>!, John
Wiley and Sons.
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Fig. 75 | Imaging of oral streptococcus by SEM and THz-TDS s-SNOM. (a, b)
Scanning electron microscopy (SEM) images at different magnifications,
alongside (c) AFM topography and (d) corresponding THz near-field images
of Streptococcus salivarius. Figure reproduced with permission from ref.3%,
Sage Publications.

must be unraveled by advanced inversion algorithms.

Imaging speed and field of view: raster scanning with
nanometre-scale tips is inherently slow, limiting throughput
and practical imaging area. Developing high-speed micro-
electromechanical scanners or parallel probe arrays will be
essential for larger-scale or in vivo applications.

Looking ahead, terahertz near-field microscopy could be
revolutionized by on-chip integration, embedding both the
time-domain emitter and detector at the tip of the cantilever
to enable fully self-aligned measurements. Advances in
hybrid-material coatings and nanostructured probes
promise to dramatically boost scattering efficiency and

improve SNR, while Al-driven algorithms—such as deep-
learning-based denoising and quantitative inversion—will
allow real-time reconstruction of near-field images. These
practical innovations will transform terahertz nanoscopy
into an analytical platform for materials science, biomedical
diagnostics, and industrial non-destructive testing.

7 Conclusions and outlooks

Terahertz imaging has evolved into a versatile and powerful
technology, leveraging the unique properties of terahertz
radiation—such as its non-ionizing nature, sensitivity to
polar molecules, and material-specific spectral finger-
prints—to enable applications across security, biomedicine,
industrial inspection, and cultural heritage preservation.
This review has surveyed major imaging modalities, includ-
ing continuous-wave holography, ptychography, computed
tomography, focal-plane imaging, single-pixel imaging, and
near-field imaging, each offering distinct advantages in reso-
lution, speed, and functionality.

Significant progress has been made in improving imaging
performance. Continuous-wave terahertz digital hologra-
phy achieves submillimeter resolution and video-rate imag-
ing through synthetic aperture and common-path geome-
tries. Terahertz ptychography enables large-field-of-view
phase imaging with robust probe and object recovery.
Computed tomography benefits from advanced reconstruc-
tion algorithms, super-oscillatory lenses, and sparse-angle
sampling to enhance quality, resolution, and speed. Focal-
plane imaging has overcome early signal-to-noise limita-
tions to support real-time wavefront characterization and
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Fig. 76 | Single-bacterium identification using terahertz near-field microscopy. (a) SEM image and (b) near-field intensity overlaid on topography of a
pooled bacterial sample. (c) Near-field intensity distributions within a specific height range, (d) height-processed THz nanoimage for noise filtering, and
(e) SVM classification error matrix. Figure reproduced with permission from ref.>*’, American Chemical Society.
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Fig. 77 | Near-field imaging of a silicon-nitride-covered gold grating using a THz-TDS s-SNOM system. (a) Schematic of the THz s-SNOM setup. (b) AFM
topography and corresponding THz near-field peak intensity images, alongside (c) extracted near-field profiles revealing topographic artifacts at surface
protrusions. Figure reproduced with permission from ref.”’, American Chemical Society.
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Fig. 78 | Three-dimensional morphological reconstruction of a protein layer using a THz-TDS s-SNOM system. (a) Schematic of the THz s-SNOM setup along-
side (b) the acquired near-field amplitude image, (c) the theoretical model for local thickness retrieval, and (d) the final reconstructed 3D morphology.

Figure reproduced with permission from ref.>’*, American Chemical Society.

meta-surface validation. Single-pixel imaging provides a
cost-effective alternative to array detectors, enabling high-
resolution and hyperspectral imaging even with limited
hardware. Near-field techniques, particularly scattering-type
SNOM, have broken the diffraction limit, achieved
nanoscale resolution and revealed insights into plasmonic,
biological, and material systems. Table 1 presents a compari-
son of mentioned methods.

Despite these advances, challenges remain. SNRs, hard-
ware integration, imaging speed, and environmental sensi-
tivity continue to limit widespread adoption. Reconstruc-
tion artifacts, limited detector dynamic range, and the high
cost of sources and modulators also pose barriers to practi-
cal deployment. Looking ahead, several trends will shape the
future of terahertz imaging:

o Algorithm and Al integration: deep learning and com-

pressed sensing will further optimize reconstruction quality,
reduce sampling requirements, and enable real-time imaging.

» Hardware miniaturization and innovation: the develop-
ment of compact, high-power quantum cascade lasers, sensi-
tive array detectors, and reconfigurable spatial light modula-
tors will enhance portability and performance.

o Multi-modal and multi-spectral imaging: combining
terahertz imaging with other modalities (e.g., optical coher-
ence tomography, X-ray, or Raman spectroscopy) will
provide complementary information for comprehensive
sample analysis.

o Near-field and hyperspectral expansion: advances in
near-field probes and broadband sources will enable deeper
nanoscale analysis and material-specific identification across
wider spectral ranges.

o Application-specific systems: tailored systems for biom-
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Table 1 | Comparison of terahertz imaging technologies.

Imaging method

Characteristic resolution

Imaging speed Information dimension

System complexity Application fields

Continuous-wave

Sub-mm
terahertz digital
(e.g., 0.1 mm)
holography
e - Lateral: ~24,
erahertz ptychogra
AR Axial: ~0.03A

Terahertz computed

~0.5A (with super-

tomography oscillatory lenses)

Terahertz focal-
L pm to sub-mm
plane imaging

Terahertz pulse time-

Wavelength-level

domain holography

Terahertz single-
o um to sub-mm
pixel imaging

Terahertz near- Nanoscale

field imaging (tens of nm)

Amplitude, phase,
Video rate quantitative
phase contrast
Slow (requires  Complex amplitude, large
scanning & iteration)  FOV phase contrast

3D absorption

Medium
coefficient
Spatio-temporal
High-speed o .
distribution, amplitude,
(e.g., 69 f/s)

phase, polarization

Spatio-temporal, spatio-
Medium (single-scan
spectral, complex
full wavefront)

electric field
Real-time 2D spatial, spectral
(e.g., 6 f/s) (with THz-TDS)

Nanoscale field
Slow (limited by
distribution, amplitude,
probe scanning)
phase, spectral

High (requires rotation scanning

. Biomedical sensing, non-destructive
Medium i ) .
testing, security screening

. . Label-free in-vivo medical
Low (simple optical path) . . . .
imaging, material analysis

Cultural heritage preservation,

&complex algorithms) industrial non-destructive testing
. . Wavefront characterization,
High (requires femtosecond o .
metasurface verification, chemical/
laser & EO crystal) ) . o
biological spectral imaging

High (coherent detection Material property retrieval, wavefront

&numerical reconstruction) metrology, dynamic event analysis

Low to medium (depends Real-time dynamic imaging,

on modulator type) spectral Identification
Nanomaterial characterization,
Very high (integrates AFM
plasmonics, biological
&terahertz source)
single-cell imaging

edical diagnostics, pharmaceutical quality control, semicon-
ductor inspection, and cultural heritage preservation will
drive commercialization and industrial adoption.

tion imaging across science and industry.
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