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Abstract
Terahertz (THz) radiation encompasses a wide spectral range within the electromagnetic
spectrum that extends from microwaves to the far infrared (100 GHz–∼30 THz). Within its

2

mailto:michael.johnston@physics.ox.ac.uk
mailto:j.e.cunningham@leeds.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6463/acbe4c&domain=pdf&date_stamp=2023-4-5


J. Phys. D: Appl. Phys. 56 (2023) 223001 Roadmap

frequency boundaries exist a broad variety of scientific disciplines that have presented, and
continue to present, technical challenges to researchers. During the past 50 years, for instance,
the demands of the scientific community have substantially evolved and with a need for
advanced instrumentation to support radio astronomy, Earth observation, weather forecasting,
security imaging, telecommunications, non-destructive device testing and much more.
Furthermore, applications have required an emergence of technology from the laboratory
environment to production-scale supply and in-the-field deployments ranging from harsh
ground-based locations to deep space. In addressing these requirements, the research and
development community has advanced related technology and bridged the transition between
electronics and photonics that high frequency operation demands. The multidisciplinary nature
of THz work was our stimulus for creating the 2017 THz Science and Technology Roadmap
(Dhillon et al 2017 J. Phys. D: Appl. Phys. 50 043001). As one might envisage, though, there
remains much to explore both scientifically and technically and the field has continued to
develop and expand rapidly. It is timely, therefore, to revise our previous roadmap and in this
2023 version we both provide an update on key developments in established technical areas that
have important scientific and public benefit, and highlight new and emerging areas that show
particular promise. The developments that we describe thus span from fundamental scientific
research, such as THz astronomy and the emergent area of THz quantum optics, to highly
applied and commercially and societally impactful subjects that include 6G THz
communications, medical imaging, and climate monitoring and prediction. Our Roadmap vision
draws upon the expertise and perspective of multiple international specialists that together
provide an overview of past developments and the likely challenges facing the field of THz
science and technology in future decades. The document is written in a form that is accessible to
policy makers who wish to gain an overview of the current state of the THz art, and for the
non-specialist and curious who wish to understand available technology and challenges. A such,
our experts deliver a ‘snapshot’ introduction to the current status of the field and provide
suggestions for exciting future technical development directions. Ultimately, we intend the
Roadmap to portray the advantages and benefits of the THz domain and to stimulate further
exploration of the field in support of scientific research and commercial realisation.

Keywords: terahertz, spectroscopy, photonics
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1. Introduction

John Cunningham1 and Michael B Johnston2

1 School of Electronic and Electrical Engineering, University
of Leeds, Woodhouse Lane, Leeds LS2 9JT, United Kingdom
2 Department of Physics, University of Oxford, Clarendon
Laboratory, Parks Road, Oxford OX1 3PU, United Kingdom

Terahertz (THz) radiation, which in the last century was also
referred to as the sub-millimetre wavelength region of the elec-
tromagnetic spectrum, or as just as ‘far-infrared’ radiation, is
typically defined as electromagnetic waves with frequencies
between 100 GHz and 30 THz (wavelengths 3 mm–10 µm).
While electronic methods of generation and detection are
typically associated with microwaves at the lower-frequency
end of the THz band, optical and photonic methods are used
for infrared light at the upper boundary. The THz band is
where the fields of electronics and optics meet up, and this
convergence has required the expertise not just of electrical
engineers, but also photonic engineers, physicists, as well as
material scientists. Taking one example, the development of
technologies to modulate THz light has involved a range of
disciplines, requiring knowledge of free-space optics, light–
matter interactions, and carrier transport from condensed mat-
ter physics. Often new, adapted or highly engineered materials
are required, so an underpinning of materials science has also
proved necessary. Furthermore, the technical developments
arrived at have enabled new THz spectroscopy, imaging and
microscopy methods that have drawn in an even wider range
of scientists, including biologists and chemists. Beyond sci-
entific discovery, THz technologies are now entering the realm
of ‘real world’ applications ranging from weather monitor-
ing and forecasting, communications, security scanning, and
diagnostics for faults in semiconductor integrated circuits, to
monitoring thickness of paint layers in both automotive and
aerospace applications. A running theme is that THz science is
not seeking to find one single ‘killer application’, rather as has
been demonstrated in other spectral ranges, it has now shown
utility in a host of worthwhile areas, each with its own drivers
that will ultimately determine commercial success or failure.
We may reasonably surmise the prospect of finding new areas
with potential for commercial exploitation is strong, and set
to drive further developments over the next decade and bey-
ond; it is likely many such developments will occur within
the thematic areas that we have identified here, but we must
also acknowledge that inevitably some of the most exciting
developments will come from entirely new directions that as
yet are unforeseen.

In 2017 we thought that the field of THz science and tech-
nology had expanded in interdisciplinary breadth and public-
ation output to an extent that it was difficult for any individual
to have a satisfactory overview of the status of the field. Thus
we compiled the 2017 THz Science and Technology Roadmap
[1], which aimed to produce a snapshot of the field and assess
the many future challenges and opportunities. The explora-
tion and exploitation of the THz region of the electromagnetic
spectrum has continued unabated since. In this second edition,
we concentrate on the substantial scientific developments that
have been made in the intervening six years, on new applica-
tions and technologies at the very forefront of scientific devel-
opments, and look to the future of the many technological
areas that are already benefitting from the continued world-
wide research investment and interest. Developments across
19 topical areas are featured, including in quantum optics and
quantum device designs, in lasers and modulators, magnetic
systems, and covering applications as diverse as automotive,
biological and medical, along with the nascent underpinning
metrology.

There is a strong focus on imaging running through our
Roadmap, a result of the very rapid advances being made
in the various THz modalities, which now offer the ability
to observe THz properties down to single-molecular length-
scales, a potential game-changer in terms of understanding fast
charge-carrier dynamics and their spatial dependence across a
wide range of micro- and nano-scale systems, and which may
be reasonably expected to lead eventually to new devices in
which the passage, emission, modulation and detection of THz
radiation is tailored for particular applications.

Elsewhere, developments in astronomy and satellite sys-
tems are discussed, along with the aligned topic of THz
communications. As hardware underpinning 6G and sub-
sequent wireless technologies becomes ever more import-
ant over the next decade telecommunications is poised to
transition from the microwave to THz domain; a prospect
recognised by the international governments and regulatory
organisations such as the International Telecommunications
Union.

We again anticipate our Roadmap will be of interest both
to new and established workers in the disciplines and topics
covered, including those that may have heard of THz science
but who would like a succinct summary of the state-of-the-art.
It may also that it might act as a pointer both for funding agen-
cies and for governmental organisations interested in assessing
and understanding the range of fledgling to well-established
technologies related to the THz region of the electromagnetic
spectrum.
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2. THz time-domain quantum optics

Alfred Leitenstorfer1 and Andrey S Moskalenko2

1 Department of Physics and Center for Applied Photonics,
University of Konstanz, D-78457 Konstanz, Germany
2 Department of Physics, KAIST, 34141 Daejeon, Republic of
Korea

Status

A detailed understanding of the physics of vacuum fluctu-
ations is of paramount importance for answering fundamental
questions related to a broad spectrum of advanced topics ran-
ging from quantum technologies all the way to the proper-
ties of the universe. The emerging field of THz time-domain
quantum optics brings the established technology for gen-
eration and characterization of classical THz electric fields
to this quantum regime. In conventional quantum optics, the
quantum state of light is accessed in a time-averaged way
via homodyne detection or photon correlation measurements.
Instead, electro-optic sampling based on ultrashort laser pulses
provides sensitive access to the coherent THz field amplitude
directly in the time domain. Consequently, generalizing this
technique to quantum fields became attractive. The first exper-
imental implementation led to free-space detection of electric-
field vacuum fluctuations in the multi-THz or mid-infrared
range, supported by a theory based on the paraxial approxim-
ation of nonlinear quantum optics [2]. Exploiting a quantum
Green’s tensor based [3, 4] or a direct polaritonic approach [5]
allows considering also effects of absorption and dispersion as
well as deviations from the paraxial limit. The results of a first
attempt [6] to go beyond quantum vacuum by generation and
sampling of few-cycle synchronal squeezed states, i.e. states
with quantum noise patterns synchronized to the probe pulses,
are clarified in the next sections. The concept of this experi-
ment is sketched in figure 1.

An expanded scheme, implemented first for subcycle meas-
urements of intensity correlations from a THz quantum cas-
cade laser close to the lasing threshold [7], is capable of
resolving the temporal and spatial correlations of quantum
fields [8], see figure 2. Furthermore, the changes of the THz
quantum vacuum induced by a perfectly reflecting plate or by
a plate possessing a surface plasmon polariton were studied
in this configuration [9]. Options to sample not only the elec-
tric component of the propagating quantum field but also its
second generalized conjugated quadrature [10, 11] have been
discovered recently [12, 13], paving the way towards a new
type of quantum tomography operating completely in the time
domain. In general, these subcycle studies of quantum fields
are exploring deep connections between quantum and relativ-
istic physics [11, 14], thus creating a new platform for future
advances in this frontier region of contemporary science.

Current and future challenges

In THz quantum detection, a statistical readout with millions
of repetitions for each relative temporal position tD or τ is

Figure 1. (a) Time-domain generation and sampling of THz
quantum fields [2, 6]. A near-infrared (NIR) pump generates a THz
coherent transient by optical rectification (orange) in a nonlinear
crystal (GX). Cascaded action of the second-order nonlinearity
modulates the refractive index seen by the co-propagating bare
vacuum fluctuations Evac (t) (green band: rms amplitude), resulting
in a synchronal squeezed field with increased (red) and decreased
(blue) fluctuations with respect to Evac (t). This quantum waveform
enters a detection crystal (DX) with a coherent NIR probe delayed
in time by tD. vg: near-infrared group velocity. The polarization state
of the probe encodes the amplitude of the THz field. It is analysed
by an ellipsometer (see [2]). Reproduced from [6], with permission
from Springer Nature. (b) Schematic probability distributions of the
THz quantum field at three specific time delays tD: bare vacuum
(green line), squeezing (blue) and anti-squeezing (red). (c)
Schematic of the relative differential noise (RDN) measured as a
function of tD. Detected variance also includes the shot noise of the
NIR probe photons.

implemented to have access not only to the mean value of
the field (coherent amplitude) which vanishes for the cases of
bare and squeezed vacuum, but also to its full statistics (see
figures 1(b) and 2). The key factors limiting the sensitivity are
related to the shot noise at low fluxes of probe photons (weak
measurement regime), followed by back-action and poten-
tially also third-order nonlinear effects at higher probe intens-
ities. Figuring out the optimum operational regimes andmater-
ials involved will be a challenge for the near future. Another
challenge is an appropriate modification of the setup for sim-
ultaneous quadrature measurement, thus enabling subcycle-
resolved quantum tomography. This step might require spec-
tral filtering of the detected near-infrared (NIR) photons and
variation of the static phase shift in the ellipsometer [12]. Gen-
eralization towards quantum imaging of THz fields with sub-
cycle and subwavelength resolution [15] represents another
milestone. Once such challenges have been met, the first
quantum technology at far- and mid-infrared frequencies is
available. While the photons in the coherent part of the THz
fields which have been exploited so far are maximally uncor-
related with each other, equivalent to Poissonian statistics,
quantum states of light with e.g. squeezed character comprise
correlated photons which are e.g. coming in pairs. The abil-
ity to exploit this aspect of quantum light will be extremely
attractive especially in the THz frequency range where the
collective resonances of matter are located. For example, cor-
related two-photon absorption will provide access to different

6
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Figure 2. Two-probe setup for studying the correlations of the THz
vacuum field [8]. At the entrance, a strong NIR probe is split into
two beams (red bands) by a beam splitter. One of the beams
acquires a time delay τ at a retroreflector. The beams are focused at
an electro-optic crystal (EOX) of length l with a small difference
2δθ in the angle of incidence. The beams may also have a spatial
separation between their focus points at the EOX to access spatial
correlations. After the interaction with the THz vacuum field in the
EOX, the modified NIR beams are separated and directed towards
two different ellipsometry setups, including quarter waveplates,
Wollaston prisms and balanced detectors. The currents from the
detectors are multiplied electronically and statistically analysed to
obtain the correlation signal. To avoid thermal population of the
photon states of the few-THz quantum fluctuations detected by this
experiment, the interaction part of the setup is operated at cryogenic
temperatures (Figure Courtesy of F F Settembrini and J Faist).

selection rules as compared to dipolar one-photon absorption
while remaining in a linear regime. Potentially, vibrational or
magnonic (i.e. spin-wave) transitions which are only Raman
active for coherent light as well as elusive excitations of many-
body states like superconducting condensates might become
directly accessible by this quantum variant of infrared absorp-
tion without the severe restrictions in time resolution inherent
to Raman spectroscopy.

Advances in science and technology to meet
challenges

The most critical issues for advancing time-domain quantum
optics are the stability of few-femtosecond laser sources [2, 6],
operating sophisticated setups in cryogenic environments
[8] and finding the right schemes of electronic readout for
maximum efficiency of isolating the quantum aspects. For
example, the changes of noise with tD detected in [6] were
heavily contaminated owing to an interplay of several spuri-
ous factors [12]: while the total photon statistics of the
ultrabroadband probe pulses is almost perfectly Poissonian

in the radiofrequency range where lock-in quantum detection
operates, anti-correlations in amplitude noise have been dis-
covered between the high- and low-frequency spectral regions.
Together with an immanent presence of the Hilbert transform
of the THz field in the detected signals and minute deviations
of the ellipsometer setup from optimum, positive and negat-
ive deviations from the noise level of bare vacuum input arise
at the zero-crossings of the co-propagating coherent wave-
form. The route to avoid such artefacts is as follows: sources
for more perfectly coherent pulses or even specially designed
quantum states for probing [16] have to be deployed. This
task might include in-depth studies of e.g. the properties of
the femtosecond frequency comb structures of these sources,
down to a resolution in the order of 100 Hz. At the same time,
geometries for nonlinear generation of quantum noise patterns
in timewhich are synchronal to those probes have to beworked
out where the presence of a co-propagating coherent THz
amplitude is maximally suppressed. This task may be accom-
plished e.g. by direct pumping of second-order orientation-
patterned nonlinear crystals with intense and phaselocked THz
transients from optical-parametric oscillators or by exploiting
third-order nonlinear elements for direct conversion of NIR
femtosecond pulses into THz quantum radiation. Finally, as
in any quantum technology, strategies to avoid spurious losses
e.g. due to reflections or absorption will minimize degradation
of any quantum states due to the superposition of uncorrelated
vacuum fluctuations. Potentially, the broad relative bandwidth
and minimum dispersion required by the time-domain aspect
will require advanced concepts such as e.g. moths-eye nano-
structures for antireflection coating.

Concluding remarks

THz time-domain quantum optics represents a new frontier,
taking its place among other technologies contributing to
the second quantum revolution. It might pave the way to
time-domain tomography of quantum fields and further on to
quantum spectroscopy [17] in this important spectral regime. It
also provides a resource to address fundamental questions and
to resolve puzzles in quantum physics, extending even to cos-
mological context. In particular, characterization of photon-
antiphoton clouds at elementary timescales, observation of
vacuum entanglement, direct detection of Unruh radiation and
control of its properties may be envisioned. The technological
challenges on this path are prominent but seem to be man-
ageable. They include tasks like increasing detection sensitiv-
ity, eliminating spurious effects and finding advanced electro-
optics materials. Finally, also new concepts might emerge with
extended ranges of applications and efficiency.
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3. Terahertz spintronics and magnetism

Tobias Kampfrath1,2 and Junichiro Kono3

1 Department of Physics, Freie Universität Berlin, 14195 Ber-
lin, Germany
2 Department of Physical Chemistry, Fritz Haber Institute of
the Max Planck Society, 14195 Berlin, Germany
3 Department of Electrical andComputer Engineering, Depart-
ment of Physics and Astronomy, and Department of Materials
Science and NanoEngineering, Rice University, United States
of America

Status

The central goal of terahertz (THz) spintronics is to interrog-
ate and control spin dynamics in spintronic systems using THz
electromagnetic pulses [18], as schematically summarized in
figure 3. In particular, both THz electromagnetic transients and
optical femtosecond laser pulses are used to push the rota-
tion and transport of electron spins and the detection of spin
dynamics from the sub-gigahertz to the THz range.

This approach provides new insights into the formation of
spintronic effects and reveals new phenomena, which exist
only in non-equilibrium states on ultrashort time scales. A
major reason is that the THz range coincides with the natural
frequencies and rates of electron transport, lattice vibrations
(phonons) and spin waves (magnons) (figure 3). Finally, THz
spintronics may not only enable faster spintronic operations,
but also new THz-photonic functionalities such as the genera-
tion, modulation and detection of THz radiation.

Magnon spectroscopy. THz magnetic fields can be used
to directly drive spin precession by the Zeeman torque and
to excite magnons (figure 4(a)). This approach is useful to
characterize antiferromagnets such as insulating ferrites (e.g.
YFeO3) [18, 19]. In ErxY1−xFeO3 in static magnetic fields
above 3 T, one can additionally induce a THz precession of
the Er3+ spins [19].

Remarkably, linear THz spectroscopy revealed that the
coupling of the Er3+ spins with a Fe3+ magnon mode can
become ultrastrong if their precession is tuned in reson-
ance with the magnon frequency (figure 4(a)). As a result,
the magnon acts akin to a cavity photon mode in cavity
electrodynamics. Such condensed-matter-based THz quantum
simulators provide new opportunities to reveal novel phenom-
ena that are predicted for light–matter coupling Hamiltoni-
ans but have remained experimentally elusive so far [21] (see
section 2).

Magnetic-order switching. For spin switching, indirect path-
ways through electron or phonon excitation are often more
promising than direct magnetic-field driving through Zeeman
torque (figure 3).

For instance, resonant phonon excitation by intense THz
electric fields was used to switch ferrimagnetic [22] order
or induce ferromagnetism in an antiferromagnet [23]. Such
THz-nonlinear studies (see section 5) are not only relevant for

Figure 3. Basic concept of THz spintronics. An ultrashort
electromagnetic pump pulse (THz or optical) induces changes in the
magnetic order of a solid by excitation of electron spins, crystal
lattice (as shown here) or electron orbital degrees of freedom. The
resulting torque on spins or spin transport into an adjacent layer are
monitored by a suitable probe pulse. At least one of the two pulses
is a THz pulse.

THz spintronics, but also provide fundamentally new insights
into spin–phonon and spin–electron interactions.

Laser-driven THz spin transport. Femtosecond optical laser
pulses were shown to drive THz spin transport in stacks
made of magnetic layers and layers without magnetic order
(figure 4(b)). Macroscopically, the ultrafast spin currents arise
from optically induced gradients of (generalized) electron
temperature and spin voltage [24], both of which are estab-
lished spintronic concepts. Interestingly, the transient spin
voltage is an ultrafast route and sizeable only before spins and
hot electrons have equilibrated. To detect the THz spin current,
one uses spin-to-charge-current conversion, which transforms
the spin flow into a perpendicular charge current and, thus, a
measurable THz pulse [24] (figure 4(b)).

This scheme is highly useful to rapidly characterize con-
version in the bulk and at interfaces [24, 25] or the spin-
current generation by various magnets [24, 26] of as-grown
thin films without microstructuring. One can even extract the
temporal evolution of the spin current and obtain a better
understanding of electron- and magnon-driven spin currents
[20] (figure 4(b)). Finally, this concept allows one to effi-
ciently generate THz pulses in optimized spintronic structures,
covering the full 1–30 THz range and offering functionalities
like rapid THz polarization modulation [24].

Current and future challenges

With regard to photonic applications, the efficient optical gen-
eration and detection of THz electromagnetic pulses remains a
central goal of THz spintronics. With regard to spintronics, it
is important to note that spintronic devices are typically driven
and probed by low-frequency voltages.

Therefore, to explore spintronic functionalities at THz
frequencies, one should directly use THz electric fields rather
than rectified optical laser pulses. In this way, all flavors of
electrically driven spin transport (conduction-electron- and
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sion spectroscopy (see figure 4(b) and section 11) offers a large
potential that needs to be explored further.

Theory development. The description of spintronic and
magnonic effects at THz frequencies is generally non-
trivial because complex processes such as electron-momentum
relaxation [30], electron thermalization [24], electron–spin
[24], electron–phonon [24] and spin–phonon [22, 23] equi-
libration become relevant on sub-picosecond scales in highly
correlated solids [31]. A novel approach in this direction is

time-dependent density functional theory, which will soon
also capture phonon dynamics [32].

Concluding remarks

Applying ultrabroadband THz radiation and femtosecond
laser pulses to spintronic and magnetic structures provides
new insights into fundamental spintronic processes. On the
other hand, exciting applications for spintronic information
processing and THz photonics emerge.

10
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range of traditional sources based on electron tubes and Gunn
diodes. Continuous wave imaging continues to attract atten-
tion, particularly because its monochromatic nature allows
for simpler and more sensitive polarization components.
On the other hand, high-speed polarization imaging will
become a research hotspot to meet the industrial application
criterion.

Advances in science and technology to meet
challenges

The introduction of fiber coupled polarization sensitive pho-
toconductive detectors seems to be the most viable solution
to achieve economical, robust and flexible THz time-domain
spectrometer systems that could, in principle, be available
commercially in the near future. This of course requires the
fabrication of such detectors on narrow bandgap materials
such as InGaAs, and finding the appropriate way to fiber
couple the detector whilemaintaining appropriate illumination
of the gaps. The introduction of such devices would increase
the number of laboratories with access to such measurements,
and therefore the investigation of anisotropic properties of
materials, as well as the availability of ellipsometry THz sys-
tems, which is at the moment rather limited.

The accuracy of the polarization measurements will require
the introduction of new geometries and the development
of improved polarizers and other optical components (with
higher signal to noise ratio and/or polarization extinction ratio)
in order to characterize and demonstrate the improvement in
performance. The establishment of calibration and measure-
ment protocols will be needed.

THz polarimetric imaging has regained public attention in
recent years thanks to technological progress in THz polar-
ization sensing, and the spatial resolution provided by ima-
ging technologies offers a significant advantage in polarimet-
ric studies. For example, personnel security screening has been
demonstrated with THz polarimetric imaging [45], offering
enhanced object contrast while providing additional polariz-
ation state distribution characteristics for information extrac-
tion of human bodies and concealed objects. Considering
the ease of implementation, single-pixel THz imaging [46]
seems to be the most feasible technique for realization of
spatial, spectral, and polarization-resolved THz imaging sys-
tems with reasonable speed and accuracy, but related data

interpretation and image reconstruction algorithms need to
be carefully developed. Concurrently, incremental progress in
more conventional scanned polarimetric imaging continues.
Hybrid detection methodologies [44, 47], which include inter-
ferometry and confocal techniques, that significantly improve
the sensitivity and contrast of polarimetric imaging are emer-
ging. Benefiting from the advances in polarization-resolved
THz system development, imaging via TCD spectroscopy has
become increasingly practical. In one aspect, the ability to
resolve the full THz polarization state is key to the charac-
terization and design of novel materials (such as plasmonic
modulators [43]) that can produce circularly-polarized THz
radiation for use in TCD. In another aspect, the TCD system
itself is a polarization-resolved system. The practical realiza-
tion of TCD will lead to a revolutionary change in biomedical
science. Because many biological systems are composed of
chiral molecules and their functions depend strongly on their
chirality that can change during biochemical reactions. TCD
has the potential to accurately probe such changes in real-
time while allowing one to precisely distinguish various bio-
molecule groups.

Emerging techniques are rapidly increasing the range of
applicability of THz polarimetry. For example, electro-optic
sampling can increase the typical working bandwidth [48]
or precision [49]; advances in photoconductive systems can
increase efficiency [50] and complementing polarimetry with
other techniques adds rigor to measurements [51].

Concluding remarks

The study of anisotropic properties of materials with the
implementation of high accuracy ellipsometry systems at THz
frequencies opens new and exciting possibilities in material
science, biochemistry and many other areas. The develop-
ment of methods and devices that allow for THz time-domain
based polarimetry and ellipsometry has been an important step
towards a broader use of such techniques. However, the num-
ber of laboratories in the world with such capabilities is lim-
ited, and the number of publications that benefit from probing
the properties of materials with THz polarimetry is small. We
foresee that when commercial THz time-domain systems offer
the possibility of determining the full polarization state of the
THz radiation, the use of this technique will expand and may
also contribute significantly to imaging.

12
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5. Nonlinear terahertz spectroscopy
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Status

The progress in nonlinear THz spectroscopy is largely driven
by the advances in the development of efficient THz sources,
delivering signals with peak electric field strength in the range
of 100s of kV cm−1 to MV cm−1 [52]. Demonstration of
strong-field THz generation on the table-top in 2000s, based
on the tilted pulse front (TPF) excitation of lithium niobate,
enabled nonlinear THz spectroscopy as a popular and wide-
spread experimental technique, mostly used in fundamental
research in materials science. Besides TPF, other popular
strong-field THz generation techniques on the table-top are
colinear THz generation in organic nonlinear crystals, air-
plasma and, since recently, use of spintronic THz emitters
in conjunction with mJ-pulse laser pumping. Apart from the
table-top strong-field THz sources, large-scale accelerator-
based THz sources become more and more accessible to the
user community. Such sources demonstrate unique charac-
teristics typically not accessible with table-top approaches,
such as ability to generate strong-field quasi-monochromatic,
multi-cycle THz and sub-THz waves, and thus enabling
e.g. experiments on high-order THz harmonics generation
[53, 54]. Further, strong-field phase-stable multi-THz quasi-
monochromatic multi-cycle pulses generated via difference-
frequency generation in laser-pumped nonlinear crystals are
used in table-top nonlinear spectroscopy experiments extend-
ing into the IR and even into visible spectral range [55].

Since the free carrier response typically represents the
most prominent, and also most broadband, contribution to
the optical conductivity of materials in the THz range, the
strongest THz nonlinearities usually also originate from the
free carrier effects. Here, the driving THz electric field couples
to the electronic system of the material via optical conductiv-
ity mechanism, thus facilitating the efficient transfer of energy
from the driving THz field, and typically leading to carrier
heating and modification of particle distribution within the
bandstructure of the material. This in turn leads to the sig-
nificant modification of the dielectric function of the mater-
ials, typically semiconductors or semimetals, and hence of
their THz optical properties, manifesting in the pronounced
THz nonlinearity. Examples of such effects are carrier heat-
ing in doped semiconductors [56], graphene [53, 57], topo-
logical insulators [54] etc. Graphene in the THz frequency
range was recently shown to have by far the largest nonlinear
coefficients of all known functional materials [53] (see figure
6). THz-driven impact ionization and Zener tunneling, result-
ing in the increase of free carrier density in semiconductors,
also lead to pronounced THz nonlinearities [58, 59]. Infrared-
active THz-frequency optical phonons can also contribute to

the THz nonlinearity in polar crystals [60]. Natural THz non-
linearity of materials can be further enhanced using local
field-concentration methods, such as application of plasmonic
metallic gratings [61].

THz nonlinear spectroscopy has also been applied to solids
where many-body interactions are important, such as super-
conductors and multiferroics. In particular, in superconduct-
ors, where the energy of the quasiparticles belongs to the THz
range, Higgs mode excitation and related harmonic generation
have been reported [62]. Future developments in these studies
are expected. One needs to further mention remarkable devel-
opments in the nonlinear THz spectroscopy on ferroelectric
materials with structural phase transitions. Since the soft mode
involved in the phase transition also belongs to the THz range,
large-amplitude excitation is possible with intense THz light
[63]. It has been reported that the spatial inversion symmetry in
a ferroelectric disappears due to strong THz light irradiation,
in the experiment involving the optical second harmonic gen-
eration as a probe [64].

The methods of nonlinear THz spectroscopy currently in
use are nonlinear THz time-domain spectroscopy (NL THz-
TDS), where the transmitted THz field is measured and ana-
lyzed in a fashion similar to standard THz-TDS, but now
dependent on the field strength in the incident THz wave [53];
THz pump—THz probe spectroscopy, where the transmission
of a weak THz probe pulse following the strong THz field
excitation is analyzed [57]; and THz pump—optical probe,
where the transmission or reflection of a weak optical-range
probe signal following the THz pump is analyzed [65]. A
separate class of nonlinear THz spectroscopy experiments is
multi-dimensional THz spectroscopy, often involving com-
plex modulation schemes [66]. Finally, a very new class of
experiments involving strong-field THz excitation of mater-
ials is THz-assisted surface science experiments combining
the THz excitation of materials with UV/EUV-driven photoe-
mission spectroscopy, such as the pioneering angular resolved
photoelectron spectroscopy experiment under THz excitation
[67].

Current and future challenges

In the recent 10 years the nonlinear THz spectroscopy became
a well-established method of fundamental research used by
many groups around the world. Almost every group involved
in THz time-domain spectroscopy using mJ-level amplified
laser is currently capable of performing nonlinear THz spec-
troscopy experiments of a certain kind. This is the result of
wider availability of amplified laser systems, commissioning
of new strong-field THz beamlines at large-scale facilities
open to a broader user base, and, above all, constructive shar-
ing of expertise within the ever-growing THz spectroscopy
community. Nevertheless, the challenges in further develop-
ment of nonlinear THz spectroscopy remain.

One of the key outstanding challenges still remains to
be the availability of strong-field quasi-monochromatic table-
top THz sources in the frequency range of ca 5–15 THz,
corresponding to the reststrahlenband of most THz-emitting
materials [1]. Such sources are needed for highly selective
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combines two visible or near-infrared CW lasers to construct
a pseudo-monochromatic, tunable terahertz-frequency source.
Advances are increasing the tuning range and power while fur-
ther reducing the already small size and cost. Optical pulse
pumping produces terahertz radiation through two mechan-
isms. OR has been demonstrated in a wide variety of targets,

notably recently in sundry gases, with power and bandwidth
increasing year-by-year. PCAs continue to improve in reliab-
ility, efficiency, durability and bandwidth. Given this continu-
ous development, we may confidently predict a future that
is brighter and brighter—literally—for laser-based terahertz
sources.
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optical pump beam diameter, which enables new advances
in material science and device development. For instance,
using spintronic THz emission to obtain local information of
the emitting material is still largely unexplored although it
promises a manifold of insights into complex magnetic sys-
tems. With technological advances in the femtosecond laser
technology, sensitive THz detection, and resonant s-SNOM
probes, nano-LTEM is a promising technique for obtaining

carrier information on the nanoscale with femtosecond tem-
poral resolution. Models that integrate the precise ultrafast
carrier dynamics at the atomic scale with phenomenological
approximations covering larger temporal and spatial scales
will support such progress. With these advances, large-scale
applications such as in the field of semiconductor R&D or in
spintronic memory technology [24] will eventually come into
reach.
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12. Terahertz scanning tunnelling microscopy
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Status

Electrons, atoms and molecules are the elementary building
blocks of all condensed matter; they move and interact accord-
ing to quantum mechanics and form complex systems that
bring out a boundless variety of functions. Directly observing
this vibrant nanocosmos in true microscopic videography and
relating it with macroscopic functionalities has been an ulti-
mate dream ofmodern sciences as well as nano-, quantum- and
bio-technologies. However, the bar is set high, with intrinsic
dynamics occurring at length and time scales as short as ang-
stroms and femtoseconds or less.

The recent combination of THz technology with scan-
ning tunnelling microscopy (STM) [164–173] has resulted
in the first-ever—and currently only—approach allowing for
atomic-scale single-molecule ultrafast movies [165, 166]. To
this end, the usual static electric bias of the tip-sample junc-
tion has been replaced with the transient voltage created by the
oscillating carrier wave of a free-space THz pulse coupled into
the tip [164]. The locally enhanced THz field can be regarded
as a strong-field quasi-static bias producing sub-ps current
spikes. The nonlinear current–voltage characteristic causes a
rectified net current, which can be read out using conventional
STM electronics. This idea has been successfully employed
with large numbers of electrons per laser shot, to obtain sub-
ps temporal and sub-nm and even atomic spatial resolution
[164, 167, 171].

For actual videography of single-electrons, another key
ingredient is required: state selective tunnelling. As demon-
strated with low-temperature STM of a single molecule [165],
the junction can be tuned such that only the peak of a THz
waveform opens the sequential tunnelling channel through
a select molecular orbital (figure 17(b)). Thereby the field
controllably removes (adds) a single electron from (to) a
specific orbital facilitating snapshot images of the orbital
with a strongly subcycle temporal resolution of ∼100 fs.
Pump-probe experiments further reveal coherent molecular
vibrations at THz frequencies directly in the time domain
and with sub-angstrom precision [165]. Furthermore, the
THz near-field in the junction can be used as a femto-
second atomic force to control structural dynamics while
leaving the system in its electronic ground state [166]. First
experiments with optical excitation of electrons in molecular

films have produced an electron movie featuring the pico-
second spreading of photoexcited carriers in a potential
landscape [172].

Current and future challenges

THz-STM is a very young field that has inspired a rap-
idly growing community to explore an increasing variety of
systems—from single molecules to quantum materials. New
challenges have arisen in matching the latest breakthroughs to
material-specific questions. (see figure 18). Optical pumping
is desirable, as it enables selective driving of electronic excit-
ations, collective modes (phonons, magnons etc), and phase
transitions. THz-STM can then image the motion of indi-
vidual atoms, charges and spins, or the dynamics of symmetry
breaking and temporally evolving hidden or light-driven meta-
stable phases. Another frontier is to push the temporal res-
olution of THz-STM to few femtoseconds or better, to fol-
low yet faster dynamics, ranging from lattice vibrations to
electronic wave-packet motion. This goal may be achievable
by transient biasing with multi-THz and infrared pulses, but
rigorous studies quantifying the role of tip thermal expan-
sion are required. Controlling spin-selective tunnelling with
external magnetic fields could help tackling long-standing
problems in ultrafast magnetism (section 3). Besides micro-
scopy, THz biasing could also extend tunnelling spectro-
scopy to ultrashort time scales. The derivative of the THz-
induced current with respect to the THz peak field can be
used to extract a snapshot of the sample’s density of states,
enabling ultrafast energy tracking of quantum states and their
occupation.

Furthermore, the uniquely direct access of THz-STM to
the quantum dynamics of individual particles opens conceptu-
ally new opportunities: While THz-STM has hitherto concen-
trated on mean numbers of transferred electrons, the technique
is inherently capable of exploring their number fluctuations
or charge fractionality. This novel approach may sensitively
probe non-classical and topological states in matter (section
7). Even the quantum nature of the electromagnetic field in the
strongly enhanced near-field region of the tip may become rel-
evant (section 13). Furthermore, electronic quantum correla-
tions in the tunnelling dynamics could become observable. On
ultrashort timescales, two sequentially tunnelling electrons are
no longer independent and affect each other’s tunnelling prob-
ability via quantum interference and back action. Positioning
another STM tip several nanometres away could ultimately
give access to complete spatio-temporal correlations, which
could be used as a unique quantum spectroscopic tool. Finally,
many-body states such as excitons or Cooper pairs may be
accessed with THz photon-assisted or dynamically driven tun-
nelling. For instance, consecutive THz half cycles of opposite
polarities could inject one electron and one hole, respectively,
creating an exciton. Precise control over THz near-fields and
quantized electron tunnelling could lead to a unique spectro-
scopic tool for quantum materials.
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close proximity [175], THz-STM could resolve some of
these issues, but data interpretation would require theoret-
ical advances. An attractive alternative is to complement the
measurement of the tunnelling current with information car-
ried by photons emitted in tip-induced electroluminescence
[176] or the THz near-field scattered from the atom-scale tun-
nelling junction, converting THz-STM into amulti-messenger
microscopy platform. Scattering-type near-field microscopy
(section 13) can probe the local polarizability; both tech-
niques combined could image the local density of states and
the dielectric response simultaneously and thus, e.g. dynam-
ically distinguish itinerant and localized states on the nano-
scale. THz-STM and its newly emerging, ambitious varieties
stands on the shoulders of a giant, namely STM itself. It is
encouraging to see that employing these novel concepts in
the investigation of quantum materials can often benefit from
the extensive experience gained in conventional STM—only
adding a decisive variable that characterizes the nanoworld in
motion: time.

Concluding remarks

THz-STM has transitioned from a breakthrough technological
achievement, into a vibrant and sustainable field. While it is
still the only technique capable of taking single-electron ultra-
fast movies with atomic resolution, it is set out to expand by
exploring the ultrafast dimension of conventional STM tech-
niques and the spatial dimension of emergent ultrafast phe-
nomena. Advances in laser and THz source development will
determine the ultimate time and energy resolution. Improved
signal-to-noise ratio will eventually enable the detection of
individual ultrafast tunnelling events, thus uncovering the
emergent capacity of THz-STM as a quantum sensing tech-
nique. The stunningly direct access of THz-STM to the atomic
world may enable us to steer (bio)chemical reactions, and
ultrafast phase transitions and to eventually gain full control
of the fundamental building blocks of physics, chemistry and
biology.
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Jessica Boland1, Oleg Mitrofanov2, Pernille Klarskov3

and Paul Dean4

1 Photon Science Institute, Department of Electrical and Elec-
tronic Engineering, University of Manchester, Alan Tur-
ing Building, Oxford Road, Manchester M13 9PL, United
Kingdom
2 Electronic and Electrical Engineering, University College
London, London WC1E 7JE, United Kingdom
3 Department of Electrical and Computer Engineering, Aarhus
University, Finlandsgade 22, DK-8200 Aarhus N, Denmark
4 School of Electronic and Electrical Engineering, University
of Leeds, Woodhouse Lane, Leeds LS2 9JT, United Kingdom

Status

Combining terahertz (THz) radiation with scanning near-
field optical microscopy (SNOM) has opened new oppor-
tunities to explore THz phenomena at length scales below
the diffraction limit down to the nanoscale. Recent years
have seen growing success in the application of SNOM for
probing evanescent fields confined to surfaces and the local
material properties of a range of condensed matter systems,
including spatial mapping of ultrafast plasmon phenomena in
graphene heterostructures [177], interlayer charge transport
and exciton–polariton propagation [178], and spectroscopy of
single THz resonators [179]. Whereas far-field techniques are
restricted in spatial resolution by the diffraction limit, SNOM
overcomes this limit by detecting evanescent fields localised
around sub-wavelength structures and therefore can access
deeply sub-wavelength length scales. Several THz SNOM
configurations have been developed since the first demonstra-
tions over 20 years ago. For the purpose of the Roadmap, we
will group them by near-field probe type: SNOM with dir-
ect near-field detection (d-SNOM) and SNOM with scattered
wave detection (s-SNOM).

d-SNOM is realised by introducing a subwavelength size
THz detector or aperture into the near-field region of the
sample. A range of THz detectors, compatible with CW and
pulsed THz sources and covering practically the entire THz
band, have now been integrated into the near-field probes for
improved sensitivity, spatial resolution, and phase-sensitive
detection [180]. These techniques enabled THz imaging with
an intermediate level of spatial resolution (2–30 µm) and have
been reliably applied for mapping and spectroscopy of THz
fields in THz waveguides, plasmonic and dielectric resonat-
ors, and THz metasurfaces. In a slightly different approach,
the detector in proximity of the sample can be replaced with
a subwavelength-size source of THz radiation, and a high-
resolution THz image of the object can be formed by scanning
the source with respect to the sample. Furthermore, the use
of spatial light modulators instead of localised THz sources
recently eliminated the need for raster scanning [181].

s-SNOM achieves subwavelength spatial resolution by
introducing a sharp tip of a probe within tens of nanometres
of the sample surface. The spatial resolution is determined by

the radius of curvature of the probe, typically on the order
of ∼10 nm, which has enabled spatial mapping of the local
dielectric function of individual nanostructures on nanoscale
length scales. This approach has been combined with both
emission microscopy (section 11) and scanning tunnelling
microscopy to enable imaging of coherent molecular vibra-
tions within single molecules (section 12). It has also been
employed with free-space electro-optic sampling and photo-
conductive antennae for time-resolved electric field detection
on ultrafast timescales (∼10 fs) [182]. Phase-resolved near-
field detection has also been demonstrated via self-mixing in
a THz quantum cascade laser (THz-QCL) coupled to s-SNOM
[183], allowing narrowband operation with high-field sources
at frequencies beyond 2 THz for selective excitation of THz
resonant modes [139].

Together, these techniques form a powerful toolkit for near-
field THz characterisation, providing access to length regimes
spanning over four orders of magnitude and specific prob-
ing functionalities. For example, d-SNOM enables vectorial
field mapping with minimal probe invasiveness and allow fast
scanning speeds of large areas. Conversely, s-SNOM typically
scans smaller areas (10µm2) and requires more elaborate sig-
nal processing to suppress background artefacts, yet it offers
superior spatial resolution and surface sensitivity. There are
also important differences between the two approaches: while
s-SNOM signals can be correlated to the dielectric function
of the sample, d-SNOM measurements tend to correlate with
THz fields.

Current and future challenges

Many of the challenges facing near-field THz imaging and
spectroscopy are inherent to the long wavelength of THz radi-
ation. For example, confining THz radiation to deeply sub-
wavelength scales leads to extremely low light coupling into
aperture probes and much lower scattering efficiencies for
scattering probes compared to theMIR range. This poses chal-
lenges for realising all the opportunities THz-SNOMcan offer.

Nonlinear near-field spectroscopy has yet to be achieved
in the THz and MIR range, despite its enormous potential
for opening up a pathway for observation of nonlinear THz
phenomena and temporal dynamics, such as light-induced
lattice vibrations, phase transitions and high harmonic gen-
eration, at the nanoscale. The difficulty stems in part from
challenges associated with the operation of high-power THz
sources but also due to probe heating and weak sample-probe
THz interactions. Nonlinear microscopy would also benefit
from pump-probe configurations and field-resolved detection,
which is challenging due to the low scattering efficiency for
THz radiation. Furthermore, high-field THz sources usually
operate at repetition rates much lower than the probe tap-
ping frequency, so more complicated sampling techniques are
required.

Polarisation-resolved near-field spectroscopy is also an
essential tool for identifying modes in THz resonators and
waveguides, probing surface waves and mapping material
anisotropy. While d-SNOM techniques allow vector-field
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beyond the diffraction limit. In recent years, significant
step-changes have occurred, including availability of com-
mercial cryogenic systems and time-resolved and phase-
sensitive detection, that are enabling THz investigation at
three extremes: cryogenic temperatures, ultrafast timescales

and nanoscale length scales. One next challenge is exploration
of the nonlinear regime. By employing structural probe engin-
eering and high-field THz sources, nonlinear near-field THz
microscopy could also be realised, paving a way to investigate
nonlinear THz phenomena on nanometre length scales.
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Brian N Ellison, Peter G Huggard and Simon P Rea

Millimetre Wave Technology Group, STFC, RAL Space,
OX11 0QX, United Kingdom

Status

Sensing terahertz (THz) radiation from space platforms has
been predominately directed towards underpinning research
associated with astrophysics and atmospheric remote sens-
ing. In complementing and extending ground-based and air-
borne observations, the scientific information gained plays a
pivotal role in expanding knowledge and understanding of the
cold and dark interstellar medium (ISM) that harbours early
star formation [191], delivers a unique view (figure 20) of
the cosmic microwave background [192], enhances awareness
and understanding of the impact of anthropogenic activities
on Earth’s climate [193], and provides in-situ observations of
solar system objects.

Free from the Earth’s atmospheric attenuation, space
provides a vantage point to access regions of the THz spec-
tral range that are otherwise inaccessible. It allows chemical
species to be measured and characterised within the ISM’s
giant dust and molecular clouds, and aspects of Earth’s atmo-
sphere that strongly influence weather and climate. Passive
THz instruments, for example, supply critical information on
global atmospheric pressure, temperature and humidity for
numerical weather prediction and there is a trend from large
multi-instrument platforms, e.g. the MetOp Second Genera-
tion satellite [195] series, towards smaller, lower cost, shorter
development schedule, missions such as TEMPEST-D [196]
and TROPICS. Thus, whilst the Earth-to-orbit transition is a
difficult, costly and risky procedure, with instruments some-
time spending many years in preparation, the returns are
considerable and the data gained is of great importance in
furthering scientific knowledge. In the case of instruments
providing data for weather forecasting, there is also signific-
ant societal and economic benefit. Additionally, there exists
increasing interest in, and potential, for ultra-high data rate
intersatellite communication that will allow rapid data trans-
fer between constellations performing, for example, Earth
observation or delivering future global telecommunication
services.

Spaceborne THz deployments have been relatively few
and instruments operating above 1 THz are even rarer [193].
This primarily arises from the relatively immature status of
payload technology, though advancements are being made
that increase the potential for THz observation in rela-
tion to both Earth observation and astronomy [197, 198].
When compared with optical counterparts, THz structures
are large and spatial imaging capabilities are inferior. Nev-
ertheless, the case for science exploration missions is strong
and the spectral range provides commercial exploitation
potential with direct benefit to society at large through, for
example, weather prediction services and future high-data-
rate communications [199]. Substantial motivation therefore

exists for new THz space instrument development in the
form of both passive and active (radar) detection instru-
ments. These will require payloads located on individual
satellites and free-flying constellations located in low Earth
orbit (LEO) [196], planetary probes and observatories loc-
ated in deep space and, in the case of high-speed data
links, technical evolution that provides source and detector
technologies with necessary power output and sensitivity
capabilities.

Current and future challenges

Developing satellite THz instruments provides technical chal-
lenges that are often mission specific. For instance, a scientific
explorer with objectives of sensing weak signals emanating
from within our galaxy or from extragalactic origins, requires
cryogenic systems to minimise device and background noise
[192, 200, 201]. To achieve adequate angular resolution and/or
flux collection, large scale (>1 m) primary antenna apertures
are often necessary. Conversely, payloads that are destined to
traverse our solar system en route to giant planets may require
neither cryogenics nor large antennas. However, the journey
time necessitates long periods of instrument hibernation fol-
lowed by reliable operation within a different and potentially
hostile environment, e.g. Jupiter’s radiation field [202]. Simil-
arly, high-speed data relays in LEOwill require reliable source
and detector instrumentation in configurations that operate at
or near to room temperature in order to minimise deployment
costs.

However, and as a generality, all face a common challenge
of minimising the use of scarce resources of volume, mass
and power provided by a specific satellite platform, i.e. satel-
lite bus. It matters not if the mission is located in low Earth
orbit, orbiting a more distant Lagrange point, nor traversing
the interplanetary regions of our solar system; all must work
reliability within stringent payload constraints. Added to this
is consideration of mission cost, which encompasses phases of
development, build, qualification, launch and ground segment,
i.e. operations and data acquisition, preparation and deliv-
ery. Current and future THz satellite instruments must there-
fore address all of these issues very effectively if they are to
progress.

Unfortunately, THz payloads are relatively large, massive
and often power hungry. Power may be needed to oper-
ate coolers for cryogenic detectors for astronomy, or scan-
ning antennas and higher resolution spectrometers needed
for improving Earth observation, or beam steering and sig-
nal processing electronics necessary for telecommunications.
There have been notable enhancements with respect to these
attributes, but, and paradoxically, the gains made are off-
set by more ambitious user objectives associated with next
generation missions and services. Thus, respective areas of
THz component and systems integration technology will
need to advance further by achieving greater compactness,
increased component power efficiency, and lower implement-
ation cost. As an example, future constellation systems provid-
ing rapid global response THz weather data services will use
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Substantial development with respect to core THz devices
is therefore necessary. Added to this is the antenna, on-board
signal processing, cryogenics and general mechanical struc-
tures, e.g. lowmass additivemanufactured support frames, and
increased use of off-the-shelf electronics. All require devel-
opment to minimise mass, volume, power requirements and
cost. The implementation of future THz satellite instrumenta-
tion payloads must therefore be addressed in a holistic manner
for the spectral range to be exploited to fullest advantage.

Concluding remarks

Spaceborne THz observatories have delivered unique inform-
ation in support of astrophysics and Earth observation. Met-
eorological satellites have been deployed that supply opera-

tional THz data vital for weather services, and with improved
performance next generation payloads shortly to be launched
and commissioned [195]. Moreover, wider space exploitation
potential in support of nowcasting and telecommunications
use is expected to increase and provide added societal benefit.

New and next generation missions will further expand
knowledge of our home planet, solar system and beyond, and
provide importance services. Consequently, THz satellite pay-
loads will need to meet an extensive range of technical chal-
lenges that include enhancement of THz system architectures
and components to match satellite bus resources, increased
operational frequency extending well into the supra-THz
range, and delivering affordable mission costs. There exists,
therefore, substantial opportunity for the THz technical com-
munity to deliver on an extensive range of research and devel-
opment associated with improved satellite instrumentation.
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15. Status of THz astronomy
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Status

THz Astronomy studies with heterodyne receivers

Five millennia of investigation, with tremendous progress
especially in recent decades, have revealed that the universe
is a cold, vast space where occasionally can be found oases
where the conditions are right for the formation and evolu-
tion of stars, and in one known case a life-bearing planet.
Planetary systems arise as a by-product of the star formation
process. The gas clouds from which stars are born are com-
posed principally of molecular hydrogen with trace amounts
of carbon monoxide, water vapor, sulfur compounds, and an
assortment of other organic and inorganic molecular species.
Thrown into the mix are neutral and ionized atoms of car-
bon, oxygen, nitrogen, silicon, and sulfur. The temperatures
and densities within the star forming clouds excite the con-
stituent atoms and molecules to produce emission and absorp-
tion lines, many of which occur at terahertz (THz) frequencies
or far-infrared (FIR) wavelengths. By observing these lines
with sensitive THz receivers, the chemical composition, phys-
ical conditions, and velocity fields within the observed region
can be discerned [205]. As an example, figure 22 is a velo-
city encoded image of carbon monoxide (CO) emission in
the vicinity of the Horsehead Nebula taken with the 64 pixel
SuperCam receiver on the APEX telescope.

One molecule of particular interest for understanding the
likelihood of life elsewhere is water. The molecular structure
of water yields a large number of spectral lines in the THz
regime. Whether these lines appear in emission or absorption
depends not only on the physical conditions, but also the loc-
ation of the observer. The Earth’s atmosphere is up to ∼4%
water vapor, which acts to preferentially absorb THz photons,
largely preventing observations of astrophysical sources above
∼1 THz from ground-based observatories. Therefore, THz
observations are best conducted from the stratosphere, or,
ideally, from space [205]. The size of the telescope employed
is determined by the type of investigation to be performed.
Large, low-angular resolution surveys, such as mapping an
entire star forming cloud, are best conductedwithmodest sized
apertures (e.g. ∼1 m). Studies of objects of small angular
extent (e.g. protoplanetary disks and distant galaxies) are best
conducted with larger telescopes (e.g.>3 m). Detailed studies
of the relatively low velocity fields associated with star form-
ing regions and protoplanetary disks are best performed with

the high spectral resolution provided by heterodyne receivers.
Examples of past THz space observatories with heterodyne
receivers are summarized in table 1, including SWAS with
a 0.55 × 0.71 m (elliptical) telescope [206], ODIN with a
1.1m aperture [207], andHerschel with a 3.5m aperture [208].
Much larger telescopes (>10 m) and interferometers will be
needed to achieve the angular resolutions at THz frequencies
required for probing the conditions in gas plumes from solar
system objects, the habitable zones of protoplanetary disks,
or distant galaxies. The relatively narrow instantaneous band-
width of heterodyne receivers together with the fact that there
is a certain level of intrinsic noise from the mixers makes them
less sensitive to the thermal radiation of telescope optics than
direct detectors, which are to be discussed. Therefore, cool-
ing of telescope optics is not required. However, because of
the operational requirement for heterodyne receivers to meas-
ure both the amplitude and phase of an incoming signal, the
Heisenberg uncertainty principle limits their sensitivity to the
quantum noise (QN) limit of (hν/kB), where ν is frequency, h
the Planck constant, and kB the Boltzmann constant.

THz Astronomy studies with low spectral resolution, direct
detector instruments

Various types of direct detectors have flown in space on the
scientifically prolific missions listed in table 2, and suborbit-
ally on the Stratospheric Observatory for Infrared Astronomy
(SOFIA) and its predecessors, and balloon-borne astronom-
ical experiments. Photoconductors, including Si:As, Si:Sb,
and Ge:Ga, photovoltaics like InSb, impurity band conduct-
ors like Si:As, and bolometers were used in these missions,
as discussed in [212]. Over time, detector arrays have grown
in pixel count and improved in sensitivity, bringing important
new measurement capabilities to each observatory in succes-
sion. These detector advancements have led to greater map-
ping speed and the ability to detect ever-fainter astronomical
objects with higher spectral resolving power. With past THz
missions, astronomers have discovered new phenomena, such
as ‘cirrus’ dust clouds in theMilkyWay, gained insight into the
role magnetic fields play in the star-formation process, stud-
ied the composition and energetics of the interstellar medium,
found empirical evidence of weather on exoplanets, character-
ized the cosmic infrared background, and precisely measured
cosmological parameters.

Farrah et al [220] describe how recent and anticipated
progress in detector and cryocooling technology will enable
future astrophysics missions to tap into the information-rich
and still underexploited THz spectral region (see figure 23).
These missions (e.g. see [221–223]) will greatly advance our
understanding of galaxy formation and evolution, the process
of planet formation and the development of habitable planets,
and undoubtedly will raise questions that astronomers have not
yet even thought to ask.

Current and future challenges

(a) Three types of mixers are commonly used in THz
heterodyne receivers. They are Schottky diode mixers,
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>104 pixels. With larger arrays, future THz telescopes will
be able to map larger areas of the sky to the desired depth
per unit time. A third detector technology—QuantumCapacit-
ance Detectors (QCDs)—is capable of single FIR/THz photon
detection and has recently been demonstrated in multi-pixel
arrays [229]. The Origins Space Telescope mission concept
study team recently delivered a report in which the cur-
rent state-of-the-art in direct detection technology and chal-
lenges are discussed and a plan is presented to mature the
detector, readout, and cryocooler technology to the level at
which these subsystems can be used in future FIR/THz space
missions [228].

In response to a recommendation from the 2021 US
Decadal Survey ‘Pathways to Discovery in Astronomy and
Astrophysics for the 2020s,’NASA is inviting proposals for
a new billion-dollar class of missions called Probes. The
first Probe mission will operate either in the FIR or at x-ray
wavelengths and could be launched in about 10 years. The
Decadal Survey’s science priorities for a Far-IR Probe ‘include
tracing the astrochemical signatures of planet formation …,
measuring the formation and build-up of galaxies, heavy ele-
ments, and interstellar dust from the first galaxies to today, and
probing the co-evolution of galaxies and their supermassive

black holes across cosmic time.’ Since the Herschel mission
ended in 2013, the astronomical community has not had a
space-based FIR/THz mission, but an opportunity now exists
to exploit new direct detector technology and take the next leap
forward in THz astronomical measurement capability.

Concluding remarks

Significant strides in THz heterodyne technology have been
made in recent years. These efforts will soon culminate in
the development of large format, THz array receivers. These
arrays will increase the science return from ground, stra-
tospheric, and space-based observatories by more than an
order of magnitude, providing an unprecedented view of the
universe and allowing new insights into our cosmic origins.
Likewise, new direct detector technologies will enable future
THz space telescopes to measure the information-rich spectra
of extremely faint objects, including the most distant galax-
ies in the universe to understand how they were formed and
evolved over time, and nascent planetary systems to under-
stand how the conditions for planet habitability develop during
the process of planet formation.
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like NEP and responsivity, but also to provide convenience in
implementation, high reliability, reduced power consumption
and significant cost reduction. Since most bulky elements in
a THz imaging system are focusing mirrors, lenses and beam
splitters, metamaterials, and, in particular, silicon-based zone

plates can be promising avenues to proceed for compact integ-
ration. Hence, future research trends should be focused on
combined efforts from both hardware including development
of hybrid electronic–photonic systems with enhanced func-
tionalities and software covering artificial intelligence tools.
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17. Medical applications
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Status

In the 2017 Roadmap Section on medical applications, we
reviewed the first 20 years of development in this application
of terahertz technology. Here we look over the last five years
to see how much further the field has developed. It is now
25 years since the paper by Hu and Nuss proposed that tera-
hertz radiation could be used in the medical field due to the
sensitivity of terahertz absorption to water content; and that
the degree of hydration of tissue could be used as a measure
of disease state [242]. Since then, there has been a myriad of
work that has included revealing contrast between regions of
normal skin and skin cancer, in vitro and in vivo [243]. Fur-
ther, although it is often assumed that water content is the
dominant contrast mechanism in terahertz medical imaging,
some groups have shown that distinguishing between normal
and diseased is due to differences in absorption not only by
water but also other tissue components [244]. One of the key
areas of medical imaging where there is a gap to be filled is in
determining the margins of tumours. Modern imaging techno-
logy is excellent at identifying tumours in the body. However,
when it comes to removing a tumour surgically, it is still left
to the skill of the surgeon to ensure all the diseased tissue is
removed. Normal tissue often needs to be spared for cosmetic
or functional reasons, for example in skin, breast or brain.
Failure to remove the entire cancer with an adequate margin
of normal tissue occurs in about 20%–30% of breast surgery
cases, which is only revealed during post-operative histopath-
ology. Thus, a second operation is required to remove addi-
tional tissue to try to ensure complete removal of the disease,
resulting in added complications, costs and poorer prognoses.
Several groups including El-Shenawee et al, at Arkansas and
Mounaix et al, in Bordeaux have used terahertz radiation to
image breast cancer, and there has been further development of
handheld terahertz imaging devices that could be used to detect
breast cancer tumour margins during surgery [245]. Figure 26
shows the identification of tumour achieved applying refract-
ive index-basedmorphological dilation to terahertz image data
of breast tissue [246].

Medical applications including imaging of skin diseases,
burns, corneal hydration and diabetic foot have also been
demonstrated [243, 247] Despite these developments, tera-
hertz medical imaging has not made the leap from benchtop
to bedside.

Current and future challenges

There are many challenges to be overcome for terahertz tech-
nology to be accepted as a useful clinical diagnostic technique:

speed, cost, flexibility, and accuracy being some of the main
limiting factors. A fundamental limitation is that terahertz is
sensitive to liquid water because its absorption is ∼240 cm−1

at room temperature. This limits the penetration depth of tera-
hertz radiation into biological tissues such that only superfi-
cial layers can be imaged. One of the key challenges is the
need to make robust diagnostic algorithms so that cancer and
other diseases could be detected in real-time, ideally during
surgery, in vivo, with high specificity and sensitivity. For this,
data acquisition speed needs to be high so that the patient does
not have to keep still or left with an open wound for long, and
surgeons’ time is used efficiently. This needs to be achieved
with sufficient accuracy and resolution, so advances in these
areas are also crucial. A robust measurement protocol has been
developed by Lindely-Hatcher et al [248] for in vivo meas-
urement of healthy skin and evaluating the effect of moistur-
iser (changes in hydration). The key in this work is to make
use of the relative change calculation so that changes due to
environmental conditions can be accounted for—this is done
by measuring a control region at all the same time points as
the region of skin where the moisturiser was applied [248].
This study has paved the way to investigate other skin products
including transdermal patches. Another challenge is the loca-
tion on the body of cancers: skin cancers are often on the head
and neck so hand-held probes, or probes held by robotic arms
are needed to replace the typical limited arrangement of com-
mercial systems. With flexibility comes phase control issues,
but these have been largely addressed in previous metrology
studies [249].

Advances in science and technology to meet
challenges

Given the limitations and challenges mentioned above there
have been a number of recent developments that look to over-
come them; either through improvements in technology and
methodologies, or extracting more information frommeasure-
ments performed. Even significant improvements in system
signal to noise have not sufficiently increased the penetration
depth of terahertz into tissues. One way to overcome this is to
freeze, or dehydrate the tissue, but this limits the application
to excised tissues. Another promising method is to use optical
clearing agents, these are typically used in the visible/near-
infrared part of the spectrum, and they are also found to lower
terahertz absorption in tissue [250]. In 2021, the first in vivo
ellipsometry measurements of human skin were published,
revealing its non-zero THz birefringence [251]. Ellipsometry
measures both the extraordinary and ordinary components of
the refractive index, as depicted in figure 27, and in this way
givesmore known variables such that more unknowns e.g. skin
thickness can potentially be determined. Polarimetry studies
adopt a similar principle and have recently been performed
in vivo on pig studies of burn wounds [245]. Measurement
acquisition times are still on the order of 10 s of seconds as
mechanical changes are currently still needed to acquire all the
information. Advances in THz devices to be able to switch the
orientation of the THz light electronically and rapidly [252]
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Table 3. Recommended rectangular waveguide dimensions.

IEEE
Name

Width
(µm)

Height
(µm)

Cut-off frequency
(THz)

Suggested minimum
frequency (THz)

Suggested maximum
frequency (THz)

WM-200 200 100 0.749 0.9 1.4
WM-130 130 65 1.153 1.4 2.2
WM-86 86 43 1.743 2.2 3.3
WM-57 57 28.5 2.629 3.3 5.0

Current and future challenges

Regarding standardised waveguide interfaces, the current
challenge is to develop a design which is supported by all
the main manufacturers of these waveguides and that gives
the required electrical performance at a cost that is accept-
able to the end-user community. This has led to IEEE initiat-
ing a new standard making activity [265], in December 2021,
to develop a waveguide interface for THz frequencies. This
IEEEWorking Group will also develop an interface for dielec-
tric waveguides used at these frequencies. This should facilit-
ate an increase in use of dielectric waveguides, especially for
applications where metallic waveguides are less suitable.

Documentary standards for on-wafer measurements are
yet to be developed. Considerable efforts have been devoted
to studying factors impacting these measurements, including
choice of calibration methods, the design of standards and
device interfaces, characterisation of interconnections, etc. A
second IEEE Working Group [266] was launched in 2021
to develop a standard for these measurements up to THz
frequencies.

For material characterisation, the main challenge for trans-
mission line methods is to provide specimens that fit inside
these small waveguides, without introducing air gaps in the
waveguide. Some challenges associated with free-space meth-
ods are inadequate or oversimplified modelling of beams (e.g.
use of plane-wave assumptions) and incorrect positioning of
specimens (i.e. the specimen is not situated where the theory
assumes it to be).

A significant challenge with THz metrology has been the
lack of traceable power standards above 110 GHz. Work
is currently underway to extend this to 170 GHz and even
higher frequencies [267]. The two basic approaches are: (a)
transfer a calibrated optical standard to waveguide; (b) use
of dry waveguide calorimeters [268]. The optical approach
provides traceability, but there are challenges in linking the
optical measurement into waveguide. Regarding the calori-
meter approach, scaling a calorimeter for THz frequencies is
challenging because of the reduction in size of the waveguide.
One alternative approach is to use a WR-10 calorimeter with
a series of characterised tapers. One benefit of this approach
is the ability to use a sensor head which has good absorption
and return loss to 1.5 THz.

Regarding OTA emissions testing, one challenge is the
measurement of very small signal levels. The traditional use
of high harmonic mixers with relatively low sensitivity is not

sufficient at THz, and so more sensitive receivers are required.
Modern receivers can achieve noise levels in the range of
−150 dBm Hz−1 to −165 dBm Hz−1, which is key to veri-
fication that a device meets the emissions requirements.

A greater challenge relates to the testing of THz communic-
ations or automotive radar devices that have built-in antennas.
Desired measurements range from antenna testing to radiated
power, to nonlinear distortion levels of wideband modulated
signals. Accurate and traceable measurements of these para-
meters are required. Research into these measurements is just
beginning, and many challenges remain.

Advances in science and technology to meet
challenges

To address the metrological challenges relating to probe con-
tact in on-wafer measurement, a non-contact probing method
has recently been introduced [269]. Such techniques elimin-
ate the need for making physical contact between probe and
wafer, resulting in excellent measurement repeatability.

Recently, a guided free-space technique has been intro-
duced for material characterisation up to 750 GHz [270].
This technique requires no focusing elements (mirrors or
lenses) that are usually employed to reduce the beam waist
radius of a conventional free-space system, resulting in a
compact and self-contained system. This new method also
simplifies alignment issues, as the samples are clamped
between the two ports of the test fixture. Current efforts are
focused on establishing measurement traceability for these
systems.

Establishing traceability for power measurements to THz
frequencies is still in the early stages of development, and so
many challenges remain. This includes establishing an infra-
structure to allow transfer standards to be calibrated within
an international metrological traceability framework. Another
area where there has been significant development relates to
very broadband VNAs which can now measure in a single
sweep and with a single test unit from DC to beyond 200 GHz
[271].

Concluding remarks

The discussions in this section do not represent all advances in
measurement science and technology but have provided some
examples of advancements for waveguide-based systems.

51



J. Phys. D: Appl. Phys. 56 (2023) 223001 Roadmap

Recent work has been very successful in establishing trace-
ability and assurance for fundamental quantities such as S-
parameters in waveguide. Attention is now turning to estab-
lishing this traceability for measurements on-wafer and for

derived measurement quantities such as power, permittiv-
ity and antenna characterisations. This will, in turn, enable
researchers andmanufacturers to be able to fully test and verify
the performance of new products and designs.
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Advances in science and technology to meet
challenges

Advances are mostly required in the key components which
determine the overall system performance: Low noise figure
and highly linear output power of THz amplifiers, efficient
beam steering, low Vπ optical modulators to re-upconvert
THz signal onto an optical carrier. Active electronic trans-
mit and receive frontends with RF amplification based on
III–V compound semiconductor technologies perform well
up to 850 GHz [276], while Si-CMOS and SiGe-BiCMOS
based active frontends with their invaluable system-on-chip
potential enter the submillimeter-wave range beyond 300 GHz
[277]. For the optical modulator, the key is to push the 3 dB
bandwidth beyond 100 GHz while having a Vπ lower than
2 V to enable THz detection and remodulation on an optical
beam with minimal electrical amplification. Here, works on
plasmonics-enabled modulators are encouraging [278], while
the introduction of organic polymers with high electro-optic
coefficients could also prove interesting.

The antenna technology has multiple aspects, but the key is
to efficiently couple the signal of the THz oscillator/generator
to the emitting antenna. Several developments offer interest-
ing routes towards more efficiency and improved connectiv-
ity such as the use of photonic bandgap-inspired structures
or development in metamaterials combined with intelligent
reflecting surfaces [279].

Finally, we need to discuss the underlying key development
that is integration technologies. While there has been some
success in integrating both electronic and photonic systems at
frequencies around 100 GHz there is still a clear need to push
the technology beyond. In respect to photonic integration the

optical losses need to bemanaged in a scenario where cascades
of multiple photonic elements are placed in 2-dimensional
arrays. While the most efficient photonic components at THz
frequencies use III–V semiconductor technology, this is not a
low optical loss material and seamless integration with lower
optical loss platforms such as SOI is essential [280]. Further-
more, the manipulation of the THz signal on chip mandates a
strong integrated waveguide and coupling technology. In that
case several potential routes have shown promises, such as
low-loss dielectrics [281] and MEMS-based metallic hollow
waveguides [282]. Further, we see development in metamater-
ials, plasmonic design and 2D materials as worthwhile explor-
ation routes.

Concluding remarks

It is clear that THz communication is poised to make the
step from laboratory-grade to real-world application scen-
arios, and soon to become driven by the market and the
system requirements to replace the device-technology driven
phase. To life up to this expectation several key technolo-
gical challenges are highlighted such as improved device
efficiency, beam steering capacity and integration at both
transmitter and receiver. We now experience a positive
gradient of advances from both electronics and photon-
ics that promise to access the different transmission bands,
and the next step will be to combine these electronic and
photonic solutions with system-enabled functionality into full-
scale transceivers and to address the key requirements for
each system application of wireless networks beyond 6 G,
reaching 1 Tbit s−1.
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