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ith the advent and fast-paced development of ultrahigh-
speed digital interconnects for next-generation computing
systems, low-latency broadband wireless communications
for fifth generation and beyond, high-resolution imaging
techniques and emerging parametric sensing systems for medical/biomedical
and security applications, material and structure analyses and evaluations, and
deep-space radio astrophysics, and so on, the search for system solutions with
larger bandwidth has sparked a growing research in expanding the electromag-
netic spectrum into the terahertz (THz)
regime. Generally, the THz frequency
covers 300 GHz through 10 THz, which
presents the most fundamental spec-

This special issue
provides a timely and
comprehensive review
of the state-of-the-art
terahertz RF electronic
technologies and
systems.

trum gap between electronics
and photonics.

It has been well recognized that the
THz technologies are among the most
challenging in connection with the
exploration of the electromagnetic spec-
trum for practical applications, at least
for mass manufacturing and economi-
cally viable solutions and applications. This is closely related to a number of dif-
ficult and performance-bottlenecking issues in terms of signal generation, fre-
quency conversion, noise control, structure integration, and system packaging,
and so forth. In particular, relatively high-power and low-noise THz signal gen-
eration and processing at room temperature through solid-state devices, which
may offer a wide range of hybrid and monolithic integration with other constit-
uent elements, are still under intensive research worldwide. There have been
generally two distinct approaches for THz wave generation, namely, photonics
and electronics. The photonic approach is rather expensive and bulky, typically
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involving multiple optical waves mix-
ing down to millimeter-wave and
THz, which can offer a good range of
frequency coverage but with poor con-
version efficiency and low power out-
put. The electronic approach is to use
classical microwave techniques for
THz signal generation and processing
through nonlinear devices-based fre-
quency multiplications, which has
been considered as lower cost and eas-
ier-to-integrate into solutions for
large-scaled applications, as compared
to its photonic counterparts.

The recent advances in both semi-
conductor technology and packaging
solutions have steadfastly improved the
device performances for low-cost THz
developments and applications.
A monolithic InP pHEMT power
amplifier with output power approach-
ing milliwatt level with operating fre-
quency beyond 1 THz has been
recently reported. On the other hand,
the Schottky diode-based frequency
multipliers have achieved two orders of
magnitude in output power improve-
ment in the last decade, showing about
(uW) near
2.5 THz, comparable to the power

20 microwatts
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level that lasers could yield. It is
remarkable that silicon- or III-V com-
pound-based plasma wave, Schottky,
tunneling, complementary metal-
oxide—semiconductor (CMOS), and
heterodyne devices and techniques
have shown good and steadily improv-
ing responsivity and noise equivalent
power (NEP) comparable to the pho-
tonic detectors. In parallel, THz-
oriented system-on-chip and related
emerging packaging techniques such as
micromachining and 3-D printing have
been pushing forward the THz integra-
tion technologies at an unprecedented
pace. To enable accurate characteriza-
tion and parameter extractions over
broadband spectrum up to THz, inno-
vative measurements and instrumenta-
tion have been in the development for
tackling some real challenges in the
accurate characterization of THz
devices, circuits, and systems.
Furthermore, advanced structure-engi-
neered techniques such as metasur-
faces, which have been successfully
demonstrated at low RF frequencies,
can also be applied at THz frequencies.
In summary, the state-of-the-art all-
electronics solutions demonstrated so
far for THz RF system development
and integration have shown great
promise in closing the THz gap and
generating widespread THz-based com-
mercial applications.

This special issue is developed to
provide a timely and comprehensive
review of the state-of-the-art THz RF
electronic technologies and systems. A
wide range of topics of interest are cov-
ered through 12 papers selected for this
special issue, which focus on rapidly
growing fields of semiconductor
diodes, transistor technologies, packag-
ing techniques, measurement
approaches, and emerging applications.
Those papers are authored and coau-
thored by well represented research
groups in the field around the world.
As guest editors, we are fully aware of
ever-expanding THz research and
development activities, dealing with
different aspects of technological chal-
lenges and system applications. It is
impossible for us to include in this

special issue all the topics of interest
and all the results of research that are
being carried out in the world. THz-
related photonic research progress was
excluded for example, so that the THz-
related electronic research status could
be highlighted. The quest for the THz
RF electronics development and system
integration is enabled by continued
improvements and disruptive solutions
in processing technologies, device
materials, design methodologies, and
building structures. Of course, the THz
researchers, engineers, and technolo-
gists are endowed by genius, funding,
and support. The special issue leads the
readers to witness and explore the
power of the most advanced RF elec-
tronics and techniques and also to
extrapolate their technological road-
map toward the future.

We are striving to present a compre-
hensive picture of the THz electronics
research landscape with the limited 12
papers selected for publications in this
special issue, which set the stage of
closing the THz gap even though much
more efforts should be invested in a
continuous fashion. For a straightfor-
ward, logical, and concise presentation,
the special issue is organized into five
general areas of interest. The first group
of papers discusses the advancements of
various III-V electronic diode tech-
niques in support of THz signal genera-
tion and processing. The second group
of papers addresses the HBT and
related transistor technologies for THz
applications, which are based on Si/
SiGe and III-V semiconductor plat-
forms. Those papers highlight the main
driving forces for the state-of-the-art
development of THz electronic devices
and integrated circuits such as the
design of sources and detectors beyond
1.0 THz. Those papers show how semi-
conductor technologies are able to
power the advancement of the THz
electronics and technologies and appli-
cations, while disclosing an interesting
revelation of those progressive technol-
ogies approaching to end the THz gap
practically. The third group of papers is
concerned with micromachining tech-
niques and packaging solutions in the
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development of THz integrated circuits
and systems. Those processing and
packaging methods provide unique low-
loss and high-performance approaches
in component fabrication and system
integration. The following paper pres-
ents research and development of THz
metrology, essential to accurate charac-
terization of THz components and sys-
tems through advanced measurement
and instrumentation techniques. The
last paper in the special issue is con-
cluded by the demonstration of THz
reflecting and transmitting metasur-
faces, which is an example of THz wave
control and manipulations, underlining
a wide range of potential THz applica-
tions. The following is a narrative
description of all the selected papers
following their order of appearance in
the special issue.

The first paper, “THz diode technol-
ogy: Status, prospects, and applications”
by Mehdi et al., reviews the current sta-
tus of diode technology with focus on
GaAs Schottky diodes, detailing some of
the different ways for fabricating THz
chips. An overview regarding the cur-
rent state of diode technology and per-
formance for THz frequency multipliers
and mixers is presented, along with
applications enabled by these diodes.

The second paper, “Status and pros-
pects of high-power heterostructure
barrier varactor frequency multipliers”
by Stake et al., presents the status of
HBV diode frequency multipliers, dis-
cussing this diode technology which
can offer advantages over conventional
solutions. A number of application
examples utilizing HBV diodes are pre-
sented in the work. It has been shown
that the HBV diode can improve the
performance of THz sources while sim-
plifying their making,

In the third paper, “Advanced tera-
hertz sensing and imaging systems
based on integrated III-V interband
tunneling devices” by Liu et al., the
development of heterostructure back-
ward tunnel diodes (HBDs) in the
InAs/AISb/AlGaSb material system is
reviewed, and it has been demon-
strated with detection sensitivity that
outperforms the current state of the



art. The monolithic integration of
HBDs is presented, and the potential of
using HBDs for realizing THz systems
is discussed, along with the integration
of HBDs into waveguides for more
advanced THz sensing and imaging.

The fourth paper, “Si/SiGe:C and
InP/GaAsSb heterojunction bipolar
transistors for THz applications” by
Chevalier et al., presents Si/SiGe:C and
InP/GaAsSb HBTs which feature spe-
cific assets to address submillimeter-
wave and THz applications. Process and
modeling status and challenges are
reviewed. The specific topics of thermal
and substrate effects, reliability, and HF
measurements are also addressed.

The fifth paper, “InP HBT technol-
ogies for THz integrated circuits” by
Urteaga et al., reports on THz circuit
developments based on InP HBT tech-
nologies. This paper also reviews the
state of the art in THz-capable InP
HBT devices and IC technologies.
Challenges in extending transistor
bandwidth and in circuit design at
THz frequencies are also addressed.

The sixth paper, “SiGe HBT tech-
nology: Future trends and TCAD-based
roadmap” by Schréter et al., presents a
technology roadmap for the electrical
performance of high-speed silicon—ger-
manium (SiGe) HBTs. The presented
roadmap defines five major technology
nodes with the maximum oscillation
frequency of a typical THz device
structure. An extensive and consistent
set of technology and electrical param-
eters is provided. The challenges and
possible solutions for achieving the pre-
dicted performance are discussed.

The seventh paper, “Silicon milli-
meter-wave, terahertz, and high-speed
tiber-optic device and benchmark cir-
cuit scaling through the 2030 ITRS
horizon” by Voinigescu et al., reviews
the technology requirements of future
100-300-GHz millimeter-wave (mm-
wave) systems-on-chip for various
applications. Measurements of state-of-
the-art silicon MOSFETs, SiGe HBTs,
and of a variety of HBT-HBT and
MOS-HBT cascodes are presented from
dc to 325 GHz. The challenges facing

mm-wave MOSFET and SiGe HBT
device and benchmark circuit scaling
are discussed along with the compari-
son of simulations and measurements.

The eighth paper, “Silicon-on-
insulator substrates as a micromachin-
ing platform for advanced terahertz cir-
cuits” by Barker et al., presents a
comprehensive overview of the develop-
ment and utilization of a microma-
chined SOI fabrication process that has
enabled the development of THz com-
ponents and circuits. It is demonstrated
that ultrathin silicon is able to provide
the required characteristics to enable
the heterogeneous integration of multi-
ple device technologies for future THz
system-on-chip (T-SoC) development.

Packages are fundamentally
expected to provide a physical housing
for THz devices and ICs and reliable
signal interconnections from the
inside to the outside or vice versa. The
ninth paper, “Packages for terahertz
electronics” by Song, provides a broad
overview of recent progress in inter-
connections and packaging technolo-
gies dealing with these issues for THz
electronics. In particular, emerging
concepts based on commercial
ceramic technologies, micromachin-
ing, and 3-D-printing technologies are
highlighted, along with metallic split
blocks with rectangular waveguides.

Also, the tenth paper,
“Micromachined packaging for tera-
hertz systems” by Chattopadhyay et al.,
describes several potential microma-
chining methods for packaging at THz
frequencies. These techniques use pho-
tolithographic techniques to produce
highly accurate features. Silicon micro-
machining and electroforming offers
the additional advantage of vertical
stacking of components. Several inte-
grated systems are discussed to demon-
strate these capabilities.

The selected eleventh paper,
“Metrology state-of-the-art and chal-
lenges in broadband phase-sensitive
terahertz measurements” by Naftaly
et al., addresses and presents two mea-
surement techniques and discusses the
different issues involved in making
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measurements using these systems.
Calibration, verification, and measure-
ment traceability issues are reviewed
along with other major challenges. The
differences in, and similarities
between, the two measurement meth-
ods are discussed and analyzed. The
operating principles of electro-optic
sampling (EOS) are briefly discussed.

Our final paper in the special issue,
“Terahertz reflecting and transmitting
metasurfaces” by Qu et al., presents a
review of developments in wave manip-
ulation from microwave to optical fre-
quencies, together with new results in
the THz regime. Generation of phase
curves for pixel design requires a priori
information on material properties at
THz frequencies. Fabrication of THz
devices entails micromachining in the
clean room while their experimental
validation demands both amplitude
and phase information.

As our readers can figure it out,
the special issue aims to serve as a
review and reference of current mile-
stones and future outlook in the devel-
opment of THz electronics and inte-
grations that are tightly related to the
progress of various semiconductor
technologies, material syntheses, pro-
cessing techniques, packaging solu-
tions, design methodologies, structure
innovations, and measurement
approaches. We hope that this special
issue will stimulate the imaginations
and interests of our readers in this
exciting field, which can find many
new and important applications that
other techniques may fail to support.
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