IEEE Journal of

@ Microwaves WMTTS

Received 5 January 2023; revised 28 February 2023 and 17 May 2023; accepted 31 May 2023. Date of current version 7 July 2023.

Digital Object Identifier 10.1109/JMW.2023.3282875

Terahertz Sources and Receivers: From the
Past to the Future

SUMER MAKHLOUF ©1, OLEG COJOCARI?, MARTIN HOFMANN 3, TADAO NAGATSUMA ©* (Fellow, IEEE),
SASCHA PREU ©5 (Member, IEEE), NILS WEIMANN ©€ (Member, IEEE), HEINZ-WILHELM HUBERS ©7,
AND ANDREAS STOHR ©8 (Senior Member, IEEE)

(Invited Paper)

"'Microwave Photonics GmbH, 57047 Oberhausen, Germany
2ACST GmbH, 63457 Hanau, Germany
3Photonics and Terahertz Technologies, Ruhr Universitit Bochum, 44801 Bochum, Germany
“4Graduate School of Engineering Science, Osaka University, Osaka 560-0853, Japan
STHz Devices and Systems, Technische Universitit Darmstadt, 64283 Darmstadt, Germany
SComponents for High Frequency Electronics, University of Duisburg-Essen, 47057 Duisburg, Germany
7German Aerospace Center (DLR), 12489 Berlin, Germany
8Optoelectronics, University of Duisburg-Essen, 47057 Duisburg, Germany

CORRESPONDING AUTHOR: Sumer Makhlouf (e-mail: sumer.makhlouf@microwave-photonics.com).

This work was supported by the Deutsche Forschungsgemeinschaft (DFG), German Research Foundation under Grant 287022738-TRR 196.

ABSTRACT The rapid progress in semiconductor technology has vastly boosted the development of ter-
ahertz sources and receivers in terms of compactness, reliability, operation frequency, and output power.
In this manuscript, we report on the latest achievements in terahertz sources and receivers and provide a
comprehensive overview of their working principles and applications in THz systems.

INDEX TERMS THz technologies, THz photodiodes, THz photoconductors, THz semiconductor laser
diodes, THz quantum cascade lasers, THz heterojunction bipolar transistors, THz high electron mobility

transistor, THz resonant tunneling diodes, THz Schottky barrier detectors and mixers.

I. INTRODUCTION

A number of breakthroughs in photonics and electronics
made since the early 1990s have helped to mature terahertz
(THz) technologies and transfer THz applications from the
laboratory stage to commercial applications. Meanwhile, the
technology readiness level of THz systems in communica-
tions, imaging, and spectroscopy has reached the level of
real-world use. Further applications, foremost in biomedical
sensing and agriculture, are getting increased attention. In this
review, we will address the state-of-the-art in semiconductor-
based photonic and electronic THz sources and receivers
operating in the frequency range between 100 GHz and
10 THz.

Terahertz has long been an unexplored range of the elec-
tromagnetic spectrum, mainly because of the difficulties in
realizing powerful sources and efficient receivers. The Ger-
man scientist Heinrich Rubens was the first to study the
frequency gap in the electromagnetic spectrum between in-
frared and electronic sources [1]. In 1897, H. Rubens and E.F.

Nichols first formulated the intention to extend knowledge and
bridge the gap between electronics and photonics [2].

Later on, this was often referred to as the “THz gap” in
scientific works. Since then, numerous achievements have
been made to bridge the THz gap, especially in developing
sources and receivers [2], [3], [4]. This article explores re-
cent progress in semiconductor-based photonic and electronic
THz sources and receivers. The focus is on those sources
and receivers that can be operated at ambient temperature or
with moderate cooling. Devices that require extensive cooling,
such as superconductor-insulator-superconductor (SIS) mix-
ers, are not considered in this review article. However, the
reader should be aware that THz receivers based on cooled
superconductors are widespread in astronomy, and major dis-
coveries have been made with superconducting THz receivers
implemented in ground-based observatories such as ALMA
(Atacama Large Millimeter Array) [5] or in airborne and satel-
lite observatories such as SOFIA (Stratospheric Observatory
for Infrared Astronomy) [6] and Herschel Space Observatory
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[7]. One example is recent images of a black hole’s shadow
obtained using global very long baseline interferometry and
THz heterodyne receivers operating at about 228 GHz [8].

With respect to photonic THz sources in Section II,
the manuscript reports the state-of-the-art of optical down-
conversion sources, quantum cascade lasers (QCLs), uni-
travelling carrier photodiodes (UTC-PDs), and photoconduc-
tors. As for photonic THz receivers in Section III, the paper
covers photoconductors. Section IV focuses on electronic
chip-level sources, including state-of-the-art CMOS-based
sources, heterojunction bipolar transistors (HBTs), high elec-
tron mobility transistors (HEMTSs), and resonant tunneling
diodes (RTDs). Also, Schottky barrier diode (SBD) multipli-
ers for THz generation are addressed. Finally, in Section V,
direct electronic THz detectors, like SBDs and field effect
transistors (FETs), as well as electronically and optically
pumped heterodyne receivers, are discussed.

Il. PHOTONIC TERAHERTZ SOURCES

Based on the employed photonic source, photonic THz sys-
tems can be categorized into time domain or frequency
domain. Time domain systems mainly utilize optical down-
conversion by heterodyning two pulsed laser beams in
high-speed convertors, such as photoconductive antennas, to
down-convert the light into THz signals. On the other hand,
frequency domain systems employ continuous wave (CW)
laser beams that can be either similarly down-converted into
THz signals or directly emitted in the THz domain by using,
for example, quantum cascade lasers (QCLs).

A. OPTICAL DOWN-CONVERSION
During the past three decades, various impressive applica-
tions for photonic-assisted THz systems have been presented
[9]. These applications include, for example, various spectro-
scopic systems for liquid [10], solid [11], and gaseous [12]
samples, THz communication [13], and non-destructive test-
ing in industrial settings [14]. Despite numerous laboratory
studies that have impressively demonstrated the application
potential of photonic-assisted THz systems, the majority of
them are still expensive and complex, preventing their use in
industry [14]. A major step toward reducing both cost and
complexity is taken by replacing complex photonic sources,
like Ti:Sapphire or fiber lasers, with diode lasers [10]. Diode
lasers have a footprint below 1 mm? and, additionally, enable
monolithic integration into compact THz systems. A major
application field of photonic-assisted THz systems that exploit
diode lasers is spectroscopic systems that can be further dif-
ferentiated into frequency domain systems (FDS) [15], [16],
time domain spectroscopy (TDS) systems [17], [18], [19], and
quasi-TDS (QTDS) systems [20], [21], [22]. In all system:s,
the use of telecom components at a 1.55 um wavelength is an
important enabler for developing compact, cost-effective, and
robust systems for industrial applications [23], [24].

Photonic spectroscopy systems follow a general homodyne
concept, as schematically shown in Fig. 2. The output of the
near-infrared (NIR) photonic source is split into two parts with
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FIGURE 1. Electromagnetic spectrum between millimeter-wave and UV.
Today, Terahertz waves are commonly referred to as frequencies ranging
between 100 GHz and 10 THz, i.e., wavelengths between several 10s of pm
up to 3 mm. This corresponds to energy levels between ~0.4 meV up to
several 10’s meV.
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FIGURE 2. Homodyne concept for diode-laser based photonic THz
systems. BS: beam splitter, SUT: sample under test, M: mirror.

a beam splitter. One part propagates to the THz transmitter,
which may be a uni-travelling carrier photodiode (UTC-PD)
(section C) or a photoconductor (section D). The THz signal
propagates through the THz path, which may include sam-
ples under test, and then reaches the THz receiver, which is
often realized using a photoconductor (Section III-A). The
photonductor is pumped with an optical reference signal that
is provided by the second part of the source beam that has
passed through a variable delay line for sampling. Depending
on the concept, the NIR diode laser source can be either a
two-color CW signal (FDS), a short pulse source (TDS), or a
broadband CW source (QTDS).

1) FREQUENCY DOMAIN SYSTEMS

In photonic THz FDS systems, the NIR diode laser source
comprises two single-frequency signals, the difference fre-
quency of which is generated via photomixing [25]. Pho-
tomixing can be performed with transmitters like nonlinear
crystals, photoconductive antennas [25], or photodiodes [26].
The generated THz signal interacts with the sample under
test and is then detected by a receiver. This can either be a
thermic THz detector like a bolometer [27] for incoherent de-
tection or, more conveniently in modern systems, a heterodyne
mixer [5] or a photoconductive antenna for coherent detection
[28]. In such a coherent homodyne THz system as shown in
Fig. 2, sampling of the received THz signal is required and
is sometimes performed by introducing a mechanical delay
line into the system. Other systems retrieve the amplitude and
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phase information from a frequency sweep, for example, with
the aid of a Hilbert transformation. The two single-frequency
near-infrared laser signals can fundamentally be generated in
different ways.

Commercial FDS systems often contain two stabilized,
separate distributed feedback (DFB) lasers. However, the sta-
bilization of the lasers and the beam combination on the
transmitter introduce complexity. Thus, two-color lasers, i.e.,
laser systems thatf emit simultaneously on two wavelengths
with a well-defined difference frequency, were suggested and
implemented into THz FDS systems [29], [30], [31]. While
external cavity diode lasers with spectral filtering in the
resonator provide enormous flexibility in terms of the tun-
ability of the generated THz frequency, monolithic two-color
diode lasers are more attractive for integration into com-
pact THz systems. Such monolithic two-color diode lasers
have been demonstrated on the basis of distributed Bragg
reflector (DBR) [32] and DFB lasers [29]. While both have
been successfully implemented into THz FDS systems, the
performance of the THz FDS system crucially depends on
the performance of the two-color lasers. Most importantly,
stable two-color operation on two single modes is required.
Moreover, for spectroscopic and metrological applications,
continuous tuning of the difference frequency is desirable.
While Y-shaped two-color DBR lasers have been shown to
suffer from mode hops [32] that induce severe problems for
measurements requiring frequency tuning, Y-shaped slotted
DFB lasers have been demonstrated with continuous mode
hop-free tuning across 10.5 GHz at 1 THz center frequency
[33]. Such lasers enable precise thickness measurements in
non-destructive testing. For example, the thickness and re-
fractive index of different silicon wafers could be determined
with sufficient accuracy (better than 10%) with such a system
[34]. Moreover, the continuous frequency tuning enables the
mechanical delay line in the homodyne system to be waived.
Thus, such lasers are perfect candidates for integrated THz
FDS systems.

2) TIME DOMAIN SPECTROSCOPY SYSTEMS

The outstanding performance of THz TDS systems opens up
the way to apply THz technology in a wide range of applica-
tions, ranging from material characterization to chemistry and
biology applications [35], [36]. THz TDS provides informa-
tion about the spectral fingerprints of numerous substances,
enabling the identification of substances such as pharma-
ceuticals and explosives. Other applications are in the area
of non-destructive testing, for example, the measurement of
paint thicknesses in the automotive industry. In a THz TDS
system, the NIR source is a femtosecond laser [10], [35]. Fem-
tosecond laser pulses generate a broadband THz transient in
the THz transmitter, which propagates through the THz path,
interacts with the sample under test, and is then sampled at
the receiver (either by using a photoconductive antenna or by
electro-optic sampling) by mixing the incoming modified THz
transient with a second delayed portion of the femtosecond

896

pulse. Varying the delay of this second pulse, for example, via
a mechanical delay stage, provides the THz signal, and the
Fourier transformation delivers its THz spectrum [36]. This
way, broadband THz spectra with bandwidths up to several
THz can be obtained. The THz bandwidth not only depends
on the THz transmitter and receiver but also on the width
of the femtosecond pulses. Standard sources for THz TDS
systems are femtosecond Ti:Sapphire and fiber lasers. How-
ever, these lasers are still rather complex and expensive, and
consequently, complexity and high cost transfer to THz TDS
systems based on such lasers.

For compact TDS systems, it is thus desirable to consider
chip-sized short-pulse lasers like diode lasers. However, diode
lasers usually provide only moderate power in the few mW
range with pulse widths of a few picoseconds, while TDS
systems require several tens of mW of output power and
pulse widths in the sub-picosecond range. Recently, diode
lasers yielding sufficient output power were developed. These
lasers contain a passively mode-locked external cavity laser
diode with a subsequent tapered laser diode amplifier to reach
the required power level of about 500 mW average power
[37]. Moreover, the pulses emitted from diode lasers are usu-
ally strongly chirped. Therefore, the system also contained
a compressor to achieve pulse widths in the range of 300 fs
[38]. This shoebox-sized femtosecond laser system was suc-
cessfully implemented into a standard THz TDS system and
provided a THz bandwidth of about 0.6 THz [18].

However, reducing the complexity of such a TDS system
and limiting its footprint with the vision of a fully inte-
grated TDS on a chip system still faces several challenges.
A standard TDS system includes a mechanical delay line, in-
troducing complexity as well as reducing the sampling speed.
Both may be overcome by implementing alternative sam-
pling concepts, for example, asynchronous optical sampling
(ASOPS) [39], [40], [41], [42]. The idea of ASOPS is to
operate two separate mode-locked laser diodes (MLLDs) for
gating transmitter and receiver. The two lasers are similar but
operate at slightly different repetition frequencies. Thus, at the
receiver, the THz signal is sampled at the difference frequency
of the repetition frequencies of the two lasers. This concept
was implemented successfully with two MLLD systems [43].
However, the system only provided 0.5 THz of bandwidth
and requires further optimization, and, most importantly, it
is still rather complex. This can be overcome by replacing
the external cavity laser diodes with monolithically mode-
locked devices, as suggested in [41]. The current generation
of monolithically MLLDs provides sufficient output power in
the order of several tens to hundreds of mW at pulse widths in
the low picosecond to sub-picosecond range. Such devices,
together with the ASPOS technique, may lay the basis for
fully integrated THz TDS systems. However, it has to be
considered that these monolithic MLLDs have high repetition
rates in the range of up to 50 GHz [19]. These ultra-high
repetition rate (UHRR) THz TDS systems, accordingly, have
a lower frequency resolution compared to THz FDS systems
[44]. Moreover, the emitted pulses are often chirped, and pulse
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widths are not shorter than a few picoseconds without chirp
compensation.

3) QUASI-TDS SYSTEMS
A further possibility to reduce the complexity of THz spec-
troscopy systems is to implement quasi-time domain spec-
troscopy (QTDS) [22]. This concept combines the ideas of
photomixing and TDS. Instead of using MLLDs, broadband
light sources like, in the simplest case, multi-mode NIR laser
diodes are used as optical sources, as shown in Fig. 2. Gen-
erally, the wideband optical spectrum of a MLLD contains
multiple modes with a constant difference frequency. This al-
lows the generation of multiple THz frequencies by exploiting
different pairs of modes that are superimposed in the THz path
and can be detected as a QTDS transient at the receiver.
Though commercial multi-mode laser diodes are extremely
compact and easy to operate in a QTDS system, the generated
THz spectrum cannot be further optimized. In contrast, exter-
nal cavity arrangements with spectral filtering enable control
of the THz spectrum [21]. It was shown that in an external cav-
ity configuration named the Fourier transform external cavity,
the diode laser spectrum could be tailored by spectral filtering
[21]. Broadband emission with variable bandwidth could be
obtained, as could two-color operation for photomixing [21].
Though extremely flexible, such external cavity arrangements
are complex and not suitable for future integration. Another
option for QTDS that may enable integration and sufficient
bandwidth is to operate the monolithically mode-locked high
repetition rate diode lasers in a QTDS system that only re-
quires large bandwidth but not extremely short optical pulse
widths.

B. QUANTUM CASCADE LASERS

In contrast to optical down-conversion sources, quantum cas-
cade lasers (QCLs) are direct optical THz emitters. Photons
in QCLs are generated by electron transitions between two
energy states in the conductance band (intraband transitions)
[45]. These states are formed by coupled multiquantum wells
and barriers, as shown in Fig. 3 [46]. Because the transi-
tion energy between two states in a QCL is low compared
to interband transitions in conventional laser diodes, photon
emissions typically occur in the mid-infrared to far-infrared
(THz) spectral range. The major drawback of THz QCLs is
that carrier inversion is hindered by the onset of thermally
activated nonradiative scattering processes, which require the
laser to be operated at low temperatures. The first THz
QCL was demonstrated in 2002 [47]. Meanwhile, QCLs have
been demonstrated for THz frequencies in the range between
~1.3 THz and ~5.4 THz [48]. Also, the operating tempera-
tures for QCLs were continuously increased [47].

Recently, these efforts led to a pulse-mode 4 THz QCL
lasing at 250 K [49]. So far, despite the impressive progress,
the cooling requirement for THz QCLs has somewhat limited
their usage to rather specialized applications such as local
oscillators in the GREAT (German Receiver for Astronomy
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FIGURE 3. (a) Schematic concept of a QCL showing the cascaded stages in
the active region and the intra band transitions of electrons between the
upper and lower laser levels (b) Detailed subband structure of a QCL
operating at 4.7 THz. The laser states are in blue. From [46], © [2020]
Photoniques.

at THz frequencies) heterodyne spectrometer on board of
SOFIA or in a stratospheric balloon [50], [51], [52]. Here, a
QCL used as LO should have a decent operating temperature
(typically at least about 50 K in order to be operated in a
compact cryocooler) but at the same time provide sufficient
output power (typically in the mW range) in CW mode and in
the fundamental Gaussian-shaped beam with high frequency
stability and high frequency tunability [53].

An interesting new approach that has been pioneered in
[54] allows room-temperature THz generation using QCLs,
as demonstrated in [55], [56], [57]. In this approach, THz dif-
ference frequency generation in the range from about 1 THz
to 6 THz can be achieved in mid-IR QCLs operating at room
temperature.

C. UNI-TRAVELLING CARRIER PHOTODIODES

In 1997, Ishibashi et al. demonstrated a new type of photo-
diodes called uni-travelling-carrier photodiodes (UTC-PDs),
which could operate faster with wider output linearity or
higher saturation current than conventional PIN photodiodes
[58]. The featured structure of the original UTC-PD has a
relatively thin p-type absorption layer, where electrons are
generated as minority carriers, diffused, and/or accelerated
toward the collection layer. In the depleted collection layer,
electrons travel at a ballistically high velocity. Thus, the con-
tribution of slow hole transport to the response of the PD can
be effectively excluded in the UTC-PD.
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FIGURE 4. Band diagram of a UTC-PD with modified absorber to optimize
the efficiency and speed. There are various types of absorber layer designs.

Since the invention of the UTC-PDs, various modifica-
tions have been proposed for layer structures to improve their
performance. To decrease the electron traveling time in the
absorption layer, the introduction of a quasi-field into the
absorption layer by means of band-gap grading and/or doping
grading is effective. Moreover, to decrease the saturation in
electron velocity in the collection layer, n-type doping or cliff-
like structures are effective for the optimization of the electric
field profile, while moderate n-type doping in the collection
layer is preferable to increase the saturation current. A combi-
nation of neutral and depleted absorption layers increases the
responsivity without considerably sacrificing the saturation
current or operation speed. The use of a dual-depletion region
is also effective in this modification to maintain high-speed
operation. Another way to improve the responsivity while
maintaining the operation speed is to employ an external
structure to guide the input light to the absorption layer at
different angles, such as a waveguide structure, evanescent
coupling, velocity-matched distributed, refracting facet, or to-
tal reflection structure. The optical resonant cavity structure is
also effective in providing enhanced sensitivity.

Fig. 4 shows a typical layer structure of the modified UTC-
PD, which optimizes a trade-off between the bandwidth and
the responsivity, where UTC and PIN structures are com-
positely employed. This structure can still be modified, for
example, graded doping can be applied to a p-type absorber
to yield an effective quasi-field to speed up electrons. For
more details, we direct the interested reader to the references
[59], [60].

For practical applications, UTC-PDs are usually integrated
either with planar antennas such as bow-tie, patch, or slot an-
tennas or with transitions from coplanar waveguides (CPWs)
to rectangular waveguides (WRs). In the former integration
approach, a semi-spherical silicon lens is usually attached to
the backside of the substrate to collimate the radiated beam,
resulting in an increase in total antenna gain as large as 40 dBi
at 300 GHz [61]. For UTC-PD packages with WR-outputs,
transitions are employed to efficiently couple RF signals gen-
erated by the UTC-PDs to the WRs. Here, the transitions
can be integrated with the UTC-PDs in either a hybrid or
monolithic approach. Hybrid integration of a quartz-based
transition with a UTC-PD has been successfully demonstrated
for commercial modules up to about 400 GHz [62]. On the
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other hand, monolithic integration of a UTC-PD with a transi-
tion that is based either on a thinned indium phosphide (InP)
substrate [63] or on a membrane thin-film using polymeric
dielectric material [64] has been presented, as shown in Fig. 5.
It is noteworthy to indicate that the transition presented in [63]
is scalable up to 2.2 THz.

The maximum reported output power from UTC-PD chips
or modules is over 10 mW at 100 GHz, about 1 mW at
300 GHz, and about 10 W at 1 THz [65], [66]. Pulse-like
excitation is demonstrated to be effective in enhancing the
output power by a factor of two to three compared to CW
excitation [67]. Furthermore, using monolithically integrated
impedance matching circuits with UTC-PDs has been shown
to increase the output power by a factor of two or three by
reducing the RC-limit [68].

For real-world THz applications, such as THz commu-
nications, more output power is needed. One of the major
limitations of the RF output power from photodiodes is their
heat dissipation capability. Thus, external heat sink struc-
tures or heterogeneous substrates featuring higher thermal
conductivity, such as silicon carbide (SiC) or diamond, are
necessary. This allows not only higher output power but also
more reliability by increasing the diode chip lifetime [69].
Moreover, a substantial enhancement of the output power can
be achieved by power combining. There are mainly three
approaches to power combining. The first approach is based
on using electrical power combiner circuits, where low-loss
transmission lines like dielectric waveguides can be employed
as transitions between the UTC-PDs and the power combiner
[70]. The second approach is based on spatial power combina-
tion by using an array of antennas, such as the demonstrated
array of patch antenna-integrated RTDs [71] and array of
antenna-integrated UTC-PDs for beam steering [72]. These
power-combining techniques should be improved to the level
of electronics-based phased array transmitters and receivers.
The third approach is based on using multilayer packaging
technology to integrate an array of UTC-PDs with a WR-
power combiner [73].

D. PHOTOCONDUCTORS
The classic version of a photoconductive source consists of
a highly resistive semiconductor that is switched to a low
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FIGURE 6. General setups of photoconductors: (a) Planar finger electrodes
for continuous-wave (CW) operation (b) fingerless gap attached to an
antenna for pulsed operation. Frequently, the laser spot is misplaced
closer to the positive electrode where electrons are collected (c)
antenna-less large area emitters. Every second gap is blocked (indicated by
a green dielectric covered with a metal) or etched away in order to prevent
destructive interference in the far field. The laser (omitted) illuminates a
large area. While in (a) and (b) antennas are frequently used, in (c) the
separated charges directly radiate the THz radiation.

resistance by an incident optical signal, as illustrated in Fig. 6
for the three most prominent cases. The switching takes place
via absorption and is therefore a linear effect. An applied
DC bias separates electrons from holes in order to generate
a current. If the optical signal contains an AC envelope com-
ponent, the photoconductor will generate an AC current that
is proportional to the AC optical component as well as a DC
current that is proportional to the average optical power [25].

In most cases, an on-chip antenna (Fig. 6(a) and (b)) con-
verts the AC current component into a free-space AC (i.e.,
THz) signal. In large-area emitter concepts, the radiation
originates directly from electrons or holes drifting to the re-
spective contacts (Fig. 6(c)). The optical AC component may
result from mixing two (or more) CW laser signals, a broad-
band laser pulse, or further variants discussed in Section II-A.

The photoconductive material must be optimized for the
respective operation conditions. This leads to the following re-
quirements: 1. high absorption at the driving laser frequency,
2. a high charge mobility (typically > a few 100 cm?/Vs) for
large currents at a given bias field, 3. a high break-down field
strength for photoconductive sources, 4. a high resistance, and
5. for CW and detectors, a short carrier life time (typically <
0.5 ps).

Unfortunately, these requirements are partially conflicting.
For brevity, we direct the interested reader to the references
[25], [74], [75], [76], where the details on carrier transport
and derivations of the photocurrent and roll-offs are elabo-
rated. In the following, we will provide a brief review of the
realizations of photoconductors and new technologies, partly
overcoming requirements 1-5.

Historically, the first photoconductors consisted of semi-
insulating or low-temperature-grown GaAs (LT-GaAs), InP,
and radiation-damaged silicon in the mid- to late 1980s. They
were only used under pulsed operation without any antenna.
The AC current directly radiates the THz field, similar to the
case illustrated in Fig. 6(c), but with only one, very wide
electrode gap of several millimeters. A high bias (several
kV) was needed in order to achieve a noteworthy DC field
for separating optically generated charges. Between the elec-
trodes, the large semiconductor aperture was hit with a very
powerful laser (typically several nJ). They were consequently
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named “large aperture emitters” or, after their inventor, “Aus-
ton switch” [77], already reaching THz peak powers in the
few watt level at a repetition rate of 8.3 kHz. The mod-
ern version of the large aperture emitter is the large area
emitter, where a large semiconductor area is covered with
electrodes spaced by a few 10 um as shown in Fig. 6(c).
This allows to considerably reduce the bias voltage and still
attain high THz powers. Every second gap is etched away
or blocked in order to yield constructive interference in the
far field. Dekorsy et al. have demonstrated average powers
of 1.5 mW at a near-infrared to THz conversion efficiency of
0.2% [78].

Many groups focus on lumped-element, antenna-coupled
devices that can be operated with considerably lower laser
power of the order of a few 10 mW using table-top laser
systems. In the mid-1990s, LT-GaAs was optimized and com-
bined with logarithmic-periodic or logarithmic spiral anten-
nas, reaching a maximum frequency of 3.8 THz and somewhat
less than 1 W at 1 THz [15]. With the advent of telecom
lasers and erbium amplifiers, materials suitable for operation
at 1550 nm were researched. LT-GaAs and ErAs:GaAs show
absorption via mid-gap trap states [79], with promising results
at 1550 nm operation, though direct inter-valley absorption is
more efficient. The first low-lifetime semiconductors, based
on low-temperature-grown InGaAs, have unfortunately shown
severe background conductance. [80]. This problem remained
as the ion damage also caused states close to the conduction
band edge. It took till the late 2000s before p-type doped
LT-InGaAs in combination with InAlAs layers resulted in ef-
ficient, competitive THz sources [81]. To further improve the
material, new additives to InGaAs were investigated in order
to yield mid-gap trap states. These include, in particular, iron
and rhodium, leading to the so far highest reported average
power of a lumped-element photoconductive source under
pulsed operation of 0.637 mW and a bandwidth of 6.5 THz
with only 28 mW of laser power [82]. In parallel, the devel-
opment of ErAs:InGaAs:InAlAs superlattices evolved. They
have achieve to date an output power under pulsed operation
of 0.472 mW and a bandwidth of 6.5 THz at a laser power of
42 mW [83].

Besides these rather classical approaches of engineer-
ing the trap states in InGaAs or GaAs, several new ap-
proaches emerged, partially circumventing requirements 1-5.
Plasmonic-enhanced electrodes consist of a narrow grating in-
stead of a fully metallized contact. The grating is optimized to
strongly increase the absorption close to the grating electrodes
by exciting plasma waves in the metal. This strongly confines
the absorption of light very close to the positive electrode,
where the faster electrons are collected very efficiently as
they only need to travel ~100 nm [84]. This results in high
gain even if the material has a low carrier lifetime. For CW
operation, the requirement 4 and thermal management can
be mitigated by using low duty cycles. In [76], the authors
achieved 0.8 mW peak THz power (16 uW average power)
at 2% duty cycle at 150 mW laser power in combination with
plasmonic electrodes on ErAs:InGaAs.
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A pathway to circumvent the requirement 3 and also re-
duce the thermal load aims for bias-free operation. The
Photo-Dember effect has been instrumentalized in large-area
emitters [85]. A more recent approach uses devices with a
pronounced surface field by grading the semiconductor [86].
While the Dember effect is caused by diffusion, the surface
field drifts carriers, which enhances the device’s efficiency.
The authors report an average THz power of 0.86 mW at
0.9 W optical power at 1550 nm in a large area emitter
configuration.

Finally, a completely different approach discards semi-
conductors and uses the inverse spin-hall effect in a stack
of metals. By implementing a sequence of very thin, par-
tially optically transparent magnetized ferromagnetic and
non-magnetic films, absorbed light creates a spin-imbalance.
The spin current that drifts away from the generation point
is transformed into a charge current at the interface be-
tween the ferromagnetic and the non-magnetic film [87].
The beauty of this approach is that it is compatible with
most laser wavelengths, there is no lifetime roll-off, and
it is possible to deposit the inexpensive layer sequence
on any host material. Emitted spectra extending beyond
30 THz have been demonstrated using an unstructured large-
area film. Also, antenna-coupled lumped-element spintronic
emitters were demonstrated recently under pulsed operation
[88].

1Il. PHOTONIC TERAHERTZ RECEIVERS

A. PHOTOCONDUCTORS

Similar to photoconductive sources (Section II-D), photocon-
ductive receivers absorb a laser signal that contains at least
two (CW, quasi-CW) or many (TDS, QTDS) frequencies
with a frequency difference in the THz range. The absorbed
laser signal, P_L (), modulates the conductivity of the photo-
conductor at these difference frequencies, o (t, Afr)~Pr(t),
where A fy is a (potentially continuous) variable containing
all possible difference frequencies of the laser signal as well
as a DC term, with an amplitude proportional to the total
incident laser power. As opposed to sources, there is no
DC-bias applied. Instead, the bias originates from an inci-
dent THz wave that is, in most cases, transformed to a THz
bias, Urp;(t) ~ Etp.(t), by an antenna. The bias separates
electrons and holes generated by the optical signal, i.e., the
photoconductor acts as a mixer of the optical envelope and
THz signal.

We remark that o (¢, A f1) is fairly complicated to calculate
as optically generated carriers remain in the semiconductor
for a certain time and therefore increase the conductance for
an extended period of time after their generation [89]. In
the case of a homodyne CW spectrometer, a UTC diode or
a photoconductive source is operated with the identical pair
of lasers as the receiver, i.e., |Afy — fry,| = 0, mixing of
the optical envelope and the THz wave yields a DC cur-
rent I ~ Etg,Prcosg, where ¢ originates from a path length
difference between source and receiver path [90], as well
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as THz frequency components that cannot be detected by
post-detection electronics. If the laser signal is a broadband
pulse, the mixing is easier to evaluate in the time domain.
The Fourier transform of the phase of the signal turns into
a time delay, t, which is frequently swept by a delay line.
Sweeping over all possible delays 7 results in the correlation
measurement of o (¢) and Ery (¢). This is the basic concept
of THz-TDS, where a photoconductive source is driven by the
same laser pulse as the photoconductive receiver. Likewise,
this case covers QTDS and cross-correlation spectroscopy
(CCS). We remark that the relative delay, 7, is only well
defined if the laser signal driving the source is the same (or
phase-locked, as in the case of asynchronous optical sampling,
ASOPS) to the signal arriving at the receiver. The detection
principle also works for cases where |A fi — fru.| # 0,1i.e.,
heterodyne detection or signals with an arbitrary, broadband
spectrum, where laser signal and THz signal are not necessar-
ily phase-locked. This was applied, for example, in photonic
spectrum analyzers, where the optical signal consisted of a
single, spectrally pure beat note (i.e., two lasers detuned by
the desired THz frequency Afy ) and the THz field originated
from a source under test with an unknown spectrum [91], [92].
As the relative phase between the two is not locked and thus
randomly changing, only the power spectral density of the
down-converted current is recorded and phase information is
discarded.

The materials used for photoconductive receivers are typ-
ically very similar to those used for sources, as described in
Section II-D, except that a short carrier lifetime (requirement
5) is of utmost importance for both CW and pulsed operation
[89]. Breakdown field strength (requirement 3), however, usu-
ally does not play any role in receiver structures.

An advantage of photoconductors is that they do not gener-
ate any noteworthy current in the absence of a THz signal and
are therefore free of electrical shot noise. They are also highly
resistive (requirement 4), even under illumination (resistance

Rip), resulting in a small thermal noise current Iy = ./ 4£—_”;[T .
1

Only laser noise may increase the overall system noise. CW
photoconductive receivers have yet to reach a noise equivalent
power of NEP = 1.8 fW/Hz at 188 GHz [93]. This leads to
systems with very high dynamic ranges (DNRs). The highest
CW DNR reported so far is 117 dB with 4 THz bandwidth
or more at about lhour and 11 minutes of measurement time
[94].

TDS systems using 1550 nm lasers with ~90 fs pulses with
classical, lumped-element devices yet reach DNRs beyond
110 dB with bandwidths beyond 6.5 THz [77], [78] with only
1-2 minutes of measurement time. By removing the InP host
substrate, whose Reststrahlen-band starts absorbing around
6 THz, the authors of [95] have demonstrated a frequency
coverage up to 10 THz.

In all cases, the required laser power to drive the
lumped-element, antenna-coupled photoconductive receiver
is in the range of 10-40 mW, yet it is achievable without
amplifiers.
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IV. ELECTRONIC TERAHERTZ SOURCES

The electronic implementation of THz sources is promising
in terms of compactness, robustness, weight, and system effi-
ciency. Furthermore, electronics can be easily mass-produced
in scalable, cost-effective integrated circuit processes. The
limit in electronic THz fundamental oscillator frequency is the
speed of the active device, given by electron transit time and
parasitic RC-time constants.

A. CMOS-BASED THZ SOURCES

Modern mobile THz systems, such as sensing and imag-
ing systems, require chip-sized and cost-effective active
THz components, i.e., intensely integrated circuits (ICs).
Nanoscale CMOS and silicon germanium bipolar CMOS
(SiGe BiCMOS) technologies offer high integration density,
scalability, and compatibility with digital logic, making them
preferable technologies for developing high-performance and
low-cost electronic THz ICs.

The first demonstration of a CMOS THz source dates back
to fifteen years ago, when a push-push oscillator was success-
fully developed to radiate an output power of about —42 dBm
at 410 GHz using 45 nm CMOS technology [96]. Since that
time, significant advancements in CMOS technology in terms
of maximum frequency fnax, DC-to-RF efficiency, and output
power have been achieved.

THz CMOS sources can mainly be categorized into free-
running oscillators, locked oscillators, or multiplier-chains.

CMOS THz sources that are based on a chain of phase-
locked frequency multipliers with integrated antennas can
generate signals up to 1.46 THz [97]. However, they suffer
from poor DC-to-RF conversion efficiency, resulting in the
need for high input power, which is challenging to obtain
at frequencies beyond 100 GHz, and low output power. For
example, the achieved output power of a multiplier chain
implemented using 65 nm bulk CMOS was —15.1 dBm at
607.5 GHz [98] and —22.7 dBm at 1.33 THz [97]. For higher
output power THz multiplier-chain-based sources, SiGe BiC-
MOS technology is used due to its advantages over CMOS,
such as higher f7/fmax and higher breakdown voltage. For
example, an output power of —17 dBm at 823 GHz has been
reached by using 250 nm BiCMOS with a SiGe HBT exhibit-
ing a peak f/fmax of 280 GHz/435 GHz [99]. Furthermore,
a similar output power of —17.3 dBm has been reported at
a frequency of 928 GHz by implementing a 130 nm SiGe:C
BiCMOS process with fi/fmax values of 220/280 GHz [100].

In contrast to multiplier-chain-based CMOS sources,
oscillator-based CMOS sources have a high DC-to-RF conver-
sion efficiency, and thus, they can provide higher output power
at frequencies below 300 GHz, whereas their output power
quickly drops down to the uW level for higher frequencies
if no power combining techniques are applied. For example,
65 nm CMOS THz sources with a single ring antenna pro-
viding an output power of about —2.74 dBm and —23 dBm
at 293 GHz and 615.3 GHz, respectively, have been demon-
strated [101], [102]. To enhance the radiated power of CMOS
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THz sources, coherent spatial power combining of an array of
mutual coupling oscillators is employed [103], [104], [105],
[106], [107]. Each oscillator resonates at the fundamental fre-
quency and synchronizes correctly with the other oscillators.
Therefore, the oscillators’ harmonic signals radiate in phase
and combine in space to create a focused beam. Using 65 nm
bulk CMOS technology, a high-power arrayed source consist-
ing of eight harmonic oscillators coupled via four 130 GHz
quadrature oscillators has been shown to deliver 0.5 dBm
at 260 GHz [108]. Moreover, even at frequencies beyond
300 GHz, coherent free-space power combining has helped to
mitigate the rapid roll-off of single-antenna CMOS sources, as
demonstrated in [103]. Here, an output power of —3 dBm at
694 GHz has been achieved from an array of 32 slot antennas
that were realized in 45 nm CMOS technology. However, the
majority of these scalable radiators are limited to frequencies
below 600 GHz due to the fact that oscillator-based radiators
above 600 GHz require a high ratio of fundamental oscillation
frequency to maximum oscillation frequency (f,sc/finax) and
high-order harmonic power extraction and radiation.

For high-power THz sources beyond 600 GHz, high-speed
130 nm SiGe BiCMOS technology (fmax = 500 GHz) is
employed. In [109], a synchronized two-dimensional (2D)
oscillator array that consists of 42 coherent radiators has been
realized. In this work, an output power of —10.7 dBm at
1.01 THz has been reached.

B. HETEROJUNCTION BIPOLAR AND HIGH ELECTRON
MOBILITY TRANSISTORS

Aggressive device scaling has resulted thus far in gain cutoff
frequencies around 700 GHz in silicon germanium hetero-
junction bipolar transistors (SiGe HBT) with ~70 nm emitter
width [110] and beyond 1 THz in InP HBT devices [111]
with ~130 nm emitter width. Compared to CMOS, both those
bipolar technologies possess significant scaling potential com-
pared to their technological size limits of around 10 nm. The
high gain cutoff frequencies are attained in heterojunction
bipolar transistors by several factors. The reduction of the
total base resistance Rg, which consists of access resistance
in the extrinsic semiconductor material and contact resistance,
through very high p-doping in the base material. This becomes
feasible only in the presence of an emitter-base heterointer-
face, which acts as an effective energy barrier in the valence
band, preventing the diffusion of holes from the highly p-
doped base into the emitter, thus maintaining high emitter
injection efficiency and therefore high current gain even with
a highly doped base. The heterointerface is created between
the low-bandgap SiGe base material and the Si emitter, or
the InGaAs base and the InP emitter, respectively. The power
gain cutoff frequency fmax is relevant for the circuit operation
frequency. As a rule of thumb, amplifier circuits may be op-

erated up to f"’T‘”‘ with useful gain per stage, and fundamental

frréax . The unity power gain frequency fimax can

oscillators up to
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be approximated in the bipolar transistor as:

Ji

f max "~ —SJT RB CBC

with the current gain cutoff frequency f;, which relates to the
transit time 7y through the base and collector. f; limits the
instantaneous bandwidth of the amplifier circuit. To lower
fi» the base must be very thin, and the collector should be
designed fully depleted. The collector thickness can be chosen
to trade off finax versus f;, which inversely impacts breakdown
voltage.

~ tr+ (Cee+Cae) - k—T-i-CBc - (Rg+Rc)
2ty qlc

The significance of capacitance reduction by lateral device
scaling is visible in the equations above: Cpc acts as a negative
feedback capacitance, both the intrinsic BC junction capaci-
tance and extrinsic capacitive structures must be reduced to a
minimum, and series resistances Rg and Rc must be minimal.
The diffusive capacitance of the forward-biased base-emitter
junction needs to be offset by a large absolute collector current
Ic, which results in high current densities above 1 MA/cm?
in geometrically scaled THz transistors [112]. Technologi-
cal limits for scaling are given by minimum emitter width
(currently around 70-130 nm), minimum contact resistance
(around 10~% Qcm?), near the physical limit, requiring ex-
tremely clean interfaces, and the trade-off between base sheet
conductivity (also related to maximum p-type concentration)
and base transit time.

SiGe HBT sources based on higher-order harmonic extrac-
tion could be operated at up to 1 THz [109], with a radiated
output power of —11 dBm in a massively arrayed config-
uration and a conversion efficiency < 10™*. The BiCMOS
process enables complex integration suitable for integrated
FMCW radar front-ends at 480 GHz [113], which exhibited
a Poyt of —16.5 dBm and 45 GHz bandwidth.

At 420 GHz, a radiated power of 10.3 dBm could be
obtained from a SiGe chip that included spatial modulation
capability [114]. Electronic THz pulse generation can be
achieved with high bandwidth through reverse recovery of
pin diodes, which are part of current BICMOS processes.
Frequency combs could be demonstrated, delivering an EIRP
between —10 dBm at 200 GHz and —60 dBm at 1100 GHz via
an on-chip patch antenna with a directivity between 24.6 dBi
and 32 dBi between 330 GHz and 780 GHz [115].

In the InP material system, the narrow band base may be
made from GaAsSb material instead of lattice-matched In-
GaAs. The antimonide-containing ternary GaAsSb forms a
non-blocking type II heterojunction with InP and avoids the
need for a compositional grading in the collector, which im-
proves breakdown. Incorporating an optimized base-emitter
structure, fmax > 1.2 THz could be demonstrated recently,
with more than 5 Vpp cgo [116]. InP high electron mobility
transistors (HEMTs) exhibit the highest fnax around 1.5 THz,
enabled by high electron mobility in the two-dimensional
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FIGURE 7. Chip photograph of InP HBT oscillator, left RF probe touching
the port for subharmonic injection locking. From [124], © [2022] IEEE.

electron gas formed in a vertically confined InAs channel.
This resulted in a demonstration of a nine-stage integrated
amplifier operating at 850 GHz [117] and a ten-stage amplifier
operating at 1 THz [118].

Metamorphic HEMT (mHEMT) devices with an InAs
channel and a 20 nm gate length realized on a GaAs substrate
exhibit f,x > 1.1 THz [119]. InP-based HEMTSs are known
for their excellent noise performance, which has proven ad-
vantageous in mm-wave and sub-THz mixers and low-noise
amplifiers for radio astronomy when operated at cryogenic
temperatures [120]. An integrated mixer-amplifier InP HEMT
source was demonstrated recently with 1.8 mW of output
power at 680 GHz, exhibiting 0.1% DC-to-RF conversion ef-
ficiency [121]. In general, InP-based devices make use of high
electron mobility and velocity in III/V compounds. The DC-
to-RF conversion efficiency of transistor sources is strongly
related to the ratio of device breakdown voltage to knee
voltage drop. The high electron velocity in InP and related
materials allows for relaxed device geometry, which, in con-
junction with a high breakdown field, results in a large device
breakdown voltage. This is especially true for the vertical
HBT structure, which suffers less from surface breakdown
compared to the HEMT. In the reported performance of sub-
THz power amplifiers operating at 300 GHz for future 6G
communications, an advantage of InP technologies, in partic-
ular InP HBT, is currently observable within a wider available
data base [122]. InP HBT technology is equally promising for
THz generation: fundamental InP HBT oscillators could be
demonstrated up to 570 GHz, delivering close to 10 uW RF
power [123]. InP HBT push-push oscillators can be tuned for
efficient operation near the transistor’s fi,x. Considering the
system’s use of oscillators, phase and frequency need to be
controlled. An injection-locked InP HBT push-push oscillator
shown in Fig. 7 could be demonstrated recently with 1.7%
conversion efficiency and > 0.5 mW output power at 420 GHz
[124] with a transistor fiyax of 450 GHz, enabling efficient THz
sources with transistor scaling.

C. RESONANT TUNNELING DIODES
Beyond transistor technology, the resonant tunneling diode
(RTD) represents a fundamental oscillator with an extremely
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FIGURE 8. Spectrum of InP RTD oscillator subharmonic injection locking
above 560 GHz. Within the locking range, the oscillator assumes the
locking signal’s linewidth (l). Under the locked condition, the peak spectral
power increases about 14 dB (1I). From [126], CC-BY-4.0, 2020.

short transit time, owing to only a few nanometers separat-
ing the adjacent energy wells in the resonant tunnel diode
structure. The RTD’s IV-curve exhibits a region of negative
differential conductance -G, formed by the superposition of
the tunneling current through the barrier and the classical
thermionic emission current across the barrier structure. -G
represents an energy source in the surrounding LC oscillator
tank. A chip-integrated narrowband antenna (patch or slot de-
sign) can be tuned to the RTD’s complex impedance, resulting
in very compact electronic THz sources. Thus far, InP RTD
sources have been demonstrated with a fundamental oscilla-
tion frequency near 2 THz, representing the fastest solid-state
oscillator available to date [125]. In many system applica-
tions, such as wireless communication links or spectroscopy,
the oscillator frequency needs to be controlled precisely. For
this purpose, subharmonic injection locking could be demon-
strated in RTD devices operating beyond 0.5 THz, resulting in
a narrow linewidth as shown in Fig. 8, and the ability to tune
the oscillation frequency within the locking range [126].

Besides frequency and phase control of single sources, the
injection locking process can be applied as mutual coupling
between neighboring RTD or antenna pixels in order to realize
dense phased arrays operating at THz frequencies. A recent
demonstration of a 6 x 6 array radiated close to 12 mW
at 450 GHz with 1% conversion efficiency [71]. The fixed
phase relation between the pixels results in beamforming, and
a directivity gain of near 24 dB could be observed. Further
improvement to higher frequency and higher radiated power
should be expected, considering the possibility of increasing
the dissipated power in such an array at least tenfold before
reaching thermal package limits and an at least four-fold in-
crease in oscillation frequency.

D. SCHOTTKY-BARRIER DIODES

Since high-power amplifier technology is currently only ca-
pable of operating at frequencies close to 100 GHz, passive
Schottky-barrier diode (SBD)-based frequency multipliers are
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FIGURE 9. Types of Schottky contacts (a) Whisker contact, (b)
Quasi-vertical planar contact, and (c) surface channel planar contact.
Adapted from [128], CC-BY-4.0, 2022.

a common method for obtaining powerful signals in the THz
domain. SBDs are widely utilized as frequency multipliers to
generate THz signals due to their attractive properties such as
compactness, broadband operation, stable performance, and
low power consumption [127], [128]. Typically, the epitax-
ial layer system of SBDs is grown either on GaAs or GaN
substrates. Depending on the structure of the Schottky con-
tact between the anode and metal, SBDs can be categorized
into whisker-contacted and planar diodes, as demonstrated in
Fig. 9 [128].

Whisker-contacted SBDs were employed as frequency mul-
tipliers to generate THz signals in the lower THz frequency
band [129], [130]. However, the fragility of the whisker con-
tacts made their assembly and integration complicated and
thus prevented their widespread use. On the other hand, planar
SBDs feature a planar Schottky contact structure that over-
comes the drawback of the whisker-contacted ones. Planar
SBDs comprise quasi-vertical planar SBDs [131] and surface
channel planar SBDs [132]. Quasi-vertical planar SBDs suffer
from high parasitic capacitance, which has significantly lim-
ited their implementation for THz frequency generation [133].
Contrary to quasi-vertical planar SBDs, planar channel ones
exhibit extremely low parasitic capacitance [134], making
them suitable for generating THz frequencies up to 8.7 THz
[135]. Here, the corresponding measured RF performance re-
vealed a series resistance of 15.4 €2, a junction capacitance of
1.46 fF, and a cut-off frequency of 7 THz.

Benefiting from the nonlinear properties of the SBDs, they
have been used either as frequency doublers or triplers to
generate THz signals. Generally, the design of frequency
doublers is simpler than that of frequency triplers, and they
evidently have better conversion efficiency since they generate
fewer harmonics. A variety of SBD-based frequency multipli-
ers for THz generation have been reported in the literature.
For example, in [136], a 332 GHz frequency doubler was
developed, where the GaAs-based SBDs were hybridly inte-
grated with the quartz-based microstrip-line (MSL) antenna.
The maximum conversion efficiency was found to be 4.7% at
332.8 GHz. In addition, THz frequency triplers for 220 GHz
and 440 GHz were demonstrated in [137], with corresponding
conversion efficiencies of 16% and 12%, respectively. The
developed stepped-impedance MSL low-pass filters for bi-
asing the diodes and coupling the fundamental signal from
the WR6-input (110-170 GHz) to the output WR2-output
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(330-500 GHz) paved the way to design and implement
THz frequency triplers. Passive frequency multiplying tech-
nologies have advanced significantly in the last decade, with
conversion efficiencies of THz doublers and triplers of up to
30% and 20%, respectively, and a frequency bandwidth of
15-18% [138].

With increasing the operating frequency, the circuit size
becomes smaller, and the hybrid integration technology be-
comes very lossy. Therefore, huge efforts were made to grow
the antenna and DC-biasing circuitry together with the SBDs
on the same substrate, i.e., monolithically, for higher output
power at higher operational frequencies. As an example, a
high-efficiency frequency tripler for generating THz signals
between 540 GHz and 640 GHz was reported [139]. A 12 um-
thick GaAs substrate was utilized, and the achieved efficiency
was between 4.5% and 9% at room temperature. In [140], a
THz signal in the frequency range (2.48-2.75 THz) was gen-
erated using a monolithically integrated GaAs-based SBDs
frequency cascaded tripler.

SBD-based frequency doublers and triplers can be cascaded
to generate THz signals up to 2.75 THz [141]. For example,
a 1.5 THz source consisting of a chain of four cascaded fre-
quency doublers with a fundamental frequency of 88-99 GHz
was reported in [142]. The maximum achieved output power
was 40 uW. Furthermore, a four-channel source operating at
1.9 THz was demonstrated in [143], where a fundamental
signal generator of 30-40 GHz together with two frequency
doublers and two frequency triplers were used. Also here, the
reported output power was 40 uW.

Cascaded multipliers were also employed to generate THz
in the WR3-band. In [144], a 270-320 GHz source with
40 mW output power and an over 25% conversion efficiency
of the last stage tripler was reported. Also in [145], an active
multiplier chain with an output power of 250 mW at 260 GHz
was reported.

However, the power-handling capability of multiplier mod-
ules is still a severe limiting factor, basically because of
the limited dissipation of thermal energy produced during
operation under relatively high power conditions. The ther-
mal issue was addressed by many groups worldwide. Some
researchers used highly thermally conductive sub-mounts
for SBDs, such as high-resistive Si or AIN [146], [147].
Other bonded PECVD diamond layers on backside of the
diode, greatly improved the heat dissipation and hence power-
handling capability of the multiplier [148], [149].

An original technology solution has recently been de-
veloped by employing SBDs with monolithically integrated
PECVD diamond heat spreaders [150], [151]. This approach
is suitable not only for the fabrication of discrete diodes but
also for the realization of so-called THz-MICs. THz-MICs as-
sume fully integrated circuits with Schottky diodes and other
passive surrounding circuitry, like filters, matching networks,
and mechanical carrying elements, like an area carrier sub-
strate, a diamond heat spreader, and supporting beam leads
in the waveguide cavity. Such structures are preferred for
frequencies above 500 GHz, where the assembly of discrete
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FIGURE 11. Comparative performance of high-power versus broadband
THz sources based on passive frequency multipliers.

diodes on circuitry submounts is not accurate enough to pro-
vide reproducible results. Fig. 10 shows a THz-MIC structure
as assembled in a metallic split-block for a 600 GHz tripler.
This tripler has demonstrated up to 6% conversion efficiency
and up to 4 mW of output power at about 600 GHz [150].

It is commonly known that there is a trade-off between
the bandwidth and conversion efficiency of passive frequency
multipliers. High-efficiency multipliers are optimized to pro-
vide maximal output power, whereas broadband multipliers
target covering full WR frequency bands. Therefore, each
type of multiplier source is employed for different target
applications. Namely, broadband sources are used for mea-
surement equipment or general applications, whereas high-
power sources are used for applications where output power
is of essential importance to reach the application goal, for
instance, dynamic range. However, using the on-chip power
combiner technique, broadband multipliers with up to ten
times improved output power have been demonstrated [152].
Here, the achieved frequency range was between 0.16 THz
and 1.6 THz, with a corresponding output power between
50 mW and 0.7 mW.

Fig. 11 comparatively summarizes a range of high-power
sources versus broadband sources at frequencies up to 2 THz
[138]. High-power and broadband sources are highlighted by
red and blue lines, respectively. The interesting fact is that
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both lines are nearly parallel in the logarithmic plot. Obvi-
ously, from this picture, full-band sources provide about 10 dB
less output power in comparison to high-power options while
performing within the full WR frequency bandwidth of about
40-45%. In contrast, high-power sources are built from high-
efficiency but narrow-band passive multipliers. This approach
allows for high output power but with a limited frequency
bandwidth of nearly 10-20%. A noticeable increase in output
power is possible by the so-called “in-phase power combin-
ing” approach [153], [154]. In-phase power combining can be
implemented either on chip level, module level, or externally
by coupling several multiplier modules by power splitters or
combiners. All these results are achieved due to novel technol-
ogy with an integrated diamond substrate or heat spreader and
compare well to results achieved by traditional technology,
assuming traditional planar Schottky diode arrays on a thin
GaAs substrate.

V. ELECTRONIC TERAHERTZ RECEIVER
A. SCHOTTKY BARRIER DIODE DETECTORS
Schottky barrier diodes have been developed and optimized
to be employed in THz systems not only as THz sources
but also as THz direct detectors. The working principle of
SBDs detectors is based on creating a depleted region at the
semiconductor side of the semiconductor-metal junction, re-
sulting in ultra-high sensitivity to the generated electron-hole
pairs when the THz radiation interacts with the junction [155].
The volume of the depleted region can be determined by the
applied reverse bias and the doping level of the semiconductor.
At room temperature, SBDs can provide a hi\%h respon-
sivity of (~1 ]%) and a low NEP of (1-50 #) with a
response time of about 20 ps [156]. Therefore, they have been
intensively utilized as direct detectors for the THz radiation
from 0.1 THz up to 10 THz [156]. Moreover, SBD arrays
have been employed in THz imaging systems for real-time
scanning receivers to improve the image quality [157], [158].

B. FIELD EFFECT TRANSISTORS

Dyakonov and Shur [159], [160] proposed the use of field
effect transistors (FETs) to detect THz radiation in the early
1990s. Fig. 12 illustrates how a FET’s channel between the
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source and drain can act as a resonator for plasma waves,
where the dimensions of the channel determine the resonant
frequency. For resonant frequency in the THz domain, the
gate length has to be a few nanometers [156], [161]. The
detection concept depends on the rectification of the induced
alternating current (AC) by incoming THz radiation due to
the nonlinear characteristics of the transistor. Consequently,
a photoresponse proportional to the radiation power arises
between the source and drain as a DC voltage (photovoltaic
effect). Here, a source-drain asymmetry is required to induce
the DC voltage for many reasons. For brevity, we direct the
interested reader to the references [162], [163].

Over the last decade, the use of FETs to detect THz has
significantly increased due to their enhanced performance.
Generally, FET detectors have a NEP of about (10-100 I_fz—\l";z),
which is slightly higher than that of SBDs but better than that
of thermal detectors at room temperature [156]. Furthermore,
they can cover an ultra-wide frequency range from 0.1 THz
up to 8 THz, and they are considered fast detectors with a re-
sponse time of about 20 ps [156]. However, their responsivity
is relatively small (0.1-0.4 1%) compared to SBDs. Recently,
2D materials like graphene and black phosphorus have been
employed to develop far-infrared (FIR) detectors at room tem-
perature up to 3 THz and low NEP THz cameras [164], [165].
However, with respect to NEP, the performance of graphene
FET detectors is still inferior compared to CMOS FETs [156].
The last reported NEP of a room—temggrature 32x32 CMOS
FET THz detector was about 12—-14 II){—Z at a frequency range
between 0.65 THz and 1 THz in 65 nm CMOS [165], i.e., 30
times lower than the best NEP (400 %) that was achieved a
decade ago [166].

C. HETERODYNE RECEIVERS

The motivation for developing heterodyne THz receivers can
be traced back to the 1950s to enable the development of
high-resolution terahertz spectroscopy systems needed for
astronomical and atmospheric applications [167]. The oper-
ating principle of heterodyne receivers is based on mixing
the incoming THz signal with another signal generated by
a local oscillator (LO) to produce an intermediate frequency
(IF) signal at the receiver’s output [167], [168]. Typically, the
IF signal is between DC and tens of GHz, allowing high-
performance microwave components, such as amplifiers and
filters, to process the detected signal. The main advantage of
heterodyne receivers is that they maintain both the amplitude
and phase information of the received THz signal [169], and
thus, no complex techniques are required to retrieve the phase
information. Furthermore, they feature low noise equivalent
power (NEP) compared to thermal THz detectors such as
bolometers and Golay cells, allowing them to detect even
weak THz signals [169].

Usually, the nonlinear properties of semiconductor devices
like SBDs, SIS junctions, hot electron bolometers (HEBs),
and field effect transistors (FETSs) are exploited to heterodyne
the received THz signals with the LO signals [5], [170]. Here,
the LO source has to provide sufficient LO power to drive the
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mixer. Heterodyne THz receivers can be employed in either
a coherent or incoherent configuration [171]. In the coherent
approach, a common source is used to generate the RF and LO
signals, and thus, coherent receivers provide higher sensitivity
than incoherent ones. Here, the phase noise and frequency
stability of the LO are crucial parameters because they impact
the sensitivity and accuracy of the measurement system [167].

Several electronic-based solid-state sources have been used
to generate the LO signal required for pumping heterodyne
mixers. However, electronic-based sources like Gunn diodes
suffer from low output power in the THz domain [172],
whereas impact ionization avalanche transit-time (IMPATT)
diodes [173] and frequency multipliers [174] suffer from
high noise figure and high phase noise, respectively. In fre-
quency multipliers, the signal from a low-frequency reference
oscillator is multiplied [175], and thus the original phase
noise of the low-frequency reference oscillator is increased by
46 dB for each frequency doubling [174]. On the other hand,
photonic-based sources can provide the required LO signal
either directly, such as gas lasers [176], [177] and QCLs [178],
[179], [180], or by optical heterodyning using photoconduc-
tors and photodiodes [181], [182], [183].

In the past, gas lasers were widely employed as a LO source
to pump heterodyne THz receivers due to their high output
power (up to several hundreds of milliwatts) and ultra-broad
operational frequency range (0.15-8 THz) [5]. However, the
tuning complexity and bulky physical size of gas lasers have
significantly constrained their integration with diode mixers
for compact heterodyne THz receivers [167]. Also, optically
pumped SBD and HEB mixers by QCL LO sources at fre-
quencies higher than 2.5 THz have been demonstrated [178],
[179], [180]. In contrast to gas lasers, QCLs are compact in
size and simple to tune, and thus, they can be monolithically
integrated with SBDs-mixers [178]. Moreover, QCLs can
cover a wide THz range with tuning steps of a few GHz and
sufficient output power up to 130 mW in CW operation. Even
though many studies have been carried out to overcome the
drawbacks of QCLs, such as the beam pattern quality [184],
[185], [186] and single-mode operation [187], the required
cooling system remains a major drawback for miniaturization,
at least so far [167]. Despite that, QCL-based LOs have been
employed successfully in airborne THz heterodyne receivers
[50], [51], [52].

As an alternative to gas lasers and QCLs, optical hetero-
dyne techniques can now be used to generate the LO signal
for pumping THz heterodyne receivers. Recently, UTC-PDs
were successfully employed to pump subharmonic THz SBD-
mixers at room temperature [183], [188], [189]. It should
be noted that even though the DSB noise temperature of
SBD-mixers is higher compared to SIS and HEB mixers, they
were preferred in the above-mentioned works since they do
not require a cryogenic environment [167]. In earlier works
reporting on optically pumped SBDs-mixers using UTC-PDs
as LOs [183], [188], the achieved conversion loss (CL) was
substantially higher than for electrically pumped subharmonic
SBDs-mixers [190], [191], [192], [193], [194], [195], [196].
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FIGURE 13. Conversion loss vs. RF for electrically pumped and optically
pumped subharmonic THz SBD-mixers. Data from [189], [190], [191], [192],
[193], [194], [195], [196].

This was mainly due to the low saturation output power of
the UTC-PDs used. Recently, the use of high-performance
MUTC-PDs reaching several mW output power has resulted
in significantly lower CL levels, which are similar to those for
electronically pumped mixers [189]. For comparison, Fig. 13
shows the experimentally achieved CL of electrically and
optically pumped subharmonic THz SBD-mixers in the fre-
quency range between 0.1 THz and 1.27 THz. In general,
the approach of using optically pumped THz mixers enables
accurate frequency tuning over an ultra-wide frequency range,
room temperature operation, and the potential for monolithic
integration. Depending on the laser source used, optically
pumped heterodyne mixers may also benefit from the ultralow
phase noise of optically generated LO signals. Recently, a
record low phase noise below —170 dBc/Hz for a LO fre-
quency of 12 GHz has been achieved by using mode-locked
lasers [197]. Despite the complex technique required for sta-
bilizing the free spectral range of the lasers and the carrier
offset frequency, which cannot yet be integrated into chips,
this achievement demonstrates the overall potential of the
approach.

VII. CONCLUSION

This review article has shown that although terahertz tech-
nology is not brand new, significant achievements have only
recently been revealed in this scientific field as a result of de-
velopments in semiconductor photonics and electronics. The
first studies addressing the THz gap date back to the end of the
19" century, and numerous interactions between THz waves
and matter have been studied. During the last century, mostly
vacuum electron-based THz sources, including backward-
wave oscillators, klystrons, gyrotrons, traveling-wave tubes,
and free-electron lasers, were used for THz generation. With
the advances in semiconductor technology, a variety of new
high-performance semiconductor-based photonic and elec-
tronic THz sources and receivers are now available, with one
major advancement: they are way smaller and easier to use.
Examples reviewed in this article include photodiodes oper-
ated at room temperature, which now provide a mW output
power level per single die at THz frequencies and cover a huge
operational bandwidth in excess of 1 THz. Even higher THz
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power levels are now available from cooled QCLs that were
already successfully employed as LOs in heterodyne spec-
trometers. Difference frequency generation in mid-IR QCLs
now even enables room-temperature operation.

On the electronic side, the oscillation frequencies of InP-
based transistor technology have exceeded 1 THz. While InP
HBTs may offer better DC-to-RF conversion efficiency due
to their wide bandgap InP collector, HEMTs may be candi-
dates for high-performance broadband THz LNAs. Also, the
f; and fmax of mainstream CMOS and SiGe HBT production
processes allow the fabrication of THz sources and receivers.

Combining photonic and electronic semiconductor tech-
nologies opens the door to more functional THz devices.
Examples include advanced THz low-barrier Schottky hetero-
dyne mixers that can now be directly pumped using a single
photodiode die or even THz mixers monolithically integrated
with THz photodiodes. These breakthroughs may potentially
pave the way towards new chip-size coherent THz front-ends.

THz waves are of interest because they are non-ionizing
and non-invasive. Due to its low energy characteristics as
compared to UV, THz radiation is harmless to humans and
animals. Furthermore, it can penetrate many materials, so
clothes are transparent to THz, which is exploited in security
applications. Beyond that, the small wavelength compared
to microwaves allow the fabrication of ultra-compact THz
sources and receivers with tiny on-chip antennas. This allows
the fabrication of arrays either by photonic integrated circuits
(PICs) or RF ICs, for example, for enabling THz beam steer-
ing and other more functional THz circuits.

In general, the miniaturization of THz sources and re-
ceivers thanks to advances in semiconductor technology is
not only beneficial for reducing their power consumption and
cost but also for simplifying their use. Tiny THz sources
and receivers would rather enable completely new innovative
applications, for example, in medicine and agriculture. In-
body THz imaging and spectroscopy or drones featuring THz
sensors for observing plants can be envisaged. Also, more
classical approaches, such as THz communications, benefit
from the ever-increasing output power level and operational
bandwidths, as well as the possibility of steering THz beams
for future mobile communications. Radar sensors will soon
reach distance resolutions way better than what is possible to-
day, and THz imaging and spectroscopy systems will become
way more compact and cheap.

In the future, we can expect the performance of
semiconductor-based THz sources and receivers to further
improve over time with respect to their key specifications,
including output power, operational bandwidth, sensitivity,
frequency stability, and phase noise. But beyond this, we
may also see new functional devices such as monolithically
integrated coherent THz transceivers or room-temperature-
operated QCLs. PICs and RF ICs will enable the fabrication of
THz beam steering transceivers. Heterogeneous integration,
for example, between III-V gain materials, BICMOS or SiGe
electronics, and Si or SiN photonics, will enhance the device’s
functionality.
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Moreover, reliable and low-loss innovative packaging so-
lutions are developed. Especially the latter is key for moving
THz technology from laboratories to daily life, to overcome
existing challenges and reach the maturity and performance
required for mass-market applications.
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