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Terahertz (THz) frequencies nestled between the microwave and infrared ranges in the electromagnetic spec-
trum radiation remain one of the most attractive research topics.  A particular attention is given to the issues related 
to the development of solid-state-based room-temperature high-power, stable and portable terahertz emitters and 
detectors as well as user-friendly THz imaging and spectroscopy. At the dawn of this research, four decades ago, 
academician Juras Požela [J. Požela and V. Jucienė, Physics of High-Speed Transistors (Vilnius, Mokslas, 1985)] con-
sidered possible physical mechanisms – hot electrons, plasma effects, Josephson junctions, masers, etc. – that can 
successfully be employed to cover the THz frequencies using solid-state physics approaches. In this work, we briefly 
overview the recent achievements and advances illustrating an incredibly high precision of the scientific predictions 
given by Acad. Juras Požela based on his wide erudition, deeply sensitive intuition and great insights, gifted feeling 
of scientific trends and evolution. The paper presents a structured snapshot of the modern devices with highlights in 
their physics behind the operation and main parameters and includes contemporary topics in THz science and tech-
nology related to electrically pumped GaN-based sources and quantum semiconductor structures such as resonant 
tunnelling diodes, quantum cascade lasers, and quantum semiconductor superlattices. Possible challenges in further 
development of the described approaches and devices are illuminated.
Keywords: terahertz, hot electrons, Gunn effect, plasma waves, field-effect transistors, thermal emitters, 
quantum structures, Josephson junctions

1. Introduction

Academician Juras Požela played a  pivotal role 
in the  establishment of semiconductor research, 
the  development of semiconductor technology 
and in stimulating microelectronics industry in 
Lithuania. The  initiated semiconductor research 
was mainly focused on hot electron-related ef-
fects, plasma phenomena and current instabilities 
as well as advancement of fast electronic devices. 
The  research activities gained a  broad interest 
worldwide allowing him, therefore, to establish 
Semiconductor Physics Institute which was one of 
the internationally leading institutions in hot elec-

tron physics in that time. Academician inspired 
the  installation of technological infrastructure, 
encouraged the  systematic scientific investigation 
approach, which covered materials growth, their 
characterization, and further implementation into 
novel high-frequency devices. Despite a deep focus 
on the  semiconductor research in the  microwave 
range, his versality and scientific curiosity were ex-
tended into a much wider interest scale. A particu-
lar attention was dedicated to the terahertz (THz) 
frequency range (1 THz is 1012 Hz), which is set-
tled between the  microwaves and infrared ranges 
in the  electromagnetic spectrum and in which 
no solid state-based devices were available at that 
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time. The reason was defined by the specific place 
of the THz range in the electromagnetic radiation 
scale – from the ‘red’ side of the spectrum, device 
operation is mainly limited by the cut-off frequen-
cy due to the carrier transit time or parasitic RC 
time constants. In contrast, from a ‘blue’ wing of 
the  spectrum, the  operation range is defined by 
an energy band gap of semiconductor or quantum 
levels in artificially designed and fabricated na-
nostructures. As THz quantum is relatively small 
(1 THz is 4.1 meV), it is challenging to implement 
these principles for room temperature operating 
gadgets. Therefore, design of devices in the  THz 
range requires innovative scientific approaches 
and the confluence of different technological con-
cepts aiming to ‘bridge’ the THz range.

Four decades ago, in 1985, Acad. Juras Požela 
and Dr.  Vida Jucienė published a  compelling 
book entitled Physics of High-Speed Transistors [1] 
dedicated to the consideration of possible physi-
cal mechanisms aiming to increase the operation 
speed of solid-state devices which can further 
serve as components of novel integrated circuits. 
An illustrative sketch of feasible mechanisms is 

given in Fig. 1. As seen there, hot electrons, plasma 
effects, Josephson junctions, impact ionization, 
negative effective mass effect, and masers are indi-
cated as possible physical mechanisms to be em-
ployed in the generation of THz frequencies using 
solid-state physics approaches. As shown in Fig. 1, 
the main considerations were centred on the ‘red 
wing’ of the spectrum, discussing mainly the scale 
up to 1 THz, while the  remainder part –  from 1 
to 10 THz – received much less attention. At that 
time, eight years were still needed to discover 
‘shallow water type’ plasma instabilities in two-di-
mensional (2D) channels [2], whereas nine years 
were still remaining until the invention of the in-
frared quantum cascade laser  [3], and 17 years 
were needed to develop it in the  THz range  [4]. 
Those studies enabled breakthroughs to cover 
nearly all the  THz range using semiconductor 
structures. Moreover, it showed optimistic tracts 
to reduce the dimensions of THz systems and re-
vealed their performances at room temperature, 
which is essentially important for a user-friendly 
design and convenience for their further imple-
mentation in the real operating environment.

Fig. 1. Illustration of the bridging the terahertz gap via different physical effects in the solid state. The left 
panel is adapted from the book entitled Physics of High-Speed Transistors by Academician Juras Požela and 
Dr. Vida Jucienė (Vilnius, Mokslas, 1985) [in Russian]. The right panel is an original sketch of the figure re-
printed from the aforementioned book.

λ, mm
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In this paper, we briefly review recent achieve-
ments and advances in bridging the  THz gap via 
solid-state approaches hence illustrating the  in-
credibly high precision of the  scientific forecast 
given by Acad. Juras Požela based on his wide eru-
dition, deeply sensitive intuition and great insights, 
gifted feeling of scientific trends and evolution. 
The  paper is organized as follows. Section  2 pro-
vides description of predicted trends in evolution 
of high-speed devices given by Acad. Juras Požela, 
giving main attention to hot-electron related ef-
fects, plasma wave induced phenomena, Landau 
level lasers, and Josephson junctions. Section 3 is 
dedicated to concepts and devices what was beyond 
the predictions: it describes recent advances in fre-
quency multipliers and thermal emitters; special 
emphasis is given to electrically pumped THz emit-
ters employing GaN structures, and THz devices 
based on semiconductor quantum structures such 
as resonant tunneling diodes, quantum cascade 
lasers and superlattices. Finally, in Conclusions, 
the presented concepts and devices are graphically 
summarized indicating remaining challenges and 
possible insights on scientific topic within the field.

2. Predicted trends in evolution of high-speed 
devices

2.1. Hot electron effects for THz frequencies

Under application of a strong electric field, electrons 
in semiconductors can gain a significant excess of 
energy that can be much higher than the  lattice 
one. These effects serve as an attractive background 
to generate high-frequency radiation and can be 
implemented in electronic devices. In what follows, 
we have focused ourselves on impact-ionization-
avalanche-transit-time (IMPATT) diodes, Gunn 
diodes, and added the bow-tie diodes concept for 
THz detection as they rely on hot electron effects 
in the solid state.

IMPATT diodes usually demonstrate superior 
power properties and operate up to millimetre-
wave frequencies, showing a  significant potential 
for applications in the THz region [5].

A schematic diagram of the  IMPATT diode 
is given in Fig. 2. In the reverse bias regime, ava-
lanche breakdown occurs in the Avalanche region. 
A confined bunch of carriers is generated in a nar-
row region and its transit through a depleted drift 

region induces a current flow in the outer circuit. 
The  avalanche formation time and the  drift time 
are in the π phase delay of the current with respect 
to the voltage, resulting in a negative high-frequen-
cy dynamic resistance, and the  generation of RF 
power is in the milliwatt level at hundreds of giga-
hertz. The first research and development efforts of 
IMPATT diodes were made in the  late 1970’s and 
1980’s with the subsequent improvement of fabri-
cation technologies and search for more sophisti-
cated doping profiles to improve dc-to-RF conver-
sion efficiency as well as RF output power [6].

The instability of the  current is caused by 
the impact ionization lagging the electric field. As 
it follows from the linear theory, RF oscillation fre-
quency can be increased in materials with a high 
impact ionization rate and a small ionization delay 
time. Acad.  J.  Požela has developed a  theoretical 
model to find the delay time and investigate the im-
pact ionization evolution stages [7]. When a high 
electric field is applied, tiny domains of enhanced 
impact ionization, called microplasmas, appear 
at the  dislocations and current exhibits the  typi-
cal features of noise. Acad. J. Požela together with 
his team revealed that the microwave field applied 
to the  avalanche diode in addition to the  dc bias 
leads to a considerable increase of microwave noise 
power in Si- and GaAs-based avalanche diodes [8].

Gallium nitride, with its high breakdown volt-
age and electron saturation velocity, has been rec-
ognized as one of the  most promising materials 
for the fabrication of IMPATT diodes. Application 
of GaN materials has made it possible to extend 
the  operating frequency of IMPATT to the  THz 
band [9].

Fig. 2. Schematic diagram of the single-drift-region 
of an IMPATT diode.
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AlGaN/GaN heterojunctions can induce 
a  high density of two-dimensional electron gas 
(2DEG) at the interface with a high electron mo-
bility, where the  electron saturation drift veloc-
ity is higher than that of bulk GaN. AlGaN/GaN 
structures can operate in the IMPATT mode when 
avalanche breakdown occurs in the  conduct-
ing channel. The  bilateral IMPATT diode based 
on the  AlGaN/GaN heterostructure with 2DEG 
demonstrates a wide operating frequency band up 
to 0.9 THz with the maximum dc-RF conversion 
efficiency above 17% and the  maximal power of 
3.18 W/mm around 420 GHz [10].

GaN structures are promising materials for 
the  fabrication of Gunn-effect based devices 
enabling them to reach THz frequencies. GaN 
semiconductor displays several attractive proper-
ties – a high electrical strength, which is related 
to its large energy gap, a  high peak and satura-
tion velocity, as well as its low relaxations times 
as compared with other III–V materials typically 
used in Gunn diodes  –  making it a promising 
candidate for the  development and applications 
in this field [11]. It is worth noting a detailed the-
oretical study of GaN-based planar asymmetric 
nanodiodes as promising devices for the fabrica-
tion of room temperature THz Gunn oscillators 
enabling them to reach 400 GHz frequencies [12]. 
GaN-based Gunn diodes with side-contact and 
field plate technologies were fabricated, thus ena-
bling a stable working regime due to a good pas-
sivation as protection from electro-migration and 
ionization between the electrodes, as well as a bet-
ter heat sink to the GaN substrate and large side 
contacts. The device operation range extended up 
to the 0.3–0.4 THz range with reliable character-
istics [13].

Hot electron effects can successfully be applied 
for broadband THz detection at room tempera-
ture. One of interesting concepts that originated 
at the Semiconductor Physics Institute is the  so-
called bigradient effect  [14, 15]. It was demon-
strated that even if a uniform semiconductor with 
an asymmetrically shaped geometry is placed in 
a strong electric field, its current–voltage charac-
teristics expose asymmetry, and therefore, it can 
be employed to detect high-frequency radiation. 
It was revealed that physics behind the  effect is 
a  non-uniform carrier heating in an asymmet-
rically-shaped structure. The  ability for room 

temperature broadband  GHz–THz sensing was 
initially demonstrated in GaAs bow-tie planar 
diodes containing the n-n+ junction [16]. As car-
rier heating is proportional to the carrier mobility, 
InGaAs-based structures were chosen for further 
development of bow-tie sensing devices. Merging 
the non-uniform carrier heating in a semiconduc-
tor and bow-tie antenna properties in a single de-
vice allowed one to increase the sensitivity up to 
10 V/W, and to demonstrate the broadband room-
temperature operation up to 2.5 THz [17] and to 
implement it for spectroscopic THz imaging [18, 
19]. Optimization of the  structures enabled bet-
ter performances in the  subTHz range  [20], fast 
THz detection up to 6 ns response time [21], and 
coherent THz imaging  [22]. GaN-based bow-tie 
diodes revealed broadband room-temperature 
performances in the  subTHz range with a  sensi-
tivity of 4 V/W [23]. 

These devices can be produced using planar 
technology, they are also reliable, broadband and 
fast, and hence can be employed as an essential 
component for the  development of a  compact 
THz imaging system. An important step towards 
this direction is the integration of the devices with 
diffractive optics components enabling hence re-
duction of the dimension of the THz system and 
the user-friendly approach.

A promising approach to achieving this in-
volves the  integration of diffractive optical el-
ements directly onto the  detector chip, thus 
enabling compact and efficient THz sensing plat-
forms [24]. As an illustration, further we describe 
a  single-sided integration of Fresnel zone plates 
(ZPs) with InGaAs bow-tie diodes on a semi-in-
sulating InP substrate.

Initially, numerical simulations using finite in-
tegration and finite-difference time-domain meth
ods were performed to allow a  detailed under-
standing of the electromagnetic field distribution 
in the integrated THz detector system. As a point 
of departure, modelling of the standalone bow-tie 
antenna on a 335-µm-thick InP substrate – with-
out symmetry constraints due to the  detector’s 
geometry – revealed that the electric field concen-
trates effectively at the active region. Specifically, 
the electric field strength at the InGaAs–gold con-
tact point reaches 12.4 V/m, whereas a secondary 
peak of 17.6  V/m occurs outside the  active area 
and does not affect carrier heating. Integration of 
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a Fresnel zone plate around the bow-tie antenna 
enables a  significant increase of the electric field 
reaching 77.6 V/m with a maximum of 108 V/m 
outside the  detector zone. When contact tracks 
were added to the bow-tie structure and the first 
Fresnel zone was separated (as shown in Fig. 3), 
the peak electric field at the active contact region 
reached 70.8 V/m under 600  GHz illumination. 
Although this represents a  ~9% reduction com-
pared to the  ZP- bow-tie system without con-
tacts – primarily due to the impedance mismatch 
introduced by the metal tracks – it still constitutes 
a 5.7-fold enhancement over the standalone bow-
tie antenna. These results underscore the cumula-
tive effect of each design element – antenna geom-
etry, diffractive focusing, and contact layout – on 
optimizing the local field enhancement and, con-
sequently, the detector’s sensitivity.

The obtained results demonstrate the cumula-
tive effect of diffractive optics and contact design 
on enhancing the  electric field strength and im-
proving the  detector performance. Moreover, it 
allows one to generate THz structured light  [25] 
or apply its angular momentum for enhanced THz 
imaging [26]. It is worth noting that the non-pa-

raxial approach needs to be used in the compact 
design of optical components [27].

2.2. Nanometric transistors for THz 
frequencies – plasma waves, instabilities, and 
resistive mixing

The modern understanding of plasma-wave phe-
nomena in electronic devices utilizing 2DEGs 
emerged only in the mid-1980s, following the de-
velopment of modulation-doped GaAs/AlGaAs 
heterostructures  [28]. Years before, Acad. Juras 
Požela had contributed to this field by establishing 
key concepts of hydrodynamic and plasma-wave 
transport in semiconductors  [29]. As device di-
mensions shrank into the sub-micron regime and 
high-mobility channels became available in III–V 
heterostructures and nanoscale CMOS processes, 
those early ideas found a  natural continuation: 
the  same hydrodynamic electron-fluid descrip-
tion underpins the  excitation of plasma waves in 
nanometric transistors at THz frequencies. In this 
sense, modern THz plasmonic field-effect transis-
tor (FET) detectors can be viewed as the  techno-
logical realization of physical principles that Acad. 

Fig. 3. Simulated electric field distribution for four THz detector configurations under 600 GHz illumination: 
ZP only (black curve, 13.4 V/m), bow-tie only (red curve, 12.4 V/m), Case 1: bow tie with an integrated Fresnel 
zone plate (blue curve, 77.6 V/m) and Case 2: bow tie with ZP plus contact tracks and a separated first zone 
(magenta curve, 70.8 V/m). The central plot shows the electric field intensity along the x axis for all cases, with 
the inset highlighting field localization at the Au contact region.
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J. Požela’s school had conceptually formulated dec-
ades earlier.

A crucial intermediate step between fundamen-
tal plasmon physics and THz device functionality 
was the study of patterned 2DEG structures at cryo-
genic temperatures. Experiments on grating-gate 
and mesa-defined GaAs/AlGaAs heterostructures 
conducted by Allen et al. [30] provided the first evi-
dence of standing plasmonic charge-density waves 
in 2DEGs driven by sub-millimetre-wave excitation. 
Transmission and reflection spectroscopy revealed 
discrete plasmon resonances whose frequencies 
followed the expected /sn L -scaling with carrier 
density and channel length. Those results confirmed 
that incident THz radiation can efficiently excite col-
lective electron oscillations in confined 2D channels 
and that device geometry defines the spatial pattern 
of the plasmonic modes.

As fabrication techniques improved, the  pho-
toresponse of 2DEG structures gained scientific 
attention due to the  nonlinear rectification of 
the plasmonic field. That transition linking plas-
monic excitation to an electrical output became 
a  key enabling step toward compact, room-tem-
perature THz imaging systems, in which FET-
based sensors were identified as promising solid-
state detector candidates [31].

The theoretical unification of photoresponse 
observations was provided by the Dyakonov–Shur 
(DS) model, initially introduced for plasma insta-
bilities  [2] and later elaborated in its detection-
oriented formulation in 1996 [32]. In this model, 
the FET channel acts as a transmission-line cavity 
whose source and drain boundary conditions de-
termine whether standing or travelling electron-
density waves are formed. Two regimes natural-
ly arise: a  resonant regime, where well-defined 
plasma modes appear in short, high-mobility 
channels; and an overdamped regime, dominant 
at room temperature, in which plasma oscilla-
tions decay within a single cycle yet still modulate 
the channel conductivity. In the overdamped limit, 
the hydrodynamic DS model becomes mathemat-
ically equivalent to resistive self-mixing, where 
the THz-induced gate–channel voltage is rectified 
by the distributed array of transistors with nonlin-
ear current–voltage characteristics  [33], and that 
was later systematically analysed in the  sensitiv-
ity study covering a variety of device concepts and 
material systems [34].

With these foundations established, nanomet-
ric transistors rapidly evolved from conceptual 
plasmonic structures to practical THz detectors. 
A key milestone for large-area room-temperature 
THz imaging was reached with the  implementa-
tion of 1-k-pixel CMOS THz cameras operating in 
the  0.7–1.1  THz range, demonstrated by Pfeiffer 
and colleagues in 65-nm CMOS technology [35]. 
More recently, Holstein et al. (2024) have re-
ported a  fully integrated 8  ×  8 patch-antenna-
coupled TeraFET array optimized for 3.4  THz 
quantum-cascade-laser illumination, validating 
CMOS-compatible TeraFETs as scalable THz de-
tector modules [36]. Across CMOS, GaN/AlGaN 
HEMTs, and InGaAs-based platforms, the  de-
tection mechanism remains unified: plasmon-
assisted nonlinear rectification in nanoscale-
gated channels  [34]. This convergence underlies 
the  emergence of compact, room-temperature 
THz imagers and spectrometers based on solid-
state transistor technology [31].

The physical picture has been fully confirmed 
only recently through the direct near-field visuali-
zation of THz plasma waves in operating FET de-
tectors. Using scattering-type THz nano-imaging, 
Soltani et al. achieved the direct nanoscopic obser-
vation of plasma waves in the channel of a graphene 
field-effect transistor, revealing a propagating-wave 
pattern with a deep-subwavelength spatial resolu-
tion [37]. Those measurements were performed at 
room temperature conditions and verified the cen-
tral assumption of DS-type and self-mixing mod-
els  –  incident THz radiation launches collective 
electron oscillations whose nonlinear interaction 
with the  channel transport yields the  measurable 
dc photoresponse. Three decades of theoretical 
development, spectroscopic investigation, and na-
noscale device engineering have thus converged 
into a unified, experimentally validated description 
of THz detection in nanometric transistors.

It is worth noting that the  use of large area 
GaAs field effect transistors enables THz detec-
tion up to 22 THz at room temperature [38].

This matured framework now also opens a path 
toward plasma-wave THz sources, where con-
trolled instabilities or gain in nanoscale electron 
fluids may enable compact emitters, which are 
strongly conceptually linked to the  early studies 
of plasma instabilities pursued by Acad. J. Požela 
and his colleagues.
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Fig. 4. Schematic illustration of the evolution from early hydrodynamic plasma-wave models to 
modern THz plasmonic FETs. (a) Left panel: patterned 2DEG structures in GaAs/AlGaAs het-
erostructures enabling observation of standing plasmonic waves at cryogenic temperatures. Right 
panel: transition from spectroscopic plasmon measurements to photovoltage generation via non-
linear rectification. (b) Dyakonov–Shur model describing resonant and overdamped plasma-wave 
regimes in nanoscale channels. (c) Near-field imaging of propagating plasma waves confirming 
the physical origin of the THz photoresponse.

(a)

(b)

(c)
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2.3. Landau level lasers

In semiconductors, there is a large variety of funda-
mental excitations whose energies can be continu-
ously tuned over a wide range of THz frequencies 
by applied external fields. Landau level emitters are 
quantum devices that exploit the  discrete energy 
levels formed when charge carriers – electrons or 
holes – move under a  strong perpendicular mag-
netic field. In such systems, the  continuous elec-
tronic energy spectrum becomes quantized into 
Landau levels.

Landau level separation is directly proportion-
al to magnetic field and inversely proportional to 
the effective mass of the carriers. In semiconduc-
tors with small effective carrier masses, the  level 
splitting can be varied over the whole THz frequen-
cy range with moderate magnetic fields of the order 
of a  few teslas. By tuning the  magnetic field, one 
can continuously tune the emission frequency.

Landau levels are the solution of the Schröding-
er equation. With magnetic field in the direction of 
the z axis, the resulting eigenvalues εn,kz

  are given as
2 2

, с *

1
,

2 2z

z
n k

k
n

m
� � � �
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� �

ħ ħ
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where the  first term represents Landau quantiza-
tion in the  plane perpendicular to magnetic field, 
and the second term is free-electron motion along 
the magnetic field without quantization, here the cy-
clotron frequency ωc = eB/m*, B is the magnetic field, 
m* is the effective mass, and ℏkz is the electron mo-
mentum in the direction of the magnetic field.

Several Landau sub-bands are shown in Fig.  5 
for the magnetic field in the direction of the z axis. 
According to the selection rules, only vertical transi-
tions with Δn = 1 are allowed. The emitted radiation 
is circularly polarized in the direction of the z axis.

A Landau level laser was first proposed in the late 
1950s by Schneider [39] who suggested a maser in 
the microwave range by stimulated emission of rela-
tivistic electrons. Wolff [40] proposed a tunable tera-
hertz laser based on radiative transitions between 
Landau levels in narrow-gap semiconductors.

The first experimental observation of spontane-
ous far-infrared radiation due to transitions of carri-
ers between Landau levels in n-InSb was reported by 
Gornik in 1972 [41] – transitions of electrically ex-
cited electrons between the Landau levels resulted in 
emission powers of the order of several nanowatts. 

The  first reports on Landau level emission led to 
the search for Landau level emission in other semi-
conductor structures, extensive research of the band 
structure of semiconductors, and development of 
methods for modelling the hot-carrier distribution.

In bulk n-type semiconductors, short electron 
scattering time in the upper Landau levels prevents 
population inversion between Landau levels. A dif-
ferent situation is found in p-type semiconductors. 
In crossed electric and magnetic fields, the interplay 
between the carrier streaming and the strong optical 
phonon scattering can result in an inverted hot-car-
rier distribution [42]. The first realization of a Lan-
dau level laser for light holes in p-Ge was reported 
in 1983 [43].

The Landau level laser demonstrates a  wide 
continuous magnetic tunability. The laser line with 
simple mirror resonators spans the region between 
1 and 3  THz with power levels of 10 to 50  mW. 
The  limiting intrinsic gain linewidth of the  laser 
is estimated to be 0.1  cm−1, which is related with 
the light hole Landau level lifetime of ~300 ps [44]. 
The lasers are not convenient for direct implemen-
tations due to operating temperatures below 40 K, 
operation in the  pulsed mode in the  microsecond 
range, and the necessity of magnetic fields of within 
1–5 T. Another issue is the Auger scattering of Lan-
dau-quantized electrons, an intrinsic non-radiative 
recombination channel that usually gains over cyclo-
tron emission. In gapless HgCdTe, the  undesirable 
Auger scattering is strongly suppressed [45] mak-
ing therefore HgCdTe one of promising ma-
terials of choice for future Landau level lasers. 

Fig. 5. Landau level dispersion with emission transi-
tions indicated by arrows.
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Despite the Landau level concept has not yet pro-
gressed to the design of reliable and practical light 
sources, Landau levels represent fundamental 
quantum phenomena in modern electronic and 
solid-state physics, inspiring various research such 
as topological insulators, photonic crystals, and op-
toelectronic materials [46].

2.4. Josephson junction-related effects in THz range

Physics behind the  superconducting sources of 
high-frequency radiation relies on the  Josephson 
effect  [47]  –  manifestation of the  macroscopic 
quantum coherence in the  superconducting state. 
Under application of dc voltage over the  Joseph-
son junction, consisting of two weakly coupled 
superconducting electrodes, a  superconducting 
alternating current will flow through the structure 
at the  Josephson frequency  [48]. Hence, the  Jo-
sephson junction is a natural converter of dc volt-
age into high-frequency current, where, e.g. 1 mV 
corresponds to a frequency of 0.4836 THz. The fre-
quency of radiation is proportional to the applied 
voltage thus making the effect suitable for the de-
sign of electrically tunable frequency sources. For 
instance, niobium with a  superconducting transi-
tion temperature of Tc = 9.2 K has a gap energy of 
1.5  meV, which corresponds to a  maximum fre-
quency of 725  GHz  [49]. However, for practical 
needs, such operational temperature is not suitable, 
therefore, high-Tc can be a  favourable option for 
developments of compact solid state THz devic-
es. As a  promising breakthrough can be assumed 
the  employment of intrinsic Josephson junctions 
in the  layered high-temperature superconductor 
Bi2Sr2CaCu2O8 – it was shown that in the structure 
containing a  large number of junctions, a macro-
scopic coherent state can be generated, which can 
oscillate at frequencies up to 0.85 THz with power 
in the range of 0.5 µW around 50 K [50].

Recent investigation stimulated further progress 
in the development of the high critical temperature 
superconductor intrinsic Josephson junction, with 
a special attention to the temperature inhomogenei-
ty management with synchronization, and the emis-
sion intensity allowed one to reach the  generated 
frequency up to 2.4 THz [51]. As a promising and 
encouraging result, one can assume a very recent de-
velopment of source-on-a-chip THz emitter based 
on a  layered high-temperature superconductor, 

engineered with an elliptical microcavity and capa-
ble of sustained coherent emission up to 60 K, de-
livering stable radiation in the  0.7–0.8  THz range 
with on-chip electrical tunability from 100 GHz to 
1 THz [52].

3. What was left beyond the predictions of 
the year 1985?

The scientific prediction by Acad. Juras Požela re-
lied focusing mainly on novel physical principles 
that can be employed for bridging the  THz gap 
via solid-state based emission and sensing devices. 
Therefore, already known principles, for instance, 
frequency multiplication or thermal emission, were 
slightly away from a  special scientific attention. 
However, a  tremendous breakthrough in device 
processing, advances in materials design and semi-
conductor nanotechnology have enabled the  ap-
pearance of a  new generation of semiconductor 
devices. We further briefly refer to recent achieve-
ments and prospects to cover the  entire range of 
THz frequencies via approaches that have appeared 
recently.

3.1. Frequency multipliers for THz range

THz range frequency multipliers based on whisk-
er diodes emerged in 1960’s  [53] and offered an 
excellent performance at the  time in terms of 
switching speed due to the minimum shunt resist-
ance of Schottky contact. Since the  1990s, planar 
Schottky diode technology has replaced fragile 
whisker-contacted diodes offering as an advantage 
their superior mechanical reliability, reproducibil-
ity, and monolithic integration capabilities but at 
the  cost of increased shunt resistivity, which lim-
its the speed of the device [54, 55]. Planar devices, 
commonly fabricated using GaAs, allow the  ac-
tive area of the  diode to be reduced to a  fraction 
of a  square micron, thereby limiting the  intrinsic 
junction capacitance to a fraction of a femtofarad. 
The physical characteristic of the Schottky barrier 
diode, specifically operating as a varactor, defines 
the performance of THz frequency multipliers. Key 
challenges at THz frequencies involve mitigating 
parasitic capacitances and series resistances, which 
can be done by introduction of an air-bridge anode 
contact. This is especially important at higher fre-
quencies, where circuit sizes become smaller and 
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more loss is introduced, reducing the  efficiency 
and thus the  output power of the  multiplier sig-
nificantly. For example, in Ref.  [56], for the  hy-
brid integration devices, the  4.7% efficiency was 
reported at 332.8  GHz. Meanwhile, advanced 
techniques such as the monolithic membrane di-
ode (MOMED)  [57] process enable the  removal 
of the  underlying GaAs substrate, leaving a  thin 
monolithic membrane (a few micrometres thick), 
on which the multiple anodes, couplers, and bias 
leads can be integrated allowing for the operation 
at frequencies from 2.48 to 2.75 THz with the 1% 
efficiency of the final tripler stage [58].

To elevate the  output power, different tech-
niques both at the  device level (multi-anode 
structures) and the  circuit level (integrating mul-
tiple chips via Y-junctions or hybrid couplers) to 
overcome heating and breakdown limitations are 
employed. For instance, in a dual-chip tripler it al-
lows one to achieve 26 mW at 318 GHz with 11% 
efficiency  [59]. Further progress enabled sourc-
es displaying more than 1  mW of power across 
the 840–900 GHz band at room temperature [60]; 
theoretically, it is underlined to achieve 140 μW at 
1.6 THz and 30 μW at 2.4 THz from optimized cas-
caded multiplier chains. State-of-the-art frequency 
multipliers fabricated by Virginia Diodes can reach 
the frequency of 2.2 THz.

To handle higher powers, GaN is preferable for 
the  investigation and implementation for initial 
multiplier stages due to its wide bandgap, which 
provides a  higher reverse breakdown voltage and 
a better thermal stability. Although GaN tradition-
ally suffers from a lower electron mobility leading 
to a high series resistance, the unpreceded output 
power at 200 mW in the 177–183 GHz frequency 
band has been reported [61]. Recently, quasi-verti-
cal GaN Schottky-barrier diodes on SiC substrates 
have achieved a breakdown voltage of 27.5 V [62] 
demonstrating desirable power-handling charac-
teristics though efforts are still needed to reduce 
the associated high series resistance.

3.2. Thermal emitters for THz range

The manipulation of thermal radiation, character-
ized by broadband, incoherent and isotropic prop-
erties, has undergone a revolutionary transforma-
tion driven by advancements in nanophotonics and 
metamaterials  [63, 64]. Thermal emission is gov-

erned by the fundamental principle of Kirchhoff ’s 
law of thermal radiation, stating that the  spectral 
emissivity of an object is equal to its absorptivity 
for a  given frequency, direction and polarization. 
The  primary challenge throughout the  history of 
thermal emitters has been to engineer a  material 
to maximize absorptivity only at target wavelength 
while suppressing it elsewhere. The  initial efforts 
focused on the near-infrared (NIR) and mid-infra-
red (MIR) regions, primarily for applications such 
as thermophotovoltaics and NDIR sensing [65, 66]. 
Early devices utilized wavelength-scale metallic na-
nostructures, including 2D microcavity arrays and 
photonic crystals [67, 68].

In the THz range, there is a need to isolate emis-
sion at THz frequencies from the broader thermal 
spectrum – as a rule, it is isotropic, and this limits 
the applicability of conventional thermal sources in 
many THz spectroscopic or imaging techniques. In 
2012, Acad. Juras Požela and his team demonstrated 
an approach employing selective semiconductor re-
flectors operating within the 5–22 THz range [69]. 
Diffraction gratings and matrix filters deposited on 
the crystal surface can also serve as tools to extract 
coherent and directed THz emission from the oth-
erwise broadband thermal radiation of heated sur-
face [70–72].

In 2014, Acad. Juras Požela’s group proposed 
to explore an alternative approach for control-
ling the  emission, reflection, and transmission of 
thermal radiation from a  heated semiconductor 
into free space  [73]. This method exploits intrin-
sic features of the dielectric function at the  semi-
conductor–free-space interface, enabling the  se-
lective manipulation of THz radiation without 
the need for external filtering structures, however, 
at a cost of a narrow spectrum range of operating 
frequencies  [74]. Other platforms specifically en-
gineered for THz emission can include, e.g. met-
amaterial-based selective emitters that can cover 
the  range of 4 to 8  THz interval with near-unity 
peak emissivity [75] and/or semiconductors-based 
emitters, utilizing, for example, a  n-GaAs/GaAs/
TiAu stack [76]. The latter illustration is shown in 
Fig.  6(a). Here, the  insulating GaAs layer acts as 
a  cavity between the  cut-wire pairs comprised of 
the n-GaAs substrate and the metallic metasurface. 
These emitters exhibit narrow emission peaks with 
the main harmonics below 1.5 THz with quality fac-
tors Q between 3.3 and 5.2 at temperatures of 390°C 
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(Fig. 6(b)). The higher harmonics in such a system 
could reach frequencies up to 3.5  THz. The  cut-
wire pairs can be sensitive to light polarization, see 
Ref.  [77], where the resonant thermal emission of 
rectangular metaatoms was shown at different fre-
quencies depending on polarization. Furthermore, 
the completely GaAs-based THz thermal emission 
structures where n-GaAs was used as the material 
for metasurface instead of Ti/Au were presented in 
Ref. [78]. The operational frequencies of such emit-
ters were shown to be the  same as in the  case of 
metallic metasurface, however, the quality factor of 
emission resonances was increased up to 30%.

3.3. Electrically pumped THz emitters relying on 
GaN structures

One can resolve three strategies for the develop-
ment of electrically pumped terahertz (THz) emit-
ters based on III-nitride heterostructures  [79]. 
The  first strategy involves the  investigation of 
2D plasmons in grating-gated AlGaN/GaN het-
erostructures at temperatures above that of liq-
uid nitrogen; the second strategy is based on THz 
electroluminescence arising from shallow impuri-
ties, such as oxygen and silicon, within standard 
AlGaN/GaN high-electron-mobility transistor 
(HEMT) structures, while the  third one is dedi-
cated to the  excitation of surface plasmon–pho-

non polaritons (SPPhPs) in n-GaN with gated 
gratings for the generation of electrically pumped 
THz sources under thermal and electrical stimu-
lation producing directive and coherent radiation.

The first strategy is that III–V group nitride 
materials have long attracted a  significant atten-
tion as promising candidates for high-frequency, 
high-power electronic devices capable of operat-
ing at elevated temperatures  [80]. The  generation 
of THz frequencies by direct current flow in field-
effect transistor channels relies on the  excitation 
of plasma waves  [2]. While theoretical estimates 
suggested that 2DEG plasmonic devices could emit 
radiation with powers up to 2  mW, experimental 
observations in AlGaN/GaN heterostructures re-
vealed only a fraction of this predicted output [81, 
82]. The peak emission power and energy conver-
sion efficiency at the expected plasmon-resonance 
frequency were initially reported as 940  nW and  
42  ×  10–9, respectively  [81]. Subsequent experi-
ments confirmed similar emission power and wall-
plug efficiency values for electrically excited 2D 
plasmons in AlGaN/GaN heterostructures, high-
lighting the advantage of operating at lower excita-
tion powers to maintain a  relatively high conver-
sion efficiency [82].

Ability of GaN-based heterostructures to dem-
onstrate a strong plasmonic behaviour at relative-
ly high temperatures, above the  liquid nitrogen 

Fig. 6. The inner structure and the top metasurface view of the thermal emitter. (b) Emis-
sion spectra of thermal emitters for different square metaatom sizes. Solid arrows denote 
the main harmonics, dashed ones show the 3rd harmonics and dash-dotted arrows show 
the 5th harmonics peaks.
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one [83] which is in sharp contrast to traditional 
GaAs-based systems, makes them not only prom-
ising candidates for future THz components and 
devices [84, 85] but also unveils attractive and el-
egant physics [86].

The second strategy is based on THz electrolu-
minescence arising from shallow impurities, such 
as oxygen and silicon, within standard AlGaN/
GaN high-electron-mobility transistor (HEMT) 
structures. That topic attracted particular atten-
tion  [87] as the  fabrication of impurity-based 
emitters and is technologically less demanding 
compared to multi-quantum-well quantum cas-
cade laser structures despite of their deeper cryo-
genic cooling. Notably, electroluminescence from 
shallow donors in GaN epilayers has been demon-
strated at 80 K [88], and more recently, sufficient 
emission power has been achieved from shal-
low impurities in standard AlGaN/GaN HEMT 
structures at 110 K [89]. At higher temperatures, 
thermal quenching of THz electroluminescence 
occurs, emphasizing the  advantage of HEMT 
structures grown on silicon carbide rather than 
sapphire substrates for achieving a stronger THz 
emission from shallow impurities [90].

The third strategy considers the  excitation of 
surface plasmon–phonon polaritons (SPPhPs) in 
n-GaN gratings for the generation of electrically 
pumped THz sources under thermal and electri-
cal stimulation, producing directive and coherent 
radiation. Remarkably, the  emission frequency 
in these approaches can be controlled either via 
the  gate voltage (in the  case of 2D plasmons) 
or through structural design parameters (for 
SPPhPs).

Enhanced light–matter interactions via polari-
tonic modes have been observed in various 2D [91]. 
Due to a comparatively low damping factor of pho-
nons relative to plasmons, the excitation of surface 
phonon polaritons (SPhPs) exhibits quality factors 
an order of magnitude higher than those achiev-
able with plasmonic devices [92]. The excitation of 
hybrid SPPhP modes was also proposed in n-GaN 
gratings  [93]. The thermally or electrically stimu-
lated radiative decay of SPPhP modes in surface-
relief gratings presents a  promising mechanism 
for developing narrowband, coherent emitters in 
the THz and infrared spectral ranges.

Collectively, these developments have motivat-
ed the scientific community to exploit plasma and 

polariton waves in semiconductors for the realiza-
tion of scalable, tunable THz emitters driven by 
external electric fields [79].

3.4. Semiconductor quantum structures for THz 
frequencies: quantum cascade lasers, resonant 
tunnelling diodes and semiconductor superlattices

Quantum cascade lasers (QCLs) can be assumed 
as a  remarkable achievement of materials engi-
neering using semiconductor quantum structures 
to allow the generation of THz radiation in elec-
trically pumped heterostructures  [4]. In contrast 
to conventional semiconductor lasers, where elec-
tron–hole recombination plays an essential role 
in light emission, the QCLs employ intrasubband 
electron transitions in a  cascade scheme. As en-
ergy THz quanta are extremely small (e.g. below 
10  meV for frequencies lower than 2.4  THz), it 
makes technically challenging the generation and 
manipulation of the  THz light within the  struc-
ture. Due to these issues, the lowest emission fre-
quency in THz QCLs without the  application of 
magnetic field is 1.2 to 1.32 THz with the pulsed 
mode operation up to 69 K and power of 0.12 mW 
at 10 K [94].

From their invention, THz quantum cas-
cade lasers experienced tremendous develop-
ments [95]; however, room temperature opera-
tion has not yet been achieved – the maximum 
operating temperature of 250  K was achieved 
for THz QCLs operating at ~4 THz with powers 
in the µW range [96], and with further improve-
ments up to 261  K  [97]. The  highest emission 
frequency reached in GaAs-based materials sys-
tems is 5.71 THz – it is the highest reported fre-
quency for a THz QCL in the cw mode [98]. It is 
indicated that waveguide losses associated with 
the  doped contact layers and metallization are 
a  critical limitation to the  device performance 
above 5 THz.

Resonant tunnelling diodes (RTDs), in con-
trast to THz QCLs, do not suffer from tem-
perature limitations  –  their operation relies 
on resonant-tunnelling effects in semiconduc-
tor quantum structures, for instance, InGaAs 
quantum well and AlAs double barriers as 
a  main part of the  device epitaxially grown on 
a  semi-insulating (SI) InP substrate  [99]. These 
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room temperatures operating compact devices al-
low one to reach oscillation up to 1.98 THz [100] 
and output power of 0.7  mW at 1  THz using 
a  large-scale RTDs array  [101]. Oscillators inte-
grated with varactor diodes and their arrays ex-
hibit a  wide electrical tuning of 420–970  GHz, 
therefore, enabling the application of these com-
pact solid-state devices for spectroscopical mea-
surements [102].

Semiconductor quantum superlattices are arti-
ficially engineered structures made of alternating 
semiconductor materials, aiming to create energy 
minibands through the  control of composition, 
quantum well and barrier thicknesses [103, 104]. 
Presence of the region of negative differential con-
ductivity allows one to employ these structures for 
high frequency generation and amplification. For 
instance, a biased superlattice in a negative resist-
ance state can be a gain medium for THz radiation 
and be used for frequency multipliers in subTHz, 
up to 300 GHz range at room temperature [105]. 
Superlattices can also be employed as room tem-
perature amplifiers by tuning the  structure into 
the so-called dispersive Bloch gain regime [106]. 
It was shown theoretically that Bloch oscillations 
can serve as a compact electrically-driven source 
of THz radiation [107, 108].

Very recently, dissipative parametric gain in 
a  GaAs/AlGaAs superlattice at room temperature 
has been demonstrated  [109] confirming the  ear-
lier presented theoretical prediction  [110]. It was 
shown that it enforces the excitation of slow elec-
trostatic waves in the  superlattice that provide 
a  significant enhancement of the  gain coefficient 
reaching the value of the order of 104 cm–1  [109]. 
Moreover, it was revealed that the simultaneous ap-
plication of dc and ac electric fields can induce a co-
existence or interplay between coherent parametric 
gain and incoherent Bloch gain processes  [111, 
112]. The  presence of multiple gain mechanisms 
provides a  more comprehensive explanation for 
experimentally observed behaviours and deepens 
the  understanding of the  underlying dynamics in 
superlattice structures. As the frequency cut-off is 
related to the Bloch one, which in these wide mini-
band superlattices reaches 800 GHz, these studies 
pave the  way for the  development of a  miniature 
solid-state parametric generator for subTHz fre-
quencies.

4. Conclusions

The summary of the scientific predictions of Acad. 
Juras Požela of 1985 and current achievements in 

Fig. 7. Graphical summary of the devices for the THz range to date.
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solid-state based THz sources and detectors are 
presented in Fig. 7 given below.

One can see that there is a variety of the devices 
bridging nearly all the THz frequency range. How-
ever, solid state-based and compact electrically driv-
en devices, in particular, room-temperature THz 
emission sources meet big challenges in increas-
ing the emission power. THz quantum cascade la-
sers still do not operate at room temperature, while 
power of resonant tunnelling diodes needs to be 
increased or effective amplifiers for THz need to be 
developed. It is important both for rapidly evolving 
6G wireless communication systems as well as for 
further development of compact THz imaging. In-
tegration of THz optics with emitters and detectors, 
room temperature broadband THz sensors, THz in-
tegrated circuits… All these ambitious topics open 
a plenty of room for further scientific investigations 
and technological developments.
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Santrauka
Darbe trumpai apžvelgiami naujausi moksliniai pa-

siekimai ir pažanga, iliustruojantys neįtikėtiną akad. 
Juro Poželos dar 1985 m. pateiktų mokslinių prognozių 
tikslumą, pagrįstą jo plačia erudicija, jautria intuicija 
ir puikiomis įžvalgomis bei įstabiu mokslo tendencijų 
ir jų evoliucijos pojūčiu. Straipsnyje pateikiama struk-
tūrizuota šiuolaikinių prietaisų apžvalga, pabrėžiant 
jų veikimo fiziką ir pagrindinius parametrus, taip pat 

aptariamos šiuolaikinės terahercų mokslo ir technolo-
gijų temos, susijusios su elektriškai kaupinamais GaN 
šaltiniais bei kvantinių puslaidininkinių elementų, 
prietaisų ir darinių, tokių kaip rezonansiniai tuneliniai 
diodai, kvantiniai kaskadiniai lazeriai ir kvantinių pus-
laidininkinių supergardelės, tyrimai. Aptariami galimi 
iššūkiai, susiję su aprašytų prietaisų tolesniu vystymu 
ir plėtra.
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