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The frequency range of 0.1–3.0 THz, which is sandwiched 
between microwave frequencies at the lower end and optical 
frequencies at the higher end, has, in the past, been referred 

to as the terahertz (THz) gap. This was primarily due to lack of effi-
cient methods for generating or detecting signals in this frequency 
range1–9. Over the past few decades, THz systems research has taken 
a major step forward with the development of laser-based technolo-
gies for the generation and detection of THz signals. In these sys-
tems, femtosecond lasers combined with ultrafast lightwave-to-THz 
converters, such as photoconductive antennas and nonlinear opti-
cal crystals, are used for both the emitter (transmitter) and detector 
(receiver). The emergence of this optics-based approach in the late 
1980s dramatically lowered the bar for THz measurements for many 
researchers. Yet, compared with integrated circuits, these optical 
systems are bulky and expensive. Thus, while promising a wide 
range of applications in sensing, imaging and communication8–16, 
the THz spectrum has not yet delivered on such potential due to a 
lack of low-cost, portable, efficient technologies.

In the past decade, there has been a significant surge of progress 
in enabling integrated, compact and efficient chip-scale THz tech-
nology, which could close the THz gap in meaningful ways. This 
progress is a result of a concerted effort stretching across a wide 
range of areas including solid-state and photonic devices17–21, two-
dimensional (2D) materials22,23, heterogeneous integration24 and 
packaging and system demonstrations16,25,26. Considerable work has 
been directed towards miniaturized THz technology demonstrated 
with quantum-cascade lasers27–29, microbolometers30,31, nanowires32, 
novel plasmonic nanostructures33, metamaterials34 and ultrafast 
photoconductive semiconductor materials35,36. Importantly, much 
of the recent effort has been dedicated to exploiting techniques com-
patible with (or realized in) solid-state semiconductor technology 
(III–V and silicon based) that can operate at room temperature and 
can be manufactured at a low cost, exploiting economies of scale. 
This is a critical departure from the focus on the search for the ‘per-
fect’ THz device, and towards a more holistic approach for realizing 
new system-level properties that can enable a moderately efficient 

system, which is versatile and programmable. Programmability 
could include electronic reconfigurability of the wavefront and 
polarization of the emitted THz fields, for applications in com-
munication, radar and imaging, or dynamic spectral control of the 
radiated fields for spectroscopy and hyperspectral imaging (Fig. 1). 
Such versatility is often required for advanced applications, and is 
generally lacking in many current non-integrated THz platforms.

If history is a guide, then the field of radiofrequency (RF) inte-
grated circuits and systems provides a powerful lesson. Modern-
day wireless infrastructure relies on the incredible complexity and 
reconfigurability of current RF integrated circuits, which would 
not have been possible without the level of integration supported 
by silicon integrated circuit technology. The field of THz tech-
nology is beginning to experience a similar revolution. Indeed, 
based on the advances in the field over the past decade, it can be 
argued that THz electronics is at an inflection point and the field 
is moving from bridging the THz gap to bridging the ‘technology’  
and ‘application’ gap.

Owing to its unique position in the spectrum, researchers across 
electronics and photonics have converged to address the techno-
logical challenges in the field. One result of this effort is how vari-
ous technologies for THz generation have progressed over the past 
decade in their ability to generate signals in this range (Fig. 1b)37–64. 
Although power is by no means the only important criterion, it is a 
useful metric for illustrating recent progress.

On the electronics front, III–V-based semiconductor technolo-
gies such as InP heterojunction bipolar transistors (HBTs), high 
electron mobility transistors (HEMTs) and GaAs-based Schottky 
diodes are now capable of generating power levels at room tem-
perature in the 100 μ W–mW range39,40,43, almost two to five times 
higher than a decade ago, particularly at frequencies beyond 1 THz. 
Silicon-based integrated technology, providing a platform for mas-
sive integration, has demonstrated complex phased array, imaging 
and communication systems with output power reaching up to the 
100 μ W range at 1 THz (ref. 61). Photonic methods of THz genera-
tion have evolved as well, reaching tens of μ W of continuous-wave 
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power with photomixer-based approaches54,55 and mW power level 
in the 1–2 THz range with difference frequency generation or para-
metric generation using nonlinear materials56–58.

While plots of this nature are often used to show the existence 
(or absence) of technology solutions in the THz range, the require-
ments for practical THz systems are much more complex, rang-
ing from signal generation (and its efficiency) and detection (and 
its sensitivity) to fast programmability. The specific issues include 
beam and frequency reconfiguration, integrability, scalability, size, 
form factor and cost. A qualitative representation of this complexity, 
along a few of the relevant axes, is shown in Fig. 1c. Ultimately, the 
choice of a solid-state technology for a given application and fre-
quency range has to take into consideration all these metrics, across 
various levels, from device to system.

In this Review Article, we highlight what we consider to be the 
key innovations that have enabled significant advances in the field 
of integrated or system-level THz technology. Distinct from other 

review articles on THz science8,9, we focus on developments in inte-
grated technology across electronics and photonics, and emphasize 
the need for convergence between them to develop dependable 
and deployable THz systems for future applications. In particular, 
we focus on integrated systems, and the need for reconfigurability, 
adaptability and scalability, beyond the classical metrics of sensitiv-
ity and efficiency.

electronic approach
In recent years, there have been many advances in device fabrica-
tion technology for integrated circuits functioning in the THz range, 
including both silicon and III–V substrates. When judged solely by 
transistor-level metrics, InP-based HEMTs and HBTs exhibit supe-
rior high-frequency performance when compared with any silicon-
based device18–20. One metric that can be used to compare various 
technologies is the cut-off frequency fmax. As shown in Fig. 2a, the 
ability of an active device to absorb power from a source (port-1), 
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Fig. 1 | integrated THz systems and the technology landscape. a, Moving the focus from a device-centric approach to enabling complex THz systems that 
might have moderate efficiency but that are versatile and programmable. This includes properties such as the ability to synthesize or sense THz fields in 
a reconfigurable manner across spectrum and spatial distribution. Such systems that can be manufactured at low cost and operate at room temperature 
can be an extremely powerful tool to significantly advance the application space, particularly in imaging and sensing where single modality is often not 
sufficient. b, Progress of THz sources in the past decade showing how a selected set of integrated THz technology has evolved over the past ten years 
in its ability to generate continuous-wave THz signals at room temperature. The panel is adapted from ref. 2, Springer Nature Ltd, which designated the 
state-of-the-art technology in 2007. MMIC, microwave monolithic integrated circuits; RTD, resonant tunnel diodes; DFG, difference frequency generation. 
Numbers in square brackets are reference citations. c, While some technologies are better placed than others purely from a signal-generation perspective, 
there are other considerations that go behind evaluating the optimal THz technology. This includes efficiency, ability to reconfigure the spectrum and field 
distribution, cost and scalability. A qualitative illustration of technologies in this multidimensional space is captured in the figure. ICs, integrated circuits; 
UTC-PD, uni-travelling-carrier photodiode; PICs, photonic integrated circuits.
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amplify it and deliver it efficiently to a second terminal (port-2) 
depends on the impedances at the two ports at the frequency of inter-
est. The frequency fmax represents the frequency at which the uni-
lateral power gain of the device falls to unity65. This is an important 
metric because it fundamentally defines the maximum frequency at 
which the device can provide power amplification or establish an 
oscillatory behaviour. The typical method for frequency synthesis 
at RF is an oscillator, which provides direct d.c. power to RF signal 
conversion and allows the generated signal to be locked to an exter-
nal source. Such direct d.c. to RF conversion at the fundamental fre-
quency of oscillation cannot happen at frequencies above fmax.

Integrated electronic device technology in III–V and silicon. 
In the pursuit of increasing fmax to increase the amplification 
range, both silicon-based devices (CMOS, SiGe:SiGeC or bipolar-
CMOS (BiCMOS)) and III–V devices (for example, InP HEMTs 
and HBTs) have made considerable progress. While this Review 
Article does not focus on the material, device and fabrication 
level challenges, it is useful to know the state of the fmax metrics 
across the technology landscape. In this, III–V devices have fared 
better. InP-based HEMTs have reached fmax of 1.5 THz, enabling 
the first solid-state amplifier beyond 1 THz (ref. 66) (Fig. 2b). In 
addition, other III–V devices with higher driving capability and 

breakdown voltages have also crossed into the THz region, such as 
double-heterojunction bipolar transistors (DHBTs; fmax ≈  1.15 THz  
(refs. 18,67)), InP-GaAsSb DHBTs (fmax ≈  0.78–1.18 THz (refs. 68,69)) 
and GaN (fmax ≈  0.58 THz (refs. 18,70)).

Silicon-based technology, particularly CMOS, offers higher lev-
els of integration, but suffers from lower fmax, typically in the range 
of 300–350 GHz (refs. 20,71). The metric has not improved with size 
scaling even to the 14 nm node and below in FinFET transistors 
due to limitations related to parasitics and contact resistances21. 
However, state-of-the-art Si/SiGe:C HBT processes that allow co-
integration of CMOS devices have reached peak fmax of 0.36 THz 
(ref. 72) and up to 0.46 THz range in a commercially available pro-
cess73. In fact, HBTs with fmax reaching up to 0.72 THz have also 
been demonstrated19,74,75. This progress is extremely promising as it 
can simultaneously allow energy-efficient complex signal process-
ing in CMOS with the THz operation in SiGe. The challenge is to 
scale these device-level experimental demonstrations to wafer-level 
processing with the tight process control required for high yield on 
complex integrated systems.

THz signal generation above fmax and THz phased arrays. While 
our discussion so far has focused on fmax as a metric for classify-
ing solid-state technology, this is by no means the only important 
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Fig. 2 | High-frequency limits of solid-state devices and THz signal generation. a, The cut–off frequency (fmax) of a single device is the frequency at which 
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based HEMTs with fmax of 1.5 THz (ref. 66). c, Fully integrated oscillators operating close to fmax and allowing optimal harmonic power generation beyond fmax 
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metric to consider. Others include noise figure, 1/f noise corner, 
breakdown voltages, current driving capability and thermal stabil-
ity. All of these parameters affect the entire stack from block-level 
to system performance, impacting the quality (phase noise) of THz 
signal synthesis, the sensitivity and dynamic range of THz receivers 
and imagers, and the power generation and handing capability for 
THz sources.

The impact of silicon-based integrated circuit technology (for 
example, CMOS, BiCMOS) operating beyond 0.3 THz is only about 
ten years old, dating to the first demonstrations of signal genera-
tion and radiation in 2008 (refs. 59,60). Since these early works, the 
field of silicon-based THz circuits and systems have progressed 
at a breakneck pace and have shown remarkable advances. These 
include fully integrated phased arrays with tens of mW of effective 
isotropic radiated power (EIRP) across 0.3–1.0 THz (refs. 61,63,76), 
active imaging systems77, integrated THz camera with over 1,000 

pixels78 and fully integrated THz wireless chipsets with multi-Gbps 
wireless links79,80. This suggests that silicon devices can provide use-
ful functionality above fmax. While fmax denotes the frequency above 
which power amplification and self-sustained oscillation can no 
longer be achieved, this does not imply that it marks the end of 
the road for integrated circuits. Nonlinearities inherent in device 
operation can be exploited to generate harmonic power and detect 
signals beyond fmax. This allows the fundamental oscillatory source 
to be below fmax and be locked externally. This indirectly locks the 
harmonically generated THz signal as well.

For efficient THz signal generation, it is important to push the 
fundamental frequency very close to fmax. This remains challeng-
ing since classical oscillators veer far away from the optimal load-
ing conditions needed for optimal power amplification (Fig. 2). 
To address this challenge, topologies have been demonstrated that 
pushed oscillator frequencies close to fmax with appropriate amplitude  
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and phase conditions81. In addition, the triple stage topology  
(Fig. 2c) filters the fundamental and second harmonic and allows 
coherent combination of the filtered third harmonic at the extrac-
tion node. Similar symmetries can be exploited to extract higher 
harmonics such as the fourth (~1 THz (ref. 61)), but the power 
decreases dramatically. Tunability of the source64,82 is also critical 
to enable frequency and phase locking to a low phase-noise refer-
ence signal. Phase-locked loops operating at 0.3–0.56 THz have 
been demonstrated in CMOS (Fig. 3a). These can serve as a fre-
quency reference for massively scaled arrays for both transmitters 
and imagers83,84.

Unlike at lower frequencies, a THz signal generated on chip can 
be radiated out with integrated antennas, enabling compact and 
simplified packaging. This is a critical feature since extraction of 
THz signals is otherwise nontrivial, in part due to the sensitivity 
to parasitics. In such radiating sources, the EIRP is a useful met-
ric as it combines both total radiated power and directivity of the 
radiated beam. EIRP is defined as EIRP(θ, φ) =  PradD(θ, φ) where 
Prad is the radiated power, D(θ, φ) is the directivity of the radia-
tion pattern and θ and φ are the elevation and azimuthal angle 
in space, respectively. Combining parametric frequency conver-

sion with integrated antennas, silicon-based radiating frequency 
multipliers have been demonstrated at frequencies reaching up to  
1.4 THz (refs. 62,85).

Exploiting radiating surfaces and integrated devices in the same 
substrate, one can also engineer new forms of multifunctional elec-
tromagnetic surfaces to allow subwavelength control. Such direct 
synthesis of radiating fields can break many of the trade-offs of the 
partitioned block-by-block design approach. An example shown in 
Fig. 3b is a multifunctional active electromagnetic structure that 
converts d.c. to filtered THz radiated waves by synthesizing optimal 
currents on the chip surface at the fundamental and desired har-
monics. The structure behaves as a resonator for a travelling wave 
oscillation at the fundamental (f0) and a selective frequency multi-
plier, and also as a radiator for 2f0>  fmax. While the power generated 
by one single source is limited by the breakdown voltages and device 
size, several sources can be combined coherently in free space to gen-
erate higher power and EIRP. Of course, one must ensure frequency 
locking and phase coherence among all the sources. In Fig. 3b, a 
centrally locked 4× 4 array with individual phase control allowed 
beam forming and beam scanning in 3D space with + 9.4 dBm 
EIRP, demonstrating the first phased array near 0.3 THz in silicon76.  
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Scalable arrays can also be enabled through mutual injection lock-
ing among an array of free-running radiating oscillators86, or by 
wireless injection locking to another source87. Such locked arrays 

with hyper-hemispherical lenses can lead to very sharp high-power 
THz beams88. For example, Hu et al. recently demonstrated the first 
2D phased array beyond 1 THz, with reported 13 dBm of EIRP61.
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Fig. 5 | Photonics-inspired passive and active THz components. a, Multiplexing of THz signals for distributed signal distribution. Two different 
transmitters are used to illuminate the waveguide simultaneously with broadband radiation. The multiplexed signal shows two peaks with their centre 
frequencies determined by the input angles of the two in-coupled beams, respectively110. Tx1, transmitter 1; Tx2, transmitter 2; Rx, receiver. b, Photonic-
crystal inspired THz diplexer112. c, Unit cell of a composite metamaterial-based THz modulator that combines an equivalent collective dipolar array with a 
double-channel heterostructure for ultrafast and all-electronic THz modulation. The figure also shows frequency-dependent transmission and phase shift 
of THz time-domain spectroscopy at different voltages and detection of modulated THz waves126. d, THz beam forming with a programmable diffraction 
grating using a linear array of electrostatically actuated cantilevers129. H, high; L, low. Panels adapted from: a, ref. 110, Springer Nature Ltd; b, ref. 112, Optical 
Society; c, ref. 126, American Chemical Society; d, ref. 129, Optical Society.
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Beyond continuous waves, broadband picosecond pulses can 
also be generated directly in silicon89. Here, the digital signals can 
be directly converted to THz pulses with very fast switching and 
radiating the stored energy in a manner similar to the spark-plug 
operation of Marconi-era radios89 (Fig. 3c). In addition, the time 
evolution of such picosecond pulses can also be programmed digi-
tally, which enables spectral control of the THz pulses for spectro-
scopic and imaging applications90.

THz detection, imaging and fully integrated systems. The ability to 
generate signals at harmonic frequencies beyond fmax also translates  

to being able to detect signals above fmax. Once again, this is accom-
plished by exploiting the nonlinearities of the devices. The principle 
of operation is different for SiGe-based bipolar devices and field-
effect transistors, and the latter has been shown to detect signals 
well beyond 3 THz (refs. 91,92). In the 1990s, Dyakonov and Shur 
introduced a non quasi-static plasma-wave detection theory that 
involves plasma-wave generation in the channel by an external THz 
field interacting with a 2D electron gas in a field-effect device93,94. 
Subsequently, detection experiments have demonstrated both reso-
nant and non-resonant models for rectification of THz signals95,96. 
One of the first demonstrations of focal plane array at THz in an 
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industry standard CMOS technology was by Öjefors et al.97 where a 
3× 5 array THz imager with integrated antenna and detector serving 
as individual pixels was fabricated in a 0.25 μ m process (Fig. 4a). 
The device operated at 0.65 THz, nearly four to five times the cut-off 
frequency, and yet still achieved a high sensitivity of 300 pW √ Hz−1.  
Since these early works, tremendous progress has been made in 
THz imagers including 1,000 pixel THz video-rate imaging from 0.7 
to 1.0 THz (ref. 78) (Fig. 4a), hyper spectral imaging from 0.16 to 1.0 
THz (refs. 98,99), CMOS-integrated Schottky diode imagers at 0.86 
THz (ref. 100) and an all-silicon imaging chipset at 0.28 THz (ref. 101). 

In a manner similar to the subwavelength synthesis of THz fields 
with circuits, subwavelength sensing has also been shown to allow 
fully integrated spectroscopic chips operating across 0.04–0.99 THz 
without the need for any external THz source102,103 (Fig. 4b).

Coherent detection allows phase discrimination capabilities. 
Three-dimensional imaging and fully coherent integrated imaging 
systems, and even near-field imaging systems, have been demon-
strated in silicon at 0.32 THz (refs. 77,104). In short-range communi-
cation, fully integrated THz transmitter–receiver systems have been 
demonstrated at 0.24 THz (refs. 105,106) with the data rates of the 

Table 1 | Summary of advancements and state of the art in THz devices, circuits and systems across electronics, photonics and hybrid 
approaches

Devices, circuits and systems Description and representative examples

Devices III–V InP HEMTs (fmax ~ 1.5 THz)66, InP DHBTs (fmax ~ 1.15 THz)18,67, InP-GaAsSb 
DHBT (fmax ~ 0.78–1.18 THz)68,69, GaN (fmax ~ 0.58 THz)18,70

Silicon CMOS (fmax ~ 0.3–0.35 THz)20,71, Si/SiGe:C HBT (fmax ~ 0.46–0.50 
THz)19,73, experimental Si/SiGe:C HBTs (fmax ~ 0.72 THz)19,74,75

Solid-state electronics (III–IV, 
silicon)

III–V/Schottky diode-based sources  248 mW (0.2 THz)45, 20 mW (0.3 THz)44, 2 mW (0.6 THz)46, 60 μ W 
(2 THz), 18 μ W (2.6 THz)39,40

Silicon-based sources (oscillators, 
frequency multiplier, synchronized sources 
on-chip)

3.3 mW (0.3 THz)63, 1 mW (0.5 THz)64, 100 μ W (1 THz)61, 50 μ W  
(1.4 THz)62

Phase-locked loops 0.56 THz phase-locked loop, − 74 dBc Hz−1 at 1 MHz offset  
(phase noise)83

Phased arrays 16-element, + 9.4 dBm EIRP (0.28 THz)76, 2× 4 element, 24.4 dBm EIRP 
(silicon lens, 0.55 THz)88, 42-element array, 13 dBm EIRP (silicon lens, 
1 THz)61

THz imaging (coherent and non-coherent) 16-element array, 70 pW sensitivity (1 kHz bandwidth, 0.32 THz)77; 
1,024 pixels (0.7–1.1 THz), 12 nW sensitivity (500 kHz bandwidth,  
0.86 THz)78

THz imaging (near-field) Near-field sensor at 0.55 THz with 10–12 μ m resolution104

Spectroscopes 0.04–0.99 THz (refs. 102,103), 0.22–0.33 THz (ref. 152)

Wireless communication 16 Gbps at 0.24 THz with integrated CMOS chipsets separated by a 
distance of 2 cm and a measured BER of 10−4 (ref. 105)

Photonics-inspired components Waveguides, splitters, diplexers Parallel-plate waveguides107, rectangular waveguides108, power splitter 
(0.2–0.3 THz)109, 3D-printed dielectric waveguide (0.12 THz)111, 
photonic crystal-based diplexer112

Multiplexers/demultiplexers Leaky-wave antenna based on the parallel-plate waveguide  
(0.1–0.5 THz)110

Filters, isolators, polarizers Dielectric and metal-stack-based structure (~0.1–0.5 THz)117–119

Tunable filters Liquid metal-based120, microelectromechanical systems  
(~0.48–0.68 THz)121, gated-graphene devices (~0.6 THz)122

Modulators Electrically driven THz metamaterial diffractive modulator (~0.4 THz)125, 
III–V heterostructures with metasurface arrays (GHz speed at  
0.35 THz)126, tunable THz slot waveguide (0.25 THz)127

Beam steering Electrostatically actuated cantilevers (0.15–0.9 THz)129, liquid crystals 
(0.3–0.6 THz)130

Antenna innovations Graphene antennas (1 THz) for reconfigurable MIMO131,132, plasmonic 
antenna arrays133

Electronics–photonics hybrid 
systems

Microwave frequency synthesizer Fully integrated microwave frequency synthesizer on heterogeneous 
silicon/III–V (1–112 GHz)142

Optical phased locked loop Optical phase-locked loops (photonic integrated circuits and off-the-
shelf electronics)144

Wireless communication Photomixers (such as UTC diodes), Schottky-barrier diodes136,137, 
tunable hybrid photonic/THz systems145, Hybrid electronics–photonics-
based wireless links (100 Gbps over 3 channels at 237 GHz over 20 m 
(ref. 136) and 260 Gbps over 6 channels141

Wireline communication Plastic waveguide at 0.12 THz and CMOS multi-Gbps transceivers  
(1.5 Gbps over a length of 15 m)147
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former reaching up to 16 Gbps with quadrature phase-shift keying 
(QPSK) modulation. At a separation distance of 2 cm, the chipset 
establishes a bit-error-rate (BER) of 10−4 (Fig. 4c).

Clearly, many key functionalities have been demonstrated in 
integrated circuits, with capabilities such as beam forming for appli-
cations in sensing, imaging and communication. However, much 
work needs to be done to enable fully functional THz systems, 
which may require transport of THz signals across longer distances 
between integrated circuits, multiplexing and demultiplexing across 
a network of nodes or even free-space modulation, and so on. So far, 
most of these demonstrations have been undertaken in the domain 
of photonics-inspired research.

electronic–photonic hybrid approach
The propagation of THz signals is quite different from that of signals 
at lower frequencies, in a number of ways. These differences offer 
both challenges and opportunities for system design. Most notably, 
THz signals are generally much more directional, propagating as 
diffracting beams rather than omnidirectional broadcasts. In this 
way, THz signals are more similar to laser beams than to RF wire-
less links. Because of this high directionality, one can easily envision 
system configurations in which signal processing functions are sep-
arated from the source and/or detector subsystems. Taking inspira-
tion from the realm of optics and laser science, many researchers 
have been pursuing the demonstration of specific device functions. 
In many cases, these devices are agnostic with respect to the par-
ticular choice of radiation source and could therefore be integrated 
into a wide range of different system configurations. The versatility 
afforded by this approach may offer significant advantages in the 
design of flexible and power-efficient architectures. Here, we dis-
cuss a few examples that illustrate the breadth of materials and con-
cepts that have been studied in recent years.

Photonics-inspired components. One obvious need in most THz 
systems is signal transport. In cases where free-space propagation 
is impractical, waveguides offer a valuable alternative. Of course, 
conventional waveguide structures for lower frequencies can often 
be scaled to the THz range. However, in many cases, it is desirable 
to preserve the broad bandwidth and low dispersion of a free-space 
link, criteria that are often not compatible with conventional wave-
guide geometries, especially those that are integrated on substrates. 
As a result, most waveguide research in the THz range has relied on 
bulk metal components, such as parallel-plate metal waveguides107 
or rectangular metal waveguides108. In addition to offering low-loss 
propagation of THz signals, these waveguides can provide a num-
ber of options for versatile signal processing. For instance, simple 
waveguide designs can be implemented for tunable power splitting 
with high dynamic range109. Taking advantage of the directional 
diffraction-limited nature of THz beams, a leaky-wave design based 
on the parallel-plate waveguide can be used for versatile multiplex-
ing and demultiplexing of THz signals110 (Fig. 5a). Other waveguide 
structures, based on 3D-printed polymer components111 or silicon-
based photonic crystal structures112 (Fig. 5b), can provide additional 
passive functionality, and are generally compatible with high-speed 
data transmission113.

Filters provide another important capability for signal process-
ing. In the THz range, many passive filter options are available in 
the form of bulk optical components, drawing from a long history 
of research work in optical interference filters or frequency-selective 
surfaces. At lower frequencies, high quality factor (Q) resonators are 
often employed for very narrowband filtering. In the THz range, 
this strategy is not yet well established because of significant fab-
rication challenges as well as intrinsic material losses that limit the 
achievable Q factor of an integrated resonator. However, there is 
significant interest in such structures114,115, both for THz signal pro-
cessing and as tools for the study of fundamental quantum optics116. 

Researchers are also pursuing other options, inspired by free-space 
optics. For instance, a stack of waveguides can emulate an artificial 
dielectric medium, offering tremendous versatility and very low 
passive losses. This idea of an artificial dielectric based on stacked 
metal waveguides was first considered over 60 years ago, but finds 
new life in the THz range where the size scaling enables practical 
and efficient devices117. Two stacks of uniformly spaced metal plates 
can be arranged to emulate the spatial dispersion of a four-prism 
sequence, commonly used for dispersion control in ultrafast optics. 
This can therefore provide almost arbitrary filtering capability for 
free-space THz beams118. This stack-of-waveguides concept can also 
be employed for a variety of other functions, including polarization 
control and passive isolation119.

Active devices are also attracting increasing attention for filter-
ing of THz signals. For example, two closely spaced metal wave-
guides, with parallel propagation axes, can be coupled by a small 
gap containing a liquid-metal-filled capillary. This gap mediates 
the electromagnetic coupling between the waveguides. The spec-
tral bandwidth of the coupling depends on the size and geometry 
of the coupling region, and the coupling efficiency can be tuned 
through the electrically controlled repositioning of the liquid metal. 
This scalable and efficient filter configuration can enable important 
capabilities such as channel add–drop120. Reconfigurable microelec-
tromechanical system devices provide another option for efficient 
and low-power electrically switched filters. Electrostatic actuation 
of in-plane microelectromechanical system switches can be used to 
change the electromagnetic response of a metasurface array, provid-
ing a tunable filter at kHz rates121. Other examples include electri-
cally gated graphene-based devices, which are attracting a great deal 
of attention for reconfigurable THz optoelectronics122.

Another key example is that of external modulators. Early work 
on free-space THz modulators based on switchable metasurfaces 
using simple III–V devices123 has been followed up by a flood of 
work aimed at achieving improved switching speeds, modulation 
contrast and insertion losses. Higher modulation depth can be 
achieved by integrating a gated graphene layer with a passive ridge 
waveguide124, or by exploiting a metasurface monolayer in a diffrac-
tive geometry, similar to conventional acousto-optic modulators125. 
The integration of more sophisticated III–V heterostructures with 
metasurface arrays126 or on-chip slot waveguides127 can provide a 
switching element with high speed and high modulation depth, and 
with low power consumption (Fig. 5c). Because of the high direc-
tionality of THz beams, most THz systems will require the capabil-
ity to steer the beam. Of course, beam steering can be achieved with 
an array of phase-stable sources, which can be integrated on-chip128. 
However, as with the above examples, there are advantages to sepa-
rating the source subsystem from the signal processing component. 
Researchers have demonstrated several possible configurations for 
electrically actuated external beam-steering devices. For example, 
Monnai and colleagues fabricated a programmable diffraction grat-
ing using a linear array of electrostatically actuated cantilevers129 
(Fig. 5d). Other researchers have explored the use of liquid crystals 
for beam steering. Using a wedge-shaped cell, a transmitted THz 
beam can be refracted to different angles by electrical control of the 
liquid-crystal alignment130. Even so, this remains one of the thorny 
unresolved device challenges for THz systems.

In the context of THz communications systems, antennas offer 
another set of challenges. As with most of the aforementioned 
examples, the field of antennas is rich, with a great deal of earlier 
work on which to build131. It is generally recognized that multi-
input–multi-output (MIMO) antenna systems will be a critical 
component of future THz wireless systems; indeed, the possibility 
of building compact phase-coherent MIMO arrays is one of the 
key advantages for THz communication systems over free-space 
optical communications. Still, many open questions remain about 
implementation and optimization. New materials such as graphene 
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may enable novel MIMO architectures132,133, which exploit the deep 
subwavelength confinement of plasmonic excitations to achieve a 
large number of antennas in a small footprint. Such arrays could be 
used for beam forming as well as spatial and spectral multiplexing. 
However, the nature of THz signal propagation also gives rise to 
new challenges, not typically faced by more familiar RF systems. For 
example, a diffracting THz beam may propagate in a slightly differ-
ent direction from that of its modulation sidebands, as diffraction 
angles depend on frequency134. This implies that different elements 
in a MIMO array may detect different modulation information even 
if all paths are direct line-of- sight. This situation will require a new 
approach to the extraction of data from measured signals. The data 
analysis will become even more complex in the presence of non-
line-of-sight channels, which are feasible in some situations, even at 
frequencies up to 400 GHz (ref. 135).

Electronics–photonics hybrid systems. The ability to manipu-
late THz fields in passive devices can be combined seamlessly 
with photonic integrated circuit technologies to enable photonic 
chipsets with enhanced THz capability. As a key example, in wire-
less communication systems, such photonic techniques can be 
employed in the transmitter, where two different light sources, 
an optical amplitude/phase modulator, and a high-power output 
photomixer like a uni-travelling-carrier (UTC) photodiode can be 
used to generate continuous THz waves via a heterodyne mixing 
process (Fig. 6a). Highly sensitive receivers can be realized with 
all-electronic devices such as Schottky-barrier diodes136,137 or other 
solid-state receivers. It should be noted that this method exploits 
many photonics–electronics hybrid components that are read-
ily available with telecom-based high-frequency devices, includ-
ing optical fibre cables. The use of optical fibre also enables the 
distribution of high-frequency RF signals over long distances, 
and makes the size of transmitter front ends compact and light. 
Moreover, a significant advantage of the photonics-based approach 
is that wired (fibre optic) and wireless communication networks 
could be connected seamlessly in terms of data rates and modula-
tion formats. Frequency-division multiplexing multichannel sys-
tems can be easily realized using multiwavelength laser sources 
developed for optical wavelength-division multiplexing networks. 
Using this approach, single channel data rates of 50 Gbps (error 
free) with on–off keying (OOK) at 0.32 THz (ref. 138), 90 Gbps (real 
time, bit error rate (BER) =  10–4) with QPSK at 0.32 THz (ref. 139), 
106 Gbps (with offline digital signal processing (DSP), BER =  10–4) 
with 16-quadrature amplitude modulation (16-QAM) at 0.4 THz 
(ref. 140) have been achieved. With multichannel systems, data rates 
up to 260 Gbps have been demonstrated141.

To compete with all-electronic and integrated circuits-based THz 
transceiver technologies, there have been several studies on the inte-
gration of both monolithic and hybrid photonic components. With 
a hybrid integration scheme, the performance of each component 
can be optimized more easily than the monolithic integration. For 
example, a fully monolithically integrated transmitter, which con-
sists of two lasers, optical amplifiers, an optical intensity modulator 
and photodiodes, was fabricated on Si (ref. 142) and InP (ref. 143) sub-
strates (Fig. 6a). Optical injection locking and optical phase-locked 
loop techniques were introduced for phase stabilization144. Figure 6b  
shows another hybrid example of a dual-wavelength photonic 
source, which consists of gain sections on InP and the elements on 
the polymer substrate, including passive waveguides, phase shift-
ers and distributed Bragg reflector (DBR) sections. Frequency tun-
ing of over 4 THz is feasible with this chip145. Another example that 
highlights this electronic–photonic hybrid approach is the use of 
a plastic waveguide to carry THz waves at 0.12 THz over long dis-
tances, with fully integrated CMOS chipsets interfacing to both ends 
(Fig. 6c). The plastic waveguides overcome the losses associated 
with copper-based interconnects over long distances, leveraging  

the low loss of the dielectric waveguide, and demonstrated an error-
free data rate of 1.5 Gbps over a length of 15 m. This approach 
that is inspired by an electronic–photonic hybrid system can allow 
efficient multi-Gbps links in large data centres146,147. The co-design 
approach across electronics and photonics, whether on a single 
heterogeneous integrated platform or as multi-chip modules, is 
expected to play a major role in very-high-performance THz sys-
tems, particularly focusing on THz wireless communication137. The 
notable advancements in THz devices, circuits and systems across 
electronics, photonics and hybrid approaches and the current state 
of the art are summarized in Table 1.

Future of THz integrated systems
The development of THz integrated systems will be greatly impacted 
by the applications that develop in the next decade. The capabili-
ties of THz imaging and sensing are promising for non-destruc-
tive quality control, 3D imaging, radar, and gesture recognition 
in autonomous systems, vehicles, robotics and industrial automa-
tion, particularly in the lower part of the spectrum (~0.1–0.3 THz). 
Given the need for compact, efficient, high-performance sensing 
devices, operable at low power and deployable at large scale, inte-
grated circuit technology must play a major role. We expect that the 
device performance in silicon, particularly SiGe-based devices, will 
continue to improve with fmax reaching up to, or perhaps exceed-
ing, 1 THz in the next decade. At higher frequencies beyond 1 THz, 
it is likely that the solution will be heterogeneous, with the front-
ends being realized in III–V technology and the rest of the system 
in silicon. This could be implemented with separate chips packaged 
in multichip modules, or with 3D-stack integrated circuits and 
III–V/silicon heterogeneous integration in which there have been 
promising developments in recent years. The technology of choice 
will depend on the application, which at THz, can be particularly 
diverse spanning from sensing, spectroscopy and imaging to wire-
less communication.

The foremost challenge to enable real-world applications in THz 
sensing, spectroscopy and imaging is the need for efficient and widely 
reconfigurable chip-scale systems (in properties such as spectrum, 
radiation patterns and polarization), as we have emphasized in this 
Review Article. The THz range is rich in spectroscopic features. 
For years, it has shown promising capabilities, but its deployment 
has been limited due to the complexity of the technology at hand. 
The two most prominent examples involve the relatively narrow 
absorption lines of rotational or ro-vibrational excitations in gases, 
and the somewhat broader lines that result from lattice vibrations 
(phonons) in crystalline solids, especially in molecular crystals148. 
As a result, one can envision using THz spectroscopy for identifi-
cation of the chemical composition of powders149 or plumes150, for 
example. The absorption strength of many polar molecules peaks 
in the THz range, and numerous techniques have been developed 
recently to enhance the sensitivity and specificity of gas sensing151. 
As with mid-infrared fingerprint spectroscopy, the ability of a sen-
sor to offer both highly specific and sensitive detection relies cru-
cially on the tuning range of the system, among other parameters. 
One of the key challenges for THz spectroscopic sensing is that the 
spectral lines of interest are often broader or more widely spaced 
than the tuning range of typical solid-state sources. New develop-
ments in broadly tunable solid-state sources would prove extremely 
valuable in this context. Some recent works have shown promising 
advancements in this regard. This includes a fully integrated spec-
troscope across 220–330 GHz in silicon with a reported minimum 
detectable concentration of 11 ppm for carbonyl sulfide (OCS)152. 
Other works have circumvented the need for a tunable THz source 
to enable extremely wide spectral estimation (0.04–0.99 THz). This 
is done by spatially sampling the near fields on the capture antenna, 
and applying estimation techniques and regression analysis for 
source-free spectral sensing103.
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THz imaging can also gain a more a solid footing particularly 
at frequencies in the range of 100–300 GHz in the coming decade. 
In combination with millimetre-wave frequencies, hyperspectral 
imaging at THz can allow for 3D imaging with both high lateral and 
depth resolution. We are seeing a similar evolution in the neighbour-
ing spectra, where sensor fusion particularly combining millimetre-
wave, infrared and optical frequencies is becoming a critical sensing 
tool in autonomous vehicles and systems. Similar advancements can 
occur at THz with multispectral sources. Previous works on chip-
scale sources with dynamically programmable spectral content is 
promising in this regard90. But, the challenge to create widely recon-
figurable sources with the capability of beam forming for fast image 
acquisition still remains. Computational-based imaging techniques, 
which have been demonstrated at millimetre-wave frequencies, can 
emerge as an alternative mechanism to scanning for real-time imag-
ing153,154. In combination with machine learning and deep neural 
networks for real-time feature extraction, this can be an enabling 
feature in quality control and security-based imaging. Irrespective 
of the exact application and methodology, it can be understood that 
for real-world applications in THz sensing and imaging, widely 
reconfigurable, efficient, scalable and low-cost technology remains 
a foremost, and potentially rewarding, challenge.

However, we also see a strong potential for THz in wireless com-
munication, for wireless backhaul replacing the last mile of optical 
fibre, for wireless links in data centres, and for other short range 
and high bandwidth applications. The unique propagation, scat-
tering and diffraction characteristics of THz waves, and simultane-
ous limitations of the device technology, open up new challenges 
across the various levels of abstraction. This ranges from circuits 
and communication architecture to channel estimation, equaliza-
tion, interference and resource management through networking 
and protocols. There are valuable lessons to be learnt from the sister 
millimetre-wave bands where there is an expected densification of 
base stations and wireless backhauling for the fifth generation (5G) 
of cellular connectivity. The potential was identified by the Institute 
of Electrical and Electronics Engineers (IEEE), which formed the 
IEEE 802.15.3d task force to investigate the spectral allocations and 
standardizations of the physical and medium access control (MAC) 
layer across 252–325 GHz. The use case scenarios include kiosk 
downloading, intrachip/intraboard radio communication, wire-
less communication in data centres and mobile front and backhaul 
links. The IEEE 802.15.3d-2017 (ref. 155) is the first IEEE standard 
that addressed frequency bands beyond the 0.3 THz range, focus-
ing on the 69.12 GHz span across 252.72–321.84 GHz. This is an 
important milestone, and takes the first step towards proposing 
spectral sharing in the 275–1,000 GHz span with applications in the 
Earth Exploration Satellite Service and radio astronomy. The tech-
nological challenge of scalable, low-cost interfaces to realize such a 
network, however, still remains. We note that THz links suffer from 
high path loss (for example, at 300 GHz and for a distance of 10 m,  
the factor (λ/4π R)2 is ~− 100 dB). As a result, highly directional THz 
beams (often with electronic beam steering) supporting wide band-
widths will be necessary in many applications to overcome this loss 
factor. Large-scale THz arrays can be an enabling technology, but 
it is still far from becoming efficient and practical. There are some 
promising advancements in recent years, particularly at frequen-
cies close to 100 GHz, where beam EIRP of ~60 dBm and beam 
widths with 2–5° have already been demonstrated in silicon with 
256-element phased arrays156. Such scalability is yet to be demon-
strated at frequencies beyond 300 GHz, where efficiency degrada-
tion becomes drastic due to the fmax limitations of the devices.

Large-scale THz arrays can find applications in satellite com-
munication, as extremely high gain links can be realized in smaller 
satellites at THz frequencies (as an example, ~70–75 dBi in 1 m 
diameter antennas at 0.6 THz)157. They have an advantage over  
free-space optical links due to their scanning ability and automatic 

alignment. As an increasing number of low- and medium-orbit sat-
ellites get deployed for future connectivity, such high-capacity THz 
links can serve as a supporting mesh network in the future.

In contrast, for short-range high-capacity links in indoor appli-
cations, compact THz hotspots can enable a new class of femtocell 
devices. They can be used flexibly for massive data offloading or for 
serving emerging applications such as virtual and augmented reality, 
in-home service and automation158. High capacity, adaptive short-
range THz links can also be utilized to seamlessly augment network 
capacities in data centres, avoiding the need for complex rewiring to 
serve exponentially increasing data traffic. Irrespective of whether 
such links are deployed for indoor or outdoor applications, reliable 
channel modelling is critical. Accurate statistical modelling based 
on extensive channel measurements at THz is severely lacking159. 
The importance of this area of research is evident if we look at the 
millimetre-wave band, where only after extensive channel measure-
ments, it was evident that millimetre-wave outdoor cellular connec-
tivity is possible and potentially game-changing160.

The suitable technology to enable this diverse set of wireless 
technology is still an open area of research. While hybrid III–V/sili-
con is expected to play a major role, photonics-based systems will 
also be a close competitor in this case. The debate between modula-
tion complexity with lower bandwidth (compatible with semicon-
ductor integrated circuits) and simpler modulation formats (on–off 
keying) with higher bandwidths (compatible with photonics-based 
integrated circuits) is still not settled. Beyond 1 THz and extending 
up to 10 THz, photonics-based systems comprising quantum-cas-
cade lasers, silicon photonics and photomixer devices are expected 
to play a dominant role, particularly in systems where tunability of 
more than 1 THz may be needed. In such systems, efficient optical-
to-THz, and THz-to-optical converters are key future challenges. As 
integrated photonics platforms continue to improve with the incor-
poration of passive devices and active devices, such as high-speed 
modulators, THz systems will enjoy the ancillary benefits. To enable 
this heterogeneous future, research pathways across electronics and 
photonics, which have mostly developed independently, will need 
to continue to converge.
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