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a b s t r a c t

Monolayer graphene, successfully isolated in 2004, is the firstmember of the class ofmaterials called two-
dimensional (2D) materials. Since then, 2D materials such as hexagonal boron nitride (h-BN), transition
metal dichalcogenides (TMDs), silicene and phosphorene have been extensively investigated owing
to their extraordinary mechanical, chemical, and physical properties. Furthermore, some of these 2D
materials are expected to result in novel high-frequency and optical phenomena. In this review, we
highlight the recent progress of the state-of-the-art research on graphene applications on the scale of
terahertz (THz) emitting, detecting and modulating, and summarize similar THz applications of h-BN,
TMDs, silicene and phosphorene.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The terahertz (THz) frequency range contains frequencies from
0.1 THz to 20 THz (or, equivalently, from 3 cm−1 to 600 cm−1, from
0.41 meV to 82 meV, or from 3 mm to 0.02 mm). This frequency
range is in between two well-defined frequency regimes — the
photonic regime on the higher-frequency (or shorter-wavelength)
side and the electronic regime on the lower-frequency (or longer-
wavelength) side. This special location implies that one can use op-
tical, electronic, or both optical and electronic means, to generate,
detect, or manipulate electromagnetic waves. The THz frequency
range is scientifically rich, containing a host of low-energy elemen-
tary and collective excitations in condensed matter (i.e., phonons,
plasmons, magnons, spin resonances, and superconducting gap
excitation) [1–7]. Dynamical phenomena in solids such as carrier
scattering [8], recombination [9,10], and tunneling [11–13] typi-
cally occur on a time scale of picoseconds, which corresponds to
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frequencies in the THz range. The characteristic energy of 4 meV
(i.e., 1 THz) corresponds to a temperature of 46K,whichmeans that
one needs to do the measurements at liquid helium temperatures,
in order to explore THzphenomena in condensedmatter. However,
technologically speaking, THz frequency range is poorly developed.
No mature solid-state technology exists for the generation, detec-
tion, and manipulation of THz electromagnetic waves. Hence, this
frequency range is usually referred to as ‘‘the last frontier in the
electromagnetic spectrum to be exploited’’ or the ‘‘THz technology
gap’’. However, some recent notable breakthroughs exist, such as
3D numerical simulations of THz generation by two-color laser
filaments [14], nonlinear generation of THz plasmons in graphene
and topological insulators [15], 28.3 THz nano-rectenna with a
rectifier (rectenna) for harvesting infrared energy [16], and THz
modulation of the Hubbard U in an organic Mott insulator [17–19].

In recent years, much attention has been drawn to 2Dmaterials
such as graphene, hexagonal boron nitride (h-BN), transitionmetal
dichalcogenides (TMDs), silicene and phosphorene [20,21]. These
2D materials provide exciting opportunities from both electronic
and optics perspectives [22–24]. Previous reports have suggested
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that graphene and other 2D materials can realize all functions
required for integrated photonic circuits (e.g., generation, mod-
ulation, and detection of photons), in various wavelength ranges
including THz. These functions, combined with their unique elec-
tronic properties, such as gapless band structure and ultrahigh car-
rier mobilities, and other extraordinary mechanical, chemical and
optical properties, may enable the newly functional 2D material-
based electro-optic devices [25]. Particularly, 2Dmaterials are also
expected to provide exciting opportunities for diverse appeal-
ing prospects in THz applications [26]. For instance, CVD-grown
monolayer MoS2 and WSe2 have been reported to have ultrafast
transient THz conductivity, which is likely to be a key component
of future high-frequency optoelectronic devices including pho-
toreceivers, emitters, modulators as well as microwave and THz
switches [27].

2. Graphene for THz applications

Graphene has attracted much attention since its first success-
ful isolation from graphite in 2004 [28], and the following ex-
perimental investigation of its unique quantum electromagnetic
properties [29,30] in 2005. Graphene is the first atomically thin
material isolated and opened the door to theworld of 2Dmaterials.
Carbon atoms in graphene are tightly sp2-bonded into hexagonal
lattices, which can be regarded as two interleaving triangular lat-
tices and provides graphene’s stability. Graphene has the highest
ratio of edge atoms of any allotrope, which leads to a hundred
times more chemical reactivation than thicker sheets [31,32].
Graphene is a particularly interesting material for optics applica-
tions, since it possesses a broadband optical absorption property:
graphene absorbs light at any frequency, including THz range.
Besides, graphene is a zero-gap semiconductor with unique linear
energy–momentum dispersion relation [25,33–35]. The existence
of a Dirac point, where its conduction and valence bands meet,
gives it a number of interesting properties such as tunable carrier
densities [36–38] and predictable high nonlinearities compared to
traditional semiconductors [39–41]. Also, graphene displays elec-
tronmobilities as high as 15,000 cm2 V−1 s−1 at room temperature,
with a theoretical potential limit of 200,000 cm2 V−1 s−1, limited
by acoustic photon scattering. These unique properties result in
ultra-wideband accessibility provided by the e–h pair generation
in graphene, which is gate controllable, at all wavelengths. Thus,
graphene can have strong light interaction and special phenom-
enal such as light excitation of collective oscillations of carries,
i.e., plasmons in graphene [42,43]. Furthermore, it is possible to
create an inversion of the conical electronic band around the
Dirac point with optical excitation [33], leading to gain in THz
range. These properties make graphene promising for novel ap-
plications in photonics and optoelectronics and attracted much
attention. For instance, graphene ribbons were demonstrated to
be potential broadband absorbers by canceling strong coupling at
subwavelength scale [44], and graphene-based metamaterials are
promising for developing new THz broadband polarization rota-
tor [45]. In this section, we mainly discuss the recent progress of
the graphene-based THz emitters, detectors, and modulators [46].

2.1. Graphene based THz-emitter

THz emitter is the core and starting point of the entire THz
system. Researchers are devoting a lot of efforts to develop newer
and better THz generation techniques in order to obtain THzwaves
of higher intensity and especially broader bandwidth. Generally
speaking, three generations of THz emitters have been developed
in the past: photoconductive antennas [47], nonlinear electro-
optic crystal [48], and air plasma [49]. Nowadays, these sources
are not efficient or strong enough to meet the demands of the

Fig. 1. Schematic view of the laser structures with Si separation layer (a) and with
air separation layer (b), as well as the laser pumping scheme (c) and electron and
hole distribution functions (d). Figures reprinted with permission from ref. [54]
Copright© 2009 The Japan Society of Applied Physics,

application. Hence, better THz emitters based on graphene and
other 2D materials are expected, owing to their extraordinary
electro-optical properties.

There have been several recent studies toward microscopic
understanding of unique carrier dynamics in graphene for THz
applications [50]. Early in 2007, optically or electrically pumped
graphene was predicted to exhibit population inversion near the
Dirac point owing to ultrafast carrier relaxation and relatively slow
recombination lifetimes [51,52], which leads to a negativity of the
real part of dynamic conductivity in awide THz spectral range [53].
The dynamic conductivity comprises both interband and intraband
contributions, and the negative real part of dynamic conductivity
at sufficiently strong pumping implies that interband emission
of photons with the energy h̄ω overwhelms the intraband Drude
absorption. That is, a positive gain is established in certain wave-
length ranges. Based on these experimental and theoretical stud-
ies, an optically pumped THz laser based on an optically pumped
graphene-heterostructure was proposed and substantiated with a
Fabri–Perot resonant cavity design in 2009 [54]. A sketch of the
structure is depicted in Fig. 1. Electrons and holes in graphene
layers are first introduced by optical excitation with the energy of
ℏΩ . After following optical phonon cascade, substantial electron
and hole populations of the bottom conduction band and the top
valence band, which can generate THz radiation, were obtained.
The THz lasing is raised, if the ratio of the THz radiation power
generated in the graphene layers to the THz power absorbed in the
cavity and Si-layers is large enough.

Another design of THz lasers was proposed based on optically
pumpedmultiple-graphene-layer structures with ametal slot-line
waveguide or a dielectric waveguide [55]. Frequency dependences
of the absorption in the waveguides and the gain-overlap factor
were taken into account, demonstrating THz lasing at the low end
of the THz frequency range at room temperatures. Moreover, the
current-injection THz laser was also proposed to avoid drawbacks
in optical pumping, such as complex setups thatmight be inconve-
nient and inefficient and high excessive energy thatmight produce
marked heating [56,57], as an alternative of graphene channel
transistor THz laser. A sketch of graphene-based p–i–n structures
with electron and hole injection (double injection) is depicted in
Fig. 2 [58]. The structure is based on a p–i–n junction produced by
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Fig. 2. Schematic view of the cross-sections of multiple graphene layers laser
structures (a) with chemically doped n- and p-sections and (b) with such section
electrically induced by the side gate-voltages. Figures reprinted with permission
from ref. [58] Copright© 2013 AIP Publishing LLC.

chemical doping or gating. Self-excitation of THz modes propagat-
ing in the substrate (in the direction perpendicular to the injection
current) and lasing was demonstrated under certain conditions.
Applied injection voltage between source and drain was in the
order of only several mV to tens of mV.

Apart from these, Graphene plasmonic oscillators for THz gen-
eration were also proposed [51,59,60]. It was also shown that
graphene possesses intrinsic plasmons that are tunable and ad-
justable [61]. Time-resolved picosecond photocurrents in freely
suspended graphene contacted by stripline metal electrodes were
observed, and electromagnetic radiation up to 1 THz was gen-
erated from an electron–hole plasma in the optically pumped
graphene. The signal was AC-coupled to the metal striplines [62].
However, the interband absorption of graphene is limited to e2/4h̄,
which corresponds to 2.3% absorption per layer for normal incident
light [63–66], limiting its applications in THz lasers. We discuss it
later in Section 2.4.

2.2. Graphene base THz-detector

In the past decades, many THz detectors have been developed
based on a variety of principles ranging from bolometer THz de-
tector, Schottky barrier THz detectors, pair braking THz detectors
and Field-effect Transistor (FET) THz detectors. To characterize
these THz detectors, two generalized performance parameters are
commonly used: one is Noise Equivalent Power (NEP), which is
related to the smallest power that can be detected, and the other
is detectivity [67]. Other issues such as responding time, stability,
cost and maintaining cost are also a concern. Despite the various
appealing application of photodetection of THz radiation in com-
munication, imaging, security, life sciences and medicine, the ex-
isting conventional THz and sub-THz detection systems have their
own limits. For example, bolometric type of detectors is extremely
sensitive to background radiation, temperature fluctuation, me-
chanical vibration and electrical interference, and the performance
is even poorer at higher frequencies in the THz range [67]. Cooling
to cryogenic temperatures becomes necessary in many situations.
Schottky barrier THz detectors are hard to design, fabricate and
operate. Utilization of FETs for THz spectroscopy seems much
more promising compared to detectors described above, since
they are very fast and highly responsive. In a series of pioneering
papers [68–71], the prediction that plasma oscillations in a FET
channel can produce the THz emission attracted a lot of interests.
Several years later, both THz emission and detection in FETs were
experimentally observed, at both cryogenic and room tempera-
tures. It has been demonstrated that gate lengths can determine
plasma frequency of the resonator. For gate lengths on the order of

Fig. 3. Device schematics with an exaggerated angle θ between two graphene
layers (separated by an h-BN tunnel barrier). Figures reprinted with permission
from ref. [77] Copright© 2014 Macmillan Publishers Limited.

1 or 0.1 µm, plasma oscillations were in THz region [72]. Based on
these theoretical and experimental results, various structures for
THz detection were proposed. Single-layer and bilayer graphene
FET devices are commonly used for resonant THz detection, and
simple top-gate antenna-coupled configuration is also utilized for
broadband THz detection via excitation of over damped plasma
waves [73–84]. To make these heterostructure devices, which can
be actually regarded as a new type of THz detectors beyond normal
FETs, e.g., high electron mobility transistor (HEMT), new types of
2D materials beyond graphene such as h-BN and their manip-
ulating methods can be incorporated. For example, by carefully
aligning the orientation of crystal lattices in two graphene layers
separated by an h-BN layer, tunnel transistors that have resonant
tunneling with both energy and momentum conservation can be
constructed. This tunnel transistor does not have the fundamen-
tal limitation of a long carrier dwell time (picoseconds) in the
quantum well, so it can potentially be scaled to operate for THz
detection [77]. A sketch of tunnel transistor structure is depicted
in Fig. 3. Similar heterostructures which comprise of a thin h-BN
tunnel barrier sandwiched between two graphene layers (i.e., n-
type and p-type doped) were investigated. Voltage tunable THz
wave generation and detection were both reported [85]. Graphene
channel transistors and graphene photodetectors were shown to
operate in the THz range [86–91]. By further applying an exter-
nal magnetic field, a graphene transistor can also be used as a
frequency-tunable (0.76–33 THz) detector [92].

2.3. Graphene THz modulator

Besides the promising perspective of graphene THz lasers, an-
other potentially important area of applications for graphene is
THz modulation [93]. Generally, graphene optical modulators are
classified by amodulationmechanism inwhich electrical elements
are involved or not. For electro-optical graphene optical modula-
tors, both interband transition and intraband transition have to
be taken into account. Interband transition, which dominates the
short wavelength absorption, is frequency-independent and can
be calculated as T ≈ 1 − πα ≈ 0 : 977 [63–66], where α is
the fine-structure constant (=e2/4h̄ = 1/137 = 2.3%). For long
wavelength cases, intraband transition is more important, and it
can be described by the following equation for graphene in THz
regime:

T (ϖ ) =

(
1 +

πα

1 + nsub

σ ′(ω)
πe2
2h

)−2

(1)

where nsub is the refractive index of the substrate. Drude model is
commonly used for calculating grapheneparameters in THz regime
and it can be described by:

σ̃ (ϖ ) =
σ0

1 − iϖτ
(2)
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Fig. 4. (a) Sketch of the gated large-area graphene device fabricated, together with the incident and transmitted THz beams. (b) Gate-voltage-dependent THz wave
transmission through single-layer graphene. Figures reprinted with permission from ref. [94] Copright© 2012 Springer Business Media LLC.

where σ0 is the DC conductivity and τ is the carrier scattering time.
The charge carrier density in graphene can be easily modified by
chemical or electronic gating [94,95], and the optical transition of
graphene is mainly determined by doping level, as described by
following equations:

σ0 = enµ = en
( eτ
m∗

)
(3)

µ =
evf τ

h̄
√

πn
(4)

Ef = vf h̄
√

πn (5)

where n is the carrier density, vf = 106 m/s is the Fermi velocity
for electrons in graphene, and µ is the carrier mobility. Graphene
THz modulators based on intraband absorption have been pro-
posed [94,96–98]. Various research groups have found different
ways to modify the electronic properties of graphene by tuning
the Fermi level and changing the charge type. Both electrically
and chemically tunable Fermi level of graphene were used to
modulate THzwaveforms [94], and themodulation depthwas very
recently demonstrated to be enhanced by extraordinary transmis-
sion through ring apertures [99]. In a typical graphene/SiO2/p-Si
FET device configuration, transmitted THz electromagnetic waves
can be modulated through a tunable gate voltage [94]. The sketch
is depicted in Fig. 4(a). The THz wave is normal incident onto the
device, and the transmitted wave is detected and recorded as a
function of gate voltage (Vg ), as shown in Fig. 4(b).

The modulation depth of the graphene/SiO2/p-Si FET device
is around 12% with the applied gate voltage around 110 V, and
it has very recently been demonstrated to be enhanced by ex-
traordinary transmission through ring apertures to more than
46% [99]. Graphene possesses intrinsic plasmons that are tunable
and adjustable [61]. A combination of graphene with noble-metal
nanostructures also supports surface plasmon modes that are also
tunable by electronic gating in the THz regime [61,100]. It was also
shown that the enhancement of attenuation andmodulation depth
in optically driven silicon modulators can be achieved by deposi-
tion of graphene on silicon, which gives another possibility of ap-
plication graphene beyond modulating THz waves by itself [101].
A wide-band THz modulation in a frequency range from 0.2 to 2
THz and a maximum modulation depth of 99% were achieved by
photodoping of graphene.

2.4. Enhancing THz-wave absorption

Graphene absorbs light at any frequency — from DC to sun-
light. As introduced in the last section, the strength of absorption
through the interband transition at any frequency is given by a
combination of natural constants, e2/4h̄, which corresponds to
2.3% absorption per layer for normal incident light [63–66]. For
intraband free-carrier absorption, the amount of absorption can

be ∼30 times larger than interband absorption, depending on
the carrier density [94]. While these numbers are impressively
large, considering the atomically thin nature of graphene, they
are too small for practical purposes, limiting its application in
optoelectronic devices [95], such as photodetectors [102–104],
optical antennas and solar cells. Therefore, enhancing light absorp-
tion in monolayer graphene has become one of the goals in this
research field. For example, 100% light absorption can take place
in a single patterned sheet of doped graphene nanodisks [105].
Surface plasmon enhanced absorption and suppressed transmis-
sion were predicted to take place in periodic arrays of graphene
ribbons [106]. Monolayer graphene has been demonstrated to
have total absorption in the near-infrared and visible wavelength
ranges by critical coupling with a photonic-crystal guided reso-
nance [107] and by doping/gating, graphene can exhibit higher
absorption in the GHz–THz range [108–110]. Practical ways to
obtain high optical absorption in graphene is required. Nearly
100% absorption of an electromagnetic wave in the THz frequency
has been proposed for a system consisting of two monolayers of
graphene [111]. Recently, it was also proposed that the absorption
of graphene in the 0.01–0.1 THz range can be tuned from 0 to
nearly 100% by varying the Fermi energy of graphene when the
angle of incidence of the electromagnetic wave is kept within a
total internal reflection geometry [112]. This is an economic and
practicalmethod, although sometimes a largemobility of graphene
or a high Fermi energy is needed (Ef of 1 eV). Enhancement of THz-
wave absorption up to 70% in monolayer graphene in 0.6–1.6 THz
range has also been demonstrated by using a total reflection geom-
etry with a parallelogram shaped TOPAS R⃝ substrate [86]. In this
work, graphene transferred onto the surface of a parallelogram-
shaped TOPAS R⃝ prism absorbs THz light significantly. Reflectance
of graphene at 45◦ incident angle wasmeasured using a two-prism
TOPAS structure that can have 0 to 4 graphene reflections in the 0.6
to 1.6 THz range using a THz time-domain spectroscopy system.
At each reflection, graphene absorbed ∼71% of as-polarized THz
beam uniformly in this frequency range and absorbed∼31% of a p-
polarized THz beamat 45◦. The amount of absorption per reflection
was constant, as expected. Angular dependence of transmittance
was also measured through a single-prism TOPAS R⃝ device with
up to 2 graphene reflections. By rotating the single-prism TOPAS R⃝

device, the incident angle was varied from 25◦ to 70◦. A dip of
transmittance at around 50◦ was observed for s-polarized reflec-
tion. A sketch of the graphene-on-TOPAS R⃝ waveguide geometry is
depicted in Fig. 5.

3. Other 2D materials for THz applications

In this section, we extend the review to other 2D materials
beyond graphene. As we described above, h-BN is a wide band
gap (5.9 eV) layered material [66] which is commonly used as
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Fig. 5. Sketch of the graphene-on-TOPAS waveguide geometry. (a) Two pieces of
TOPAS parallelograms are combined for four 45-degree reflections. One, two, three,
or four pieces of graphene are put on the surfaces of TOPAS. Different numbers
of graphene reflections can be selected by sliding the structure in a direction
perpendicular to the incident THz beam. (b) One-parallelogram geometry for an-
gular dependence measurements. The incidence angle to graphene is controlled by
the rotatable stage under the waveguide. Figures reprinted with permission from
ref. [86] Copright© 2016 American Chemical Society.

insulating and protecting layer in heterostructures. It is com-
prised of constant boron (B) and nitrogen (N) atoms which build
a hexagonal honey-comb structure [113,114]. Monolayer TMDs
and black phosphorus are often direct bandgap semiconductors,
which are particularly interesting for optoelectronic applications.
2D materials have similarities. For examples, similar to graphene,
many TMDs can be synthesized by both top-down methods (typi-
cally, exfoliation) and bottom-up methods(typically, CVD growth)
[115–119], owing to the surface energy similar to that of graphene
(65–120 mJ /m2) [120–123]. However, there are differences in
many properties between graphene and other 2D materials. For
instance, optical absorption in monolayer semiconducting TMDs
is much stronger than graphene. Due to band gap resonances, it
can reach over 10% compared to that of graphene (2.3%). Moreover,
electron mobility in TMDs is relatively low (0.1–100 cm2/Vs) at
room temperature compared to graphene. Previous demonstra-
tions suggest that other materials can have similar THz applica-
tions as graphene, and they can provide properties and functions
complementary to that of graphene based ones.

As a typical TMD, molybdenum disulfide (MoS2) is heavily in-
vestigated for its properties and potential in THz application [124].
By using an ultrafast two-dimensional visible/far-IR spectroscopy,
relaxation dynamics of the photo-excited carriers in MoS2 was
measured and electron/phonon coupling was directly observed,
giving us comprehensions to THz photon dynamics in MoS2 [125].
Exciton–exciton annihilation was identified experimentally in ul-
trafast transient absorptionmeasurements [126]. The decay time is
on the scale of several tens of ps, which corresponds to the fre-
quency range in sub-THz. In the same year, ultrafast charge carrier
dynamics in monolayers and trilayers of MoS2 and WSe2 was
measured to be <1 ps by Docherty et al. using a combination of
time-resolved photoluminescence and THz spectroscopy [27], and

Fig. 6. (a) Schematic of Optically tuned terahertz modulator based on annealed
multilayerMoS2/metal hybridmetamaterial structure. (b) Optical image of a section
of themetamaterial and detail of a unit cell. Figures reprintedwith permission from
ref. [127] Copright© 2016 Nature Publishing Group.

this time scale corresponds to a higher frequency range (>1 THz).
Two years later, optically tuned THzmodulator based on large-area
multilayer CVD-grown MoS2 on silicon substrate was experimen-
tally demonstrated [127]. It was demonstrated that THz transmis-
sion could be modulated up to 87% by changing the power of the
pumping laser up to 4.56W and modulation depth can be triply
enhanced by annealing treatment of MoS2 as a p-doping method
compared with the bare silicon. Another publication about opti-
cally pumped Si-MoS2 THz modulator obtained a high modulation
depth (∼75%) under a low pumping power of 0.24 W cm−2 [128].
MoS2 was chosen as an example 2D material here to analyze this
hybrid tunable THz structure, but the discussion can be extended
to any other 2D-materials. Modulation depth levels larger than 2X
the intrinsic modulation depth by the MoS2 film and low insertion
loss (<3 dB) can be realized by utilizing this structure [26]. A
typical sketch and optical image of fabricated MoS2/metal hybrid
structures are shown in Fig. 6.

THz detection using 2D materials are also widely investigated.
For instance, an antenna-coupled mechanical resonators based on
2D materials was proposed by Hassel et al. recently [129]. Both
coherent and incoherent detection regimes were analyzed, but
the operation speed was expected to be much lower than that
in graphene based devices. Devices on flexible substrates were
also fabricated and optimized, giving people more control over
technology and application [130].

4. Conclusions and future prospects

In this review, we have discussed applications in THz technol-
ogy of various kinds of 2D materials. It is both theoretically and
experimentally demonstrated that graphene and other 2D materi-
als can be utilized for THz emitting, detecting and modulating by
kinds of meanings, and newer and better devices can be expected
since there are many groups in the world working in this area
now. Nonetheless, there is still a significant need for mechanism
and technology improvement in order to obtain well-developed
industrially applicable devices. For example,modulation speed and
energy consumption of these devices are not that ideal compared
to existing commercial ones. Several challenges remain on the road
to industrial application. One of the critically important issues is
the stability and quality of 2D materials. Although tones of efforts
have been devoted to synthesizing single-crystal, large-size 2D
materials, it is still hard to obtain single-crystal graphene larger
than millimeter size, and the grain size and sample size of h-
BN and TMDs are even smaller. CVD grown samples can have
relatively large sizes, but they have their own drawbacks. Defects
and contaminations which can cause sample degradation with
time are still inevitable, making it difficult to have stable devices.
Thus, there is still a long way to go to before we can have matured
2D material THz devices.
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