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a b s t r a c t

The extraordinary electronic, thermal and optical properties of graphene, together with its two
dimensional nature, and with the possibility of facile integration, have enabled its application into
a new generation of high-performance devices capable of extending the performance of existing
terahertz communications technologies. Although promising for wireless communications applications,
the terahertz region of the spectrum, i.e. the frequency range between 300 GHz and 10 THz, is in fact
still characterized by a lack of efficient, compact, solid state components capable of operating at room
temperature. In this regard, graphene-based terahertz components have shown very promising results
in terms of modulation, detection, as well as generation of terahertz waves. This paper will review and
discuss recent progress on graphene based devices for modulation, detection and generation of terahertz
waves, which are among the key components for future terahertz band communications systems.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Demand for data bandwidth on wireless networks has rapidly
increased over the past two decades. Edholm’s law predicts that
the requirement for bandwidth doubles every 18 months [1–3].
In this regard, there are two possible ways of increasing band-
width so to satisfy this need, namely: (a) increasing the efficiency
of spectral utilization, e.g. by means of using MIMO approaches
and/or advancedmodulation techniques, and (b) employing higher
frequency carriers. Nevertheless, owed to the fact that there is
an upper bound for the maximum bandwidth attainable by sig-
nal processing techniques, the need for resorting to higher car-
rier frequencies becomes inevitable. Based on this necessity, and
also on other interesting capabilities, such as its propagation on
non-metallic media, including typical building materials, the tera-
hertz region of the spectrum has turned into a growing technolog-
ical field for wireless communications applications [4,5]. However,
in order to enable efficient use of terahertz carriers in practical
communications links, development of different system compo-
nents, such as sources, detectors, switches, modulators, filters, and
amplifiers, is still a necessity. Furthermore, most conventional
materials usually used at lower frequency ranges, such as the
millimetre-wave and the microwave ranges, cannot efficiently re-
spond to terahertz frequencies [6–8] and typically exhibit large loss
at these frequencies. Moreover, in addition to passive materials,
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practical applications require electromagnetically reconfigurable
materials, which constitute the basis of all active terahertz com-
ponents. In this context, graphene has been recently proposed as
a terahertz active material enabling multiple applications in tera-
hertz devices.

Graphene is a two-dimensional material composed of carbon
atoms arranged in a hexagonal lattice. Although its existence had
been predicted by physicists long time ago, it was not until 2004
that graphene was experimentally obtained [9,10]. Early graphene
synthesis resulted from the mechanical cleavage of graphite crys-
tals using an adhesive tape. Soon after, various other techniques
were developed, being Chemical Vapour Deposition (CVD) growth
one of themost popular synthesis processes nowadays [11–13]. Al-
thoughmechanical exfoliation can lead to excellent graphene qual-
ity in terms of mobility, defects, uniformity, and grain dimensions,
the sample sizes resulting from this technique are relatively small,
i.e. in the order of < hundreds of microns. From this perspective,
CVD graphene results more appropriate for applications requiring
large area graphene, including most devices proposed to-date for
terahertz communications applications. Although CVD synthesis of
materials has been employed since the 1960’s [10], it was not un-
til after the first discovery graphene, by means of mechanical ex-
foliation, that researchers started developing and optimizing this
method for the production of graphene. From this point of view,
there are still many challenges, like doping control, that still need
to be addressed in terms of materials processing. Nonetheless, re-
cent progress in terms of CVD growth is remarkable. For instance,
Bae et al. [13] reports on amethod to grow single layer graphene in
large area copper foils and the transfer of such films into arbitrary
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Fig. 1. (a) A transparent ultra large-area CVD graphene film transferred on a 35-
inch PET sheet. Reprinted with permission from Ref. [13]. Copyright 2010 Nature
Publishing Group. (b) Sketch of the band structure of graphene.

substrates, showing growth and transfer into up to 30 inch sub-
strates as depicted in Fig. 1(a). During recent years severalmethods
have been developed for transferring CVD graphene from the ma-
terials where is typically grown (e.g. Cu, Ni, etc.) to arbitrary host
substrates, including wet and dry processes [14–19].

Graphene exhibits extraordinary properties, which are a result
of its intrinsic two-dimensional nature. In contrast with typical,
bulk, semiconductors, graphene holds a gapless, linear, energy vs.
momentum (E–k) dispersion [20], as depicted in Fig. 1(b). Arising
from this particular E–k dispersion, charge carriers in graphene be-
have as massless Dirac Fermions. In practice, very large mobility
is possible in graphene films, e.g. mobility of up to 106 cm2/Vs
has been reported in suspended samples [21]. Several devices have
been developed based on the electronic properties of graphene
such as graphene Field Effect Transistors (FETs) and graphene
inductors [22–25]. But, in addition to its remarkable electronic
properties, graphene also possess very interesting optoelectronic
properties, such as broadband optical absorption, which have lead
into the possibility of using graphene as a material enabling ap-
plications in communication systems at various wavelengths [26–
28]. Because of graphene being a gapless semiconductor, its con-
duction and valence bands intersect at one point, which is called
the ‘‘Dirac point’’. Upon optical excitation, there are two possible
optical transitions that can take place, namely, interband and intra-
band transitions. The optical conductivity of graphene can bemod-
elled as the superposition of two independent components arising
from these two types of transitions [29]:

σ (ω) = σintra (ω) + σinter (ω)
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here, e is electron charge, Ef is Fermi level, h̄ is the reduced Planck
constant, ω is angular frequency, τ is momentum relaxation time,
f (.) is the Fermi distribution function, and Γ is a coefficient that
describes the broadening of interband transitions. In deriving the
interband conductivity term, it is assumed that Ef ≫ kBT .

In the low frequency regime, intraband transitions dominate on
the conductivity of graphene, since long wavelength photons do
not carry enough energy to enable direct band-to-band transitions
thus can mainly trigger intraband transitions. In the terahertz
range, therefore, the interband contribution becomes negligible
and thus the optical conductivity of graphene can be described
with a Drude dispersion formula:

σ(ω) =
σDC

1 + jωτ
,

in which σDC is the direct current (DC) electrical conductivity
of graphene and τ is electron momentum relaxation time. By
controlling the carrier concentration in graphene, its conductivity
can be arbitrarily tuned. Based on this phenomena, a series of
graphene-based reconfigurable devices, which can find application
in future terahertz communications systems, have been proposed.
In the sections to follow we will discuss recent progress in terms
of such devices, namely on: graphene-based terahertz modulators
(Section 2), graphene-based terahertz emitters (Section 3), and
graphene-based terahertz detectors (Section 4).

2. Graphene-based terahertz modulators

2.1. Amplitude modulators

Due to its large conductivity swing, which is superior to that
of other semiconductor layers, graphene has attracted lots of
attention as a material for terahertz modulators [30]. Recent stud-
ies have reported large modulation depth and broadband opera-
tion in the terahertz regime by actively controlling the carrier con-
centration of a graphene layer and via the integration of graphene
with metamaterials under different configurations [27,31–47]. In
2012, Sensale-Rodriguez et al. reported for the first time a broad-
band graphene terahertz electro-absorption modulator [48]. By
applying a voltage between a graphene layer and a silicon sub-
strate, in a large-area FET-like configuration, the Fermi level in
the graphene film can be controlled. In those devices around 15%
modulation depth was reported [48,49]. Although the modulation
depth achieved using this technique is remarkable, when consid-
ering that the active material is just one atom thick, the overall
device performance is still far away from what is required by sys-
tem applications. However, there are several ways in which to im-
prove modulation depth. One of these is via using reflection mode
structures [50,51]. Integration of graphene into such structures can
boost the absorption in graphene due to electric field enhancement
when the distance between graphene and a reflector (e.g. a metal-
lic layer coated into the back of the substrate in which graphene
is transferred) is matched to an odd multiple of a quarter wave-
length [50]. The device structure, which consists of a graphene
layer on a silicon/silicon-dioxide substrate is depicted in Fig. 2(a).
Measurements of reflectance from the structure as a function of
bias voltage show that (i) at the frequency at which the substrate
thickness is matched to an odd multiple of a quarter wavelength,
i.e. 0.62 THz maximum reflectance modulation is attained, and (ii)
>64% amplitude modulation with 2 dB insertion loss is possible in
this structure, as shown in Fig. 2(b). However, because of the char-
acteristics of its geometry, the response of this structure is narrow
band, and owed to the large area of the device (∼cm2) the modu-
lation speed is limited (i.e. <10 kHz).

Terahertz modulation is also attainable in graphene plasmonic
structures. In this regard, Ju et al. proposed a design based
on stripes of graphene [52]. By changing the carrier density in
graphene it is possible to shift the geometric plasmonic resonance
of the device thus achieve amplitude modulation. However,
the extinction levels attainable in these structures at terahertz
frequencies (at the plasmonic resonance) is∼14%, which is limited
by themaximumachievable DC conductivity in typical quality CVD
graphene, and which can be enhanced by resorting to reflection
mode configurations [53].
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Fig. 2. (a) Sketch of a graphene-based reflectance modulator. The electric field
intensity exhibits a node at the back contact, which also acts as a reflector. At the
plane of graphene the electric field intensity depends on the substrate thickness
and can be maximized when the substrate thickness is an odd multiple of a
quarter wavelength. (b) Left panel: power reflectance as a function of frequency
for different bias voltages; around 580–590 GHz the power reflectance ismaximum
and invariant since, at these frequencies, the substrate thickness is an evenmultiple
of one-quarter of the terahertz wavelength; near 620 GHz the power reflectance is
minimum and voltage tunability is observed. Right panel: normalized reflectance
(R/R(VCNP )) at 620 GHz; the Dirac point voltage VCNP was found to be −10 V.
Source: Reprinted with permission from Ref. [50].
© 2012, American Chemical Society.

One step further is to integrate graphene with metamateri-
als and to take advantage of the electric field enhancement due
to the metamaterial so to boost the light matter interaction in
graphene [54–66]. However, as discussed by Yan et al., one should
keep in mind that in these structures there is always a trade-
off between the modulation depth, insertion loss and the band-
width of modulation [66]. Early experimental work on graphene
metamaterial modulators by Lee et al. showed very large (86%)
modulation depth, but at the expenses of a large insertion loss
(>10 dB) [65]. Later work by Valmorra et al. [67], reports a smaller
insertion loss (∼3 dB) with a much smaller modulation depth of
∼12%. Another low-bias terahertzmodulator based on the integra-
tion of split-ring resonator and a graphene layer was proposed by
Degl’Innocenti [68]. Modulation in a broad spectral range (2.2–3.1
THz) with a modulation depth of up to 18% was observed in this
structure. In this regard it is worth mentioning a theoretical study
by Tamagnone et al., which discusses the fundamental limits on
graphene modulator performance [33]. By means of exploring the
complete design space, the trade-offs between insertion loss and
modulation depth are explored, leading to a minimum attainable
loss for each given modulation depth level as depicted in Fig. 3;
from this analysis it is observed that 100% modulation depth with
less than 4 dB insertion loss is non realizable.

A metamaterial terahertz modulator based on periodic gold
slit arrays and utilizing graphene as an active load of tunable
conductivity was initially proposed in [69] and experimentally
demonstrated in [70]. A sketch of this structure is depicted in
Fig. 4(a). The field enhancement in the graphene layer is attained
via coherent radiation of the enhanced in-plane local-field in the
slits, thus preserving the broadband terahertz modulation of bare
graphene in the hybrid device. Therefore this structure is capable of
efficiently coupling terahertz radiation while exhibiting tunability
Fig. 3. Performances of terahertz modulators (modulation depth versus insertion
loss). The square represents ideal modulators, and the circle denotes the best
possible modulator with 100% modulation depth. Forbidden areas, non-realizable
designs, are depicted in yellow.
Source: Reprinted with permission from Ref. [33].
© 2014, Nature Publishing Group.

Fig. 4. (a) Schematic of a graphene/gold-slit-array hybrid device configuration.
The incoming terahertz wave is polarized perpendicular to the slit orientation. (b)
Normalized terahertz power transmission modulation as a function of graphene
conductivity. The solid line traces are simulation results for bare graphene (red) and
the hybrid device (blue). The empty dots are experimental data for bare graphene
(red) and the hybrid device (blue, magenta). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
Source: Reprinted with permission from Ref. [70].
© 2015, American Chemical Society

of the terahertz transmission over a broad frequency range as
shown in Fig. 4(b). Under this scheme strong terahertz absorption
and a large local field enhancement exist, leading to a modulation
depth of 90%. It is also possible to improve the modulation depth
in these structures by increasing the number of graphene layers,
the trade-off is that as the number of layers increases the insertion
loss also increases. For example, in 2015, Wu et al. [71] reported
on a broadband terahertz modulator based on graphene/ionic
liquid/graphene sandwich structures, as shown in Fig. 5(a). The
modulation depth obtained reached up to 99% in the frequency
range 0.1–2.5 THz. Moreover, it is observed that the modulation
depth improves as the number of stacked graphene pairs increases
(see Fig. 5(b)).

Another recently proposed approach towards high-performance
graphene modulators includes the use of hybrid systems in which
by optically pumping the structure, the properties of the graphene
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Fig. 5. (a) Geometry of an ionic-liquid-based graphene-based terahertzmodulator:
the sandwich structure consists of two quartz glasses coated with graphene films,
two spacers, and an ionic liquid. The spacers are located at the edges of the quartz
glasses so to support the graphene cavity with the ionic liquid. Cr/Au electrodes
are deposited at one edge of each graphene film. (b) Comparison of terahertz
modulation in devices with different number of graphene layers (single-layer,
bilayer, and trilayer) showing a similar modulation depth in all cases. The double-
deck device, which attains a larger modulation depth, is fabricated by stacking
different bilayer and trilayer graphene devices.
Source: Reprinted with permission from Ref. [71].
© 2015, Copyright 2014 John Wiley & Sons, Inc.

layer are altered and thus by properly engineering the device
it is possible to obtain significant modulation depth [72,73]. A
graphene terahertz modulator based on an optical pumping ap-
proach was demonstrated by Wen et al. in [73]. This terahertz
modulatorwas based on single-layer graphene on germanium. The
modulator was driven optically with a low power 1.55 µm laser.
The authors claim that the main mechanism enabling terahertz
modulation is the third order nonlinear effect [74–76] in the opti-
cal conductivity of the graphene. The modulator shows wide-band
modulation in the range 0.25–1 THz with a modulation depth up
to 94%.

A terahertz wave modulator employing waveguide-integrated
geometries was proposed in [77]. The modulation depth in these
structures is expected to be >38 dB based on simulations show-
ing an excellent ON-state transmission (low insertion loss). Yet,
another approach includes the integration of graphene in more
complex systems. In [78], Liang et al. demonstrated that >94%
modulation depth can be attained via the monolithic integration
of a surface-emitting terahertz quantum cascade laser featuring a
concentric circular grating with modulation speeds up to 110MHz
(∼3 orders magnitude faster than previous graphene-based tera-
hertz modulators). The improvement in performance and speed is
achieved as a result of the small area of the resulting device, and
stronger interaction of the terahertz radiation with the graphene
layer due to monolithic integration of modulator and source.

Finally it is worth mentioning that optical excitation and DC
bias could be employed together as actuation mechanism. In a
very recent study by Li et al. [79], a graphene–silicon hybrid de-
vice was experimentally demonstrated. This device, which poses
a ‘diode’ behaviour is actuated under simultaneous CW photoex-
citation and DC bias voltage as shown in Fig. 6((a)–(b)). This new
graphene–silicon configuration exhibited a relatively large modu-
lation depth of up to 83% at a low gate bias voltage of 4 V.

2.2. Phase modulation

Graphene can be also employed as a reconfigurable material
enabling phase modulation at terahertz frequencies, which is
also of interest for communications applications. Several devices
have been proposed as terahertz phase modulators. Early device
proposals consist of hybrid graphene/metal structures composed,
namely, of: (a) a metallic metasurface, which provides a sharp
resonance, and (b) a layer of graphene, which when a bias voltage
is applied can provide tunability in to the device [44,80,81]. In
these structures, it can be observed, as discussed by Chen et al.
Fig. 6. (a) Schematic of a graphene–silicon terahertz diode. The double-layer
graphene, which lies on top of the silicon substrate, was photoexcited with
green light and biased with a voltage Vg . (b) Gate- and photoexcitation-controlled
amplitude change of the normalized time-domain transmission peaks in the
double-layer graphene on silicon device depicted in (a). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
Source: Originally published in [79] under CC BY 4.0 license.

[82], that the terahertz transmission amplitude and phase through
the graphene/metal hybrid structure are not independent of each
other, but they are related by Kramers–Kronig(KK) relations. Near
frequencieswheremaximumamplitudemodulation is achievedno
phase modulation takes place. In contrast, near frequencies where
there is no amplitude modulation (i.e. the transmission amplitude
is independent of the bias voltage), the phase experiences
maximum shift. From this point of view at the frequencies where
maximum modulation of phase is obtained there is no amplitude
modulation, which makes these structures attractive as phase
modulators. Moreover, a later theoretical study also showed that
by using a planar graphene plasmonic waveguide, phase shifting
is possible [83]. In terms of experimental demonstrations, Lee
et al. reported on a multilayer structure composed of a metallic
metasurface (honeycomb lattice) on top of a graphene layer; two
extraordinary transmission electrodes are placed on both sides of
this layered structure so to gate graphene. A sketch of the device
structure is depicted in Fig. 7(a). Shown in Fig. 7(b) is the phase shift
versus applied bias in this structure, a 65° phase shift is observed
at a frequency of 0.9 THz [65]. Another potential structure enabling
phase manipulation consist of periodically arranged graphene
squares as theoretically proposed by Carrasco et al. [84]. Moreover,
in this structure, via independently tuning the Fermi level in
graphene in each of the square patches, reflect-arrays can be
engineered, which might find use in beam shaping applications.

3. Graphene-based terahertz emitters

Currently available terahertz sources can be categorized in
three groups: (i) electronic-based sources. These sources are
typically used at millimetre-wave and microwave frequencies.
Their operation is limited by reactive parasitics and/or the intrinsic
electron transient time. Moreover, the attainable output power
levels roll off at high frequencies, which makes them inefficient at
frequencies above 1 THz [85]. (ii) tube-sources, which, although can
operate at larger frequencies in the terahertz band than electronic-
based sources, face the problem of being non-contact and a need
for very high fields [86,87]. (iii) solid-state (quantum cascade) lasers,
as used in the IR range. These sources are not efficient at room
temperature, and cryogenic operation is required. This is owed
to terahertz photons being associated with ∼meV energies, thus
energy levels that are comparable to phonon energies in the lattice.

Nowadays, most terahertz sources operate by frequency con-
version either from a lower frequency range (frequency multipli-
cation), or from a higher frequency range (photomixing) [5]. From
this perspective, new materials with extraordinary electro-optical
properties, such as graphene,might provide a solution to these lim-
itations.
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Fig. 7. (a) Detail of the stacked structure of a graphene-basedmetamaterial, which
shows a strong phase modulation at 0.9 THz. (b) Right panel: fractional change on
transmission as a function of frequency. Left panel: phase modulation as a function
of frequency.
Source: Reprinted with permission from Ref. [65].
© 2012, Nature Publishing Group.

Fig. 8. (a) Schematic image of the stimulated terahertz emission in IR-pumped
graphene. (b) Sketch of excitation of terahertz SPPs in a population inverted
graphene layer. (c) Frequency dependences of SPP absorption (left) and gain
(right) for monolayer population-inverted graphene on SiO2/Si substrate at 300 K
for different quasi-Fermi energies. Very large terahertz gain (negative values of
absorption) of the order of 104 cm−1 is possible in such configuration.
Source: Originally published in [88] under CC BY 3.0 license.

Early work by Ryzhii et al. shows that interband population
inversion can be achieved in graphene both by optical pumping
(Fig. 8(a)) or carrier injection, e.g. [89,90]. Later, a graphene pho-
tonic laser based on dielectric and slot-line waveguides was pro-
Fig. 9. (a) Schematic cross-sectional view of a proposed multi-graphene-layer
terahertz laser with chemically doped n- and p-sections. (b) Example dynamic
conductivity versus frequency showing the possibility of attaining negative
dynamic conductivity in such structures.
Source: Reprinted with permission from Ref. [95].
© 2011, American Institute of Physics.

posed [91]. Stimulated emission of terahertz and IR photons from
population inversion in graphene was experimentally observed in
these structures [92,93]. However, there is a fundamental limi-
tation in these graphene terahertz lasers, which is related to the
quantum conductance of graphene, i.e. the interband absorption
by amonolayer of graphene is limited to e2

4h̄ = 2.3% [94]. In order to
overcome this limitation, there are several approaches that can be
followed. One of them is to increase the number of graphene layers,
which in turn will increase the absorption. However, in Ref. [91]
it is shown that by following this approach the absorption coeffi-
cient still remains low, i.e. in the order of 1 cm−1 with 20 layers of
graphene. Another approach is via using a waveguide, so that pho-
tons canpropagate in the plane of graphene instead of at normal in-
cidence into it, and thusmaximize gain and overcome the quantum
limitation in vertical cavity structures. A third approach consists in
using Surface Plasmon Polaritons (SPPs) in graphene as depicted
in Fig. 8(b); the fact that the plasmonic group velocity in graphene
is several orders of magnitude smaller than the group velocity of
a free-space wave can boost the light-matter interaction when a
plasmonic wave is excited in graphene. This will cause the gain co-
efficient of plasmonic structures to be several order of magnitude
larger than the gain in photonic structures. Excitation and propa-
gation of SPPs along population inverted graphene sheets has been
studied in Ref. [88], where it is shown that the localization of SPPs
and their small group velocity leads to large gains as depicted in
Fig. 8(c). Moreover, based on the population inversion in graphene
layers, a current-injection terahertz laserwas also proposed [95]. A
sketch of the structure is depicted in Fig. 9(a). The structure is based
on a p–i–n junction. Population inversion can be achieved by ap-
plying a voltage between source and drain (see Fig. 9(b)). The elec-
trons and holes can recombine by means of an optically-assisted
interband transitionwhich result in spontaneous terahertz photon
emission when the applied voltage is in the order of couple of mV
to tens ofmV.Moreover, plasmon emissionwas also demonstrated
in a suspended graphene sheet due to carrier recombination [96].
Picosecond photocurrent is observed in a suspended sample with
a stripline metal contact, i.e. by applying electric field to the metal
graphene contact a photocurrent along with a photothermoelec-
tric current is generated. It is shown that if the sample is optically
pumped, electromagnetic radiation can be generated up to 1 THz.

4. Graphene-based terahertz detectors

Besides communications applications, photodetection of ter-
ahertz radiation is relevant for a variety of strategic spectro-
scopic applications, ranging from biological applications, medi-
cal diagnostics, pharmaceutical sciences, to process control and
homeland security [4,97]. Conventional terahertz and sub-THz de-
tection systems based on incoherent (pyroelectric, Golay cell, Si
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bolometers) or coherent (heterodyne mixers) approaches are ei-
ther very slow (∼100 Hz modulation frequency) or require deep
cryogenic cooling, while those exploiting fast nonlinear electron-
ics (Schottky diodes) show a significant drop of performance above
1 THz [98]. Recently, room temperature field effect transistors have
been shown capable of detecting terahertz waves in the 0.3–3 THz
range based on InAs nanowire FETs [99,100]. These detectors have
shown very fast response and high responsivities [101], and have
also been implemented in multi-pixel focal plane arrays for imag-
ing applications [102].

In a series of pioneering papers [103–106], Dyakonov and Shur
proposed a mechanism enabling detection of terahertz radiation,
which is based on the fact that a FET hosting a two-dimensional
electron gas (2DEG) can act as a resonant cavity for electron plasma
waves. According to the Dyakonov–Shur scheme, a plasma wave
is launched by modulating the carrier density and velocity by an
incoming terahertz wave coupled by an antenna structure. Due to
the nonlinearities in the electron transport, the terahertz electric
field is rectified like in square law detectors thus a constant (DC)
source to drain photovoltage is induced.When the electron plasma
wave is launched at the source terminal of the FET, it might reach
the drain terminal in a time shorter than the electron momentum
relaxation time (τ ), or, ωτ > 1 and L < sτ , where L is the
channel length, s is the plasmawave velocity, in this case the device
photoresponse will be resonant [101,105,106]. This condition
requires electron mobility to be in the order of several thousands
cm2/Vs at frequencies >1 THz. Broadband detection occurs, when
the electron plasma wave is overdamped or when the channel
length of the FET is larger than the length over which plasma
waves can travel [101,105–107]. This regime has the advantage
that the responsivity can be maximized with the gate bias Vg
(while measuring the output at the drain with no source–drain
bias applied), thus dramatically improving the signal to noise ratio
(SNR). Resonant photodetection is still to be fully demonstrated at
room temperature, although some suggestive evidences have been
reported in HEMTs [108,109]. However, still, the large, spectrally
sharp, and tunable responsivity enhancements, with respect to the
non-resonant case, are yet to be achieved. High mobility at room
temperature is therefore crucial to take full advantage of resonant
detection.

Recently, it has been understood that graphene can pave the
way for the realization of robust and cheap terahertz detectors
operating at room temperature and based on the Dyakonov and
Shur scheme [97,110]. Graphene has indeed such a high carrier
mobility, even at room temperature [111]. Furthermore, it sup-
ports plasma waves that are weakly damped in high-quality sam-
ples [112,113]. Thus, single-layer (SL) and bilayer (BL) graphene
FET (GFET) plasma-based photodetectors could outperform other
terahertz detector technologies. In the last couple of years, var-
ious graphene based structures have been proposed i.e. SL or
BL graphene–insulator–graphene heterostructure tunnel FET (GIG
TFET) [114–120], vertical graphene-based hot-electron transis-
tors [121], lateral SL or BL GFET [122], vertical cascade multiple
graphene layer structures [123], etc., for resonant detection. The
plasma properties of a 2DEG become more pronounced with de-
creasing effective masses and increasing electron mobility [97].
Although the dispersion of plasma waves in gated graphene is
strongly nonlinear and density dependent, for fairly long wave-
lengths compared to the gate-graphene distance, a linear approx-
imation holds quite well. The resulting plasma velocity (s) consid-
erably exceeds that of electrons (holes) in III–V 2DEGs. As a result
the quality factor Q determining the sharpness of the plasma reso-
nances Q = ωτ is directly linked to the mobility µ, meaning that
graphene-based heterostructures with elevated mobilities should
show very pronounced plasma resonances.

A promising graphene device consists of a GIG TFET as reported
in [114]. Such devices have been fabricated and characterized —
Fig. 10. (a) Schematic of a Graphene–Insulator–Graphene resonant tunnelling
transistor, and (b) measured current–voltage characteristics of such a device; the
inset shows schematically the relative positions of the Fermi energies of the two
graphene layers at the peak of the I(V ) curve. Originally published in [117] under
CCBY3.0 license. (c) Schematic viewof aGIG TFET structurewith ‘‘electrical doping’’
and top gate serving as the grating coupler.
Source: Reprinted with permission from Ref. [120].
© 2014, American Institute of Physics.

using both SL and BL graphene [see Fig. 10(a) and (b)]. The DC and
RF characteristics for such devices have been extensively studied
[114–120,124–126] and both SL and BL GIG TFETs show negative
differential conductance as depicted in Fig. 10(b) [117–119].
Recent works demonstrate that such GIG TFET structures can show
strong resonant terahertz detection, compared to ungated GIG
TFET structures, see Refs. [115,116,124]. The developed analytical
model clearly shows that at frequencies close to ωp (resonant
frequency) or its harmonics, the detector responsivity exhibits
sharpmaximaprovided the plasmaoscillation quality factorQ >>
1. Since, the electron plasma wave group velocity (s) depends on
bias voltage Vg andωp depends on s and L (graphene length), hence
the responsivity peak can be tuned by means of either changing
VG or L. Efficient coupling of the terahertz radiation into plasmons
in these structures can be done using grating gate topologies as
depicted in Fig. 10(c) [120].

Graphene has also been proposed for broadband terahertz
detection by employing a simple top-gate antenna-coupled
configuration for the excitation of overdamped plasma waves in
the channel of a GFET [110]. Log-periodic circular toothed as well
as bow-tie antennas has been used for 0.29–0.4 THz, 2 and 4 THz
radiation detection [110,128,129]. Similarly split-bow tie antenna
has also been used to improve the coupling and hence responsivity
at 0.6 THz [127]. The photovoltage in this type of devices is
proportional to the derivative of the channel conductivity with
respect to VG, according to the phenomenological formula from the
diffusive theoretical model [130,131]:

∆U ∝


1
σ

dσ
dU


U=Vg

.

Fig. 11(a) and (b) plots Rv (voltage responsivity) measured
in exfoliated SL and BL graphene on Si/SiO2 FETs at room
temperature, for 0.3 THz, while sweeping Vg from −1 to +3.5 V
and modulating the terahertz source at 500 Hz [110]. Each SL
curve in Fig. 11(a) corresponds to a different relative orientation
between the source electric-field polarization and the antenna
axis. In the case of the SL device the photoresponse drops rapidly
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Fig. 11. Room temperature responsivity as a function of gate bias (Vg ) for terahertz detectors based on (a) SL-GFET (with data for different angles between the beam
polarization axis and the antenna axis), and, (b) BL-GFET (detail). The detectors depicted in (a) and (b) consist of a log-periodic circular-toothed antenna between source and
gate, different background colours identify regions below and above the Dirac point. Reprinted with permission from Ref. [110]. Copyright 2012 Nature Publishing Group.
(c) SL-GFET with a split bow-tie antenna patterned, and, (d) NEP for SL-GFET with a split bow-tie antenna patterned. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
Source: Reprinted with permission from Ref. [127].
© 2014, American Chemical Society. Insets: SEM micrographs of the fabricated devices with respective antenna structures.
with angle until it becomes almost zero when the incoming
polarization is orthogonal to the antenna axis, confirming the
efficacy of the dipole antenna. Fig. 11(c) and (d) plots Rv and NEP
(noise equivalent power) measured in CVD grown SL on Si/SiO2
FETs at room temperature, for 0.6 THz, while sweeping VG from
−1.5 to +1.5 V [127]. Together with the expected photovoltage
change in the vicinity of the Dirac point, a further sign switch is
observed in all cases, suggesting a possible contribution of photo-
thermoelectric origin [132,133]. Similar results were obtained
for detection at 1.63 and 3.11 THz using graphene FETs, where
the drain and source contact leads worked as antennas for the
incoming terahertz radiation [133].

As per other experimental work on graphene based terahertz
detectors is concerned, several processes of photocurrent gener-
ation contribute in biased graphene, namely: (a) the photo ther-
moelectric Seebeck effect, (b) the photovoltaic effect, and (c) the
photo-induced bolometric effect. Device operation based on all
these three processes has been demonstrated in the mid-infrared
and far infrared regimes [134]. In the bolometric process, the in-
cident electromagnetic radiation raises the local temperature of
graphene, which alters the resistance of the device, producing a
change in DC current under bias. Recent work based on dual gated
bilayer graphene (DGBLG) hot-electron bolometer (HEB) opera-
tion is reported in Ref. [135]. Fig. 12(a) shows the schematic and
Fig. 12(b) shows the photoresponse, of this device. In Ref. [135]
BL graphene was used as BL graphene small electron heat capac-
ity and weak electron–phonon coupling/interaction creates a bot-
tleneck in the heat path, thus gives rise to a temperature depen-
dent resistance (∆R) induced by the large change in electron tem-
perature. This photon absorption-induced ∆R is then converted to
a detectable electrical signal. The photoresponse in this device at
terahertz frequency, has a photovoltaic contribution as well [136],
but the photoresponse is dominated by the bolometric effect for
gapped BL graphene, with majority of the optical energy being lost
to hot electrons and then to acoustic phonons. Electrons do not
pass the energy to optical phonons even though the optical en-
ergy is higher than the optical phonon energy as theoretical and
experimental results indicate that the electron–electron scattering
rate is higher than the electron–phonon scattering rate and elec-
trons tend to thermalize among themselves before passing the en-
ergy to other degrees of freedom. The developed detector exhibits
a voltage responsivity of about 2× 105VW−1 and an electrical NEP
of about 33 fWHz−1/2 at 5 K. A high intrinsic speed of the device
(>1 GHz at 10 K) is also demonstrated (see Fig. 12(c)).

Room temperature terahertz detection using the photother-
moelectric effect (PTE) in graphene has also been shown experi-
mentally recently [137–139]. In photothermoelectric processes, a
laser spot produces a temperature gradient in the device, which
togetherwith a doping asymmetry generates a thermoelectric cur-
rent [134]. The hot-electron PTE in graphene is a promising detec-
tion mechanism; photoexcited carriers rapidly thermalize due to
strong electron–electron interactions, but lose energy to the lattice
more slowly. The electron temperature gradient drives electron
diffusion, and asymmetry due to local gating or dissimilar contact
metals produces a net current via the thermoelectric effect. Sign
reversal of photoresponse with gate voltage also indicates the ex-
istence of PTE [132,133]. Fig. 13(a) shows, the opticalmicrograph of
an optimally coupled graphene photothermoelectric detector de-
vice fabricated using exfoliated SL graphene. The graphene ther-
moelectric terahertz photodetector exhibits voltage responsivity
of about 700 VW−1 at room temperature (see Fig. 13(b)) andNEP of
about 20 pWHz−1/2, referenced to the incident (absorbed) power.
Fig. 13(c) shows another device with multiple graphene channels
so to enhance the signal. A significant advantage of this device is
its speed; Fig. 13(d) shows, for the device depicted in Fig. 13(c),
the electrical impulse response to terahertz excitation, which is
found to be ∼110 ps. Similar results were obtained at higher fre-
quencies up to 8 THz utilizing a tunable plasmonic resonance in
subwavelength graphene nanoribbons to increase absorption ef-
ficiency [138]. In this work [138], by using dissimilar metal elec-
trodes, a photothermoelectric detector was formed with tilted
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Fig. 12. (a) Schematic of a bolometer device geometry with electric-field-effect
gating (DGBLG HEB). (b) Photoresponse of a DGBLG HEB, Blue squares represent
the photoresponse and red circles represent the electrical resistance∆R = ∆V/IDC .
(c) Response time of the DGBLG HEB.
Source: Reprinted with permission from Ref. [135].
© 2012, Nature Publishing Group.

Fig. 13. (a) Optical micrograph showing the electrical contact of a graphene
photothermoelectric detector. (b) Responsivity to 119 µm wavelength terahertz
radiation for the device depicted in Fig. 4(a). (c) Micrograph of a device with
multiple graphene channels. (d) Time-domain photoresponse to pulsed laser
excitation for the device depicted in Fig. 4(c).
Source: Reprinted with permission from Ref. [137].
© 2014, Nature Publishing Group.

graphene microribbon array. An enhanced photovoltage at room
temperature was observed when the carrier density of graphene
is tuned such that, the plasmon resonance frequency matches the
continuous-wave terahertz excitation.

5. Conclusion

Graphene has a great potential to revolutionize terahertz com-
munications applications in decades to come. In a span of just a
few years graphene has shown state-of-the-art modulator perfor-
mances, and graphene-based detectors are also rapidly approach-
ing the performance of state-of-the-art terahertz technologies. As
for generation of terahertz waves, the potential of graphene is
instead almost completely unexplored. Although many theoreti-
cal proposals of graphene based terahertz sources have recently
arisen, conclusive experimental demonstrations are still lacking. In
addition, it is expected that a myriad of technological possibilities
will open up when graphene devices are integrated with existing
technologies.
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