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Photodetectors based on graphene, other
two-dimensional materials and hybrid systems

F. H. L. Koppens™, T. Mueller?, Ph. Avouris3, A. C. Ferrari*, M. S. Vitiello® and M. Polini*¢

Graphene and other two-dimensional materials, such as transition metal dichalcogenides, have rapidly established themselves
as intriguing building blocks for optoelectronic applications, with a strong focus on various photodetection platforms. The ver-
satility of these material systems enables their application in areas including ultrafast and ultrasensitive detection of light in
the ultraviolet, visible, infrared and terahertz frequency ranges. These detectors can be integrated with other photonic compo-
nents based on the same material, as well as with silicon photonic and electronic technologies. Here, we provide an overview
and evaluation of state-of-the-art photodetectors based on graphene, other two-dimensional materials, and hybrid systems
based on the combination of different two-dimensional crystals or of two-dimensional crystals and other (nano)materials, such

as plasmonic nanoparticles, semiconductors, quantum dots, or their integration with (silicon) waveguides.

multitude of technologies that affect our daily lives. Applications,

including video imaging, optical communications, biomedi-
cal imaging, security, night-vision, gas sensing and motion detection
have reached a high level of maturity due to the development of high-
performance materials and large-scale production and integration
technologies. Although the scale and diversity of application areas are
growing, the need for a photodetection platform with higher perfor-
mance in terms of speed, efficiency or wavelength range, as well as flex-
ibility, transparency and complementary metal-oxide-semiconductor
(CMOS) integrability, is becoming more eminent.

Graphene is an appealing material for photonics and optoelec-
tronics because it offers several advantages compared with other
materials'®. A variety of prototype optoelectronic devices have
already been demonstrated, such as transparent electrodes in dis-
plays® and photovoltaic modules™, optical modulators®, plasmonic
devices' and ultrafast lasers’. Among these, significant effort has
been devoted to developing photodetectors, based on a number of
distinct characteristics of graphene and related materials (GRMs).
First, graphene is gapless. This enables charge carrier generation by
light absorption over a very wide energy spectrum, unmatched by
any other material. This includes the ultraviolet, visible, short-wave
infrared (SWIR), near-infrared (NIR), mid-infrared (MIR), far-
infrared (FIR) and terahertz (THz) spectral regimes. Furthermore,
graphene exhibits ultrafast carrier dynamics'"?, wavelength-inde-
pendent absorption®*-'5, tunable optical properties via electrostatic
doping'®?, low dissipation rates and high mobility, and the ability to
confine electromagnetic energy to unprecedented small volumes**.
The high carrier mobility enables ultrafast conversion of photons or
plasmons to electrical currents or voltages''.

Many of the characteristics and unique capabilities of photodetec-
tion systems based on graphene have been studied over the past few
years, and several applications have been addressed. Some of these
have already reached a level of competitiveness with existing tech-
nologies that may spark interest for commercialization. Importantly,
graphene is compatible with the highly mature silicon-based plat-
form for electronics and photonics?*?, making it a strong contender
for low-cost and large-scale integration into optoelectronic networks
and multipixel CMOS read-out circuits.

| he conversion of light into electrical signals is at the heart of a

Graphene is just one of a large number of possible two-dimen-
ional (2D) crystals that are only now beginning to be investi-
gated”?**. There are hundreds of layered materials that retain their
stability down to monolayers, and whose properties are comple-
mentary to those of graphene. Transition metal oxides (TMOs) and
transition metal dichalcogenides (TMDs) have a layered structure®.
Atoms within each layer are held together by covalent bonds, while
different layers are mainly held together by van der Waals interac-
tions®. Compared with classical direct-bandgap semiconductors,
TMDs can offer additional advantages in the context of optoelec-
tronics because of their transparency, mechanical flexibility and
easy processing. Moreover, the ability to tune the bandgap by vary-
ing the number of layers (N) allows the detection of light at differ-
ent wavelengths. These properties complement those of graphene
in many ways: graphene is useful for broadband, ultrafast technolo-
gies, whereas semiconducting TMDs are advantageous for applica-
tions requiring strong light absorption and electroluminescence. A
promising approach is to combine these properties and create mul-
tifunctional, high-performance materials consisting of graphene
and other 2D crystal heterogeneous stacks and hybrid devices.
Graphene layers can be employed as work-function tunable elec-
trodes, while TMDs are utilized as photoactive material, displaying
strong light-matter interaction and photon absorption.

In this Review, we discuss the current state-of-the-art of photo-
detectors based on GRMs and hybrid systems realized by the com-
bination of different 2D crystals or of 2D crystals and other (nano)
materials, such as plasmonic nanoparticles, quantum dots (QDs),
or by the integration of GRMs with silicon waveguides. First, the
terminology and basic physical mechanisms of photodetection are
discussed, then the experimental realizations of various kinds of
photodetector, including techniques to enhance sensitivities and
light absorption. We conclude with a critical discussion on the
level of maturity and performance of current state-of-the-art GRM
photodetection platforms in comparison with existing technologies.

Physical mechanisms enabling photodetection

The key principle on which photodetection and other optoelec-
tronic applications rely is the conversion of absorbed photons into
an electrical signal. Several different mechanisms by which this can
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be accomplished in graphene have been reported. These include
the photovoltaic effect, the photo-thermoelectric effect, the bolo-
metric effect, the photogating effect and the plasma-wave-assisted
mechanism. In the following, we describe these mechanisms, when
each of them may become dominant and their manifestations in
GRM-based photodetectors.

Note that the relevant terminology, units and key figures of mer-
its for photodetectors (such as the concepts of photocurrent, speed,
internal and external quantum efficiencies, responsivity, detectivity,
noise-equivalent power and photoconductive gain) are summarized
in Box 1.

Photovoltaic effect. Photovoltaic (PV) photocurrent generation
is based on the separation of photogenerated electron-hole (e-h)
pairs by built-in electric fields at junctions between positively
(p-type) and negatively (n-type) doped regions of graphene or
between differently doped sections®-?* (Fig. 1b,d). The same effect
can be achieved by applying a source-drain bias voltage (V).
producing an external electric field. But this is generally avoided
in the case of graphene, as it is a semimetal and therefore it gen-
erates a large dark current. The built-in field can be introduced
either by local chemical doping®, electrostatically by the use of
(split) gates®®, or by taking advantage of the work-function dif-
ference between graphene and a contacting metal?-2%%!. In the case
of split gates, the doping can be tuned to be p or n, depending on
the applied gate voltages, whereas in the case of graphene-metal
junctions the doping in the contacted area is fixed. This is typi-
cally p-type for metals with a work function higher than that of
intrinsic graphene (4.45 eV), whereas the graphene channel can be
p or n. The photocurrent direction depends only on the direction
of the electric field, not on the overall doping level. Thus, it switches
sign when going from p-n to n-p, or from p-p* to p*-p, where p*
means stronger p-type doping compared with p.

We note that electron—electron (e-e) scattering®™** can lead to the
conversion of one high-energy e-h pair into multiple e-h pairs of
lower energy'>***. This process, also denoted as carrier multiplication,
can potentially enhance the overall photodetection efficiency.

Photo-thermoelectric effect. Hot-carrier-assisted transport can
play an important role in graphene®**** (Fig. la-d). Because of
strong e—e interactions®, a photoexcited e-h pair will lead to ultra-
fast (~10-50 fs) heating of the carriers in graphene*-*. Because
the optical phonon energy in graphene is large** (~200 meV),
hot carriers created by the radiation field can remain at a tempera-
ture T, (and thus energy k;T,, with k; the Boltzmann constant)
higher than that of the lattice for many picoseconds. Final equi-
libration of the hot electrons and the lattice occurs via the slower
scattering between charge carriers and acoustic phonons*”*%. These
processes take place on a nanosecond timescale”, although they
experience a substantial speed-up attributed to disorder-assisted
collisions*->!.

The photogenerated hot electrons can produce a photovoltage,
Ve Dy the photo-thermoelectric (PTE) effect (Seebeck effect):
Viore = (S, = S))AT,, where S, (in V K) is the thermoelectric power
(Seebeck coefficient) in the two graphene regions with different
dopings, and AT, is the electron temperature difference between the
regions. More generically, V1, can be calculated by integrating the
local electric field generated by an optically induced temperature
gradient, VT, together with a spatially varying Seebeck coefficient:
Vg =[S - VT, dx. The PTE effect can dominate in graphene p-n
junctions®* or in suspended graphene®. Because hot electrons,
rather than lattice heating, generate the electronic response under
these conditions, PTE graphene detectors can achieve high band-
widths, as in the case of PV detectors. The thermoelectric power S

Box 1| Terminology and key figures of merit in photodetectors.

Light impinging on a device, with a photon energy E,;, and power
Py, corresponds to an incoming photon flux ¢,, = P,,/E,;, and an
absorbed photon flux ¢,,, = ¢, A,,,, with A the absorbed frac-
tion. The external quantum efficiency, EQE, is equal to the num-
ber of electron-hole (e-h) pairs per second collected to produce
the photocurrent I;, divided by the number of incident photons
per second: EQE = (I,,/q)/¢;,, where q is the electron charge. The
internal quantum efficiency (IQE) is calculated in a similar way
except that in this case the absorbed photon flux is considered:
IQE = (I,,/q)/ .- The responsivity of a photodetector is the pho-
tocurrent I, divided by the incident power: R}, = I,,/P,,, or, if the
photoinduced voltage, V;, is measured, R, = V,;/P,,. For exam-
ple, in a detector with 100% EQE, R,,= 1 A W' for E;, = 1 eV. The
noise equivalent power (NEP) is the signal power where the sig-
nal-to-noise ratio is unity, usually expressed in units of W Hz >,
Another typical figure of merit used to characterize the perfor-
mance of a detector is the specific detectivity D*, which is given
by D* = (A-BW)**/NEP. D* is measured in cm Hz"? W', this unit
was named after R. C. Jones, whereby 1 cm Hz'> W~! = 1 Jones,
in recognition of his work on sensitivity of radiation sensors.
Here, A is the area of the photosensitive region, and BW is the
frequency bandwidth of the detector.

For sensitized photoconductors the external quantum effi-
ciency is defined as QE = #,,,, #ap Where 7., is the charge trans-
fer efficiency and #,,, is the light absorption efficiency. A second
important parameter is the lifetime, 7, of the charge residing
in the particles, as the light-induced change in carrier density
An scales linearly with it: An = 7, x QE x ¢,,. Photoconductive
detectors are often benchmarked by their photoconductive gain,
G, = (I,/9)/(¢,,QE), that is, the number of detected charge car-
riers per single incident photon. This can be quantified by the
ratio of the lifetime of the trapped carriers over the drift tran-
sit time, T, Of the SLG charge carriers from source to drain:
Gy = Til Tiansit- Teansit 1 governed by the applied field, thus it is
shorter for higher bias and mobility: .., = L (¢ V), with L the
source—drain separation distance.

(also called thermopower) is related to the electrical conductivity o
by the Mott formula®:

k3T, 1 do

S=- =
3q 0 o0e

&)

where q is the electron charge, and the derivative of the electrical
conductivity o with respect to energy & must be evaluated at the
Fermi energy, that is, at &€ = &, = hAv;k;, with # the reduced Planck
constant, v the Fermi velocity (which in graphene® is ~10° m s™)
and k; the Fermi wavevector. Note that, because equation (1) was
derived by utilizing the Sommerfeld expansion®, it is valid only for
kT << ¢ For this condition, S can be calculated from the transport
characteristics of the device, that is, from the dependence of con-
ductance on gate voltage. A typical curve with the dependence of §
on carrier density (n) is shown in Fig. 1b.

Bolometric effect. The bolometric effect is associated with the change
in the transport conductance produced by heating associated with
the incident photons (Fig. 1d). A bolometer measures the power of
electromagnetic radiation by absorbing the incident radiation (dP)
and reading out the resulting temperature increase d7. Bolometers
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Figure 1| Photodetection mechanisms. a, Top: Schematic of the double-gated device used to evaluate the PTE effect in ref. 30. By applying appropriate
biases to the top (V;4) and back (V) gates, two differently doped graphene regions are created. Bottom: Scanning photocurrent of the device®’. Dashed
outlines indicate the contacts (green) and top gate (red). b, Calculation of the photocurrent from hot carriers (HC) and photovoltaic (PV) effects. The PV
contribution changes sign when the electrical field changes sign, while the HC contribution changes sign twice. The chemical potential y relative to the
Dirac point (grey dashed line) is also plotted in the top graph. ¢, Photovoltage as a function of V¢ and V.. A sixfold change of polarity is observed. Grey
dashed lines show high resistance as obtained from transport measurements. d, Schematic representation of the four photocurrent generation mechanisms
discussed in the main text. First panel: electron-hole (solid and open circle) separation by an internal electric field. Second and third panels: red shaded
area indicates elevated electron temperature with AT the temperature gradient and AR the resistance across the channel; S, and S,, Seebeck coefficient in
graphene areas with different doping. Third and fourth panels: S and D indicate source and drain, and G the gate; V., photogenerated d.c. voltage; V,c, a.c.
voltage applied to the gate. Figures reproduced with permission from: a, ref. 30, © 2011 American Chemical Society; b, ref. 38, © 2011 American Chemical
Society; ¢, ref. 37, © 2011 The American Association for the Advancement of Science.

are mainly made of semiconductor® or superconductor absorptive
materials® and are widely used in the submillimetre (THz) wave-
length range, where they are among the most sensitive detectors. The
key parameters of a bolometer are the thermal resistance R, = dT/dP,
which ultimately defines its sensitivity, and the heat capacity G,
which determines its response time 7 = R, G, (ref. 56). Graphene has
small volume for a given area and low density of states, which results
in low C,, thus a fast device response. The cooling of electrons by
acoustic phonons is inefficient, owing to the small Fermi surface, and
cooling by optical phonons requires high T, (k;T, > 0.2 eV). Thus R,
is relatively high, giving rise to high bolometric sensitivity.

As this photodetection mechanism is based on a light-induced
change in conductance, instead of direct photocurrent generation,
it requires an externally applied bias and can operate on homogene-
ous graphene, without the need to introduce a p-n junction. The
conductance change induced by the incident light can be due to
two mechanisms: (1) a change in carrier mobility due to the associ-
ated temperature change; or (2) a change in the number of carriers
contributing to the current. We note that (2) coincides with the PV
effect, with the electric field generated by the external bias.

Photogating effect. The photogating effect is based on light-
induced modification of the GRM carrier density An and therefore
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its conductance Ao = Angu, where y is the mobility. We can distin-
guish two cases. In the first, e-h pair generation takes place in the
GRM, and subsequently one of the two carrier types (electrons or
holes) is trapped (for example, in charge traps or in nearby mol-
ecules of nanoparticles). In the second, e-h pair generation takes
place in nanoparticles, molecules or charge traps in the vicinity of
the GRM. Subsequently, one type of carrier transfers to the GRM (in
some cases driven by an internal field) and the other resides in the
particles, molecules or traps, where they gate the GRM sheet, while
the charges in the GRM are recirculated between source and drain®’.
We note the fundamental difference to the bolometric effect, which
is based on the change in ¢ due to heating, is that the photogating
effect is based on a light-induced change in .

The photoconductive gain, G, (see Box 1 for definition) can
be strongly enhanced by using a high-mobility conductor (such as
graphene) and by a long 7, (see Box 1 for definition). At the same
time, a long 7, reduces the operation speed. Therefore these detec-
tors can be used for lower temporal bandwidth, such as video imag-
ing applications. Photoconductive detectors may exhibit a high
dark current, so a proper assessment of the detector performance
is not just provided by the responsivity, but rather by measuring the
noise-equivalent-power (NEP) or specific detectivity D* (see Box 1
for definitions).
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Figure 2 | Metal-graphene-metal and graphene-semiconductor heterojunction photodetectors. a, Band profile. The arrows indicate the electron flow
and the Dirac cone indicates the charge neutrality point. PC, photocurrent; E;, Fermi level. b, Three-dimensional schematic. ¢, High-frequency response

of a metal-graphene-metal photodetector (MGM-PD) with asymmetric contacts. Inset: Eye diagram. d, Schematic layout of a microcavity-integrated
photodetector. DBR, distributed Bragg mirror. e, Band profile (VB and CB, valence and conduction bands of silicon). f, Scanning electron microscope image
of a waveguide-integrated device. GND, ground. g, I-V characteristics of a graphene-silicon heterojunction photodetector without (solid red line) and

with (solid blue lines) illumination (with increments ~1 mW). The conventional photodiode behaviour (P = 6.5 mW) is shown as a red dashed line. The red
portion of the Dirac cone in e denotes the holes injected from silicon. Figures reproduced with permission from: a-c, ref. 19, 2010 Nature Publishing Group;
f, ref. 21, 2013 Nature Publishing Group; e,g, ref. 90, © 2013 American Chemical Society.

Plasma-wave-assisted mechanism. Dyakonov and Shur®*** pro-
posed a photodetection scheme whereby a finite d.c. voltage is gen-
erated in a field-effect transistor (FET) in response to an oscillating
radiation field (Fig. 1d). This is based on the fact that a FET host-
ing a 2D electron gas can act as a cavity for plasma waves (collec-
tive density oscillations)®. When these plasma waves are weakly
damped (that is, when a plasma wave launched at the source can
reach the drain in a time shorter than the momentum relaxation
time)the detection of radiation exploits constructive interfer-
ence of the plasma waves in the cavity, which results in a reso-
nantly enhanced response. This is the so-called resonant regime of
plasma-wave photodetection®, and can give rise to a signal that
is 5-20 times stronger than the broadband non-resonant signal.
Broadband detection occurs when plasma waves are overdamped:
that is, when plasma waves launched at the source decay before
reaching the drain®.

Dyakonov and Shur showed* that the photovoltage response of
a 2D electron system in a FET, that is, the electric potential differ-
ence between drain and source, contains a d.c. component even if
the incoming field is a.c., and thus provides rectification of the sig-
nal. This is particularly useful for the detection of THz radiation.
Rectification occurs because of the nonlinear response of the 2D
electron gas in the FET channel and is unrelated to extrinsic rectifi-
cation mechanisms due to, for example, Schottky barriers at contacts
or other circuital elements that respond in a non-ohmic manner. For
the resonant regime, the d.c. photoresponse is characterized by peaks
at odd multiples of the lowest plasma-wave frequency®. Resonant
detection of THz radiation in graphene FETs was theoretically dis-
cussed in ref. 61, where the impact of hydrodynamic nonlinearities
due to to the flow of the 2D electron gas in a graphene sheet was
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quantitatively addressed. Using the dispersion of plasma waves in
graphene, the authors of ref. 61 concluded that the typical linear
device size L required to operate in the THz spectral range varies
between about 1 and 10 pm.

Room-temperature THz detectors based on antenna-coupled
graphene FETs and exploiting the Dyakonov and Shur mecha-
nism have been demonstrated®>®®. In ref. 62 the plasma waves
excited by THz radiation were overdamped, and thus the detec-
tors did not operate in the resonant regime®'. The dependence of
the photovoltage on carrier density in the FET channel also displays
PTE contributions®>®.

Classes of photodetectors
We now discuss the main photodetector classes based on GRMs found
in literature and address their relative merits and performances.

Metal-graphene-metal photodetectors. These were the first
class of graphene-based photodetectors to be investigated® . In
early reports®®, photocurrent was generated by local illumina-
tion of one of the metal/graphene interfaces of a back-gated gra-
phene FET. The resulting current was attributed to the PV effect®-¢°.
It was shown that the field arises from charge transfer from the
respective contact metal to graphene®*, and can thus be adjusted
by proper choice of the metal®®®. It can be further enhanced by
doping via electrostatic gating®®. Metal electrodes were also
replaced by FeCl;-intercalated graphene multilayers to realize an
all-graphene-based photodetector”.

In addition to the PV effect, the PTE effect can also contribute to
photocurrent®*7'. It was shown in refs 36,37,72 that the photore-
sponse near pn-junctions or interfaces of single-layer and bilayer
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Figure 3 | Photodetection enhancement by metallic plasmonic nanostructures and intrinsic plasmons. a, Schematic of plasmonic antennas on SLG.

b, Contact with a ‘finger structure’. Longitudinal (L) and transverse (TR) incident light polarizations are indicated. Scale bar, Tum. ¢, Schematic illustration
of a nanoribbon-array infrared photodetector. d, Photovoltage map of one of the nanostructured contacts, similar to the one shown in b. Colour scale

runs from =4 uV (blue) to 12 uV (red). GNRs, graphene nanoribbons. e, Gate voltage dependence of the photocurrent of such a detector (ribbon width

W =140 nm) produced by a 10.6 um light beam with a polarization perpendicular to the ribbons (red spheres), which allows plasmon excitation, and
parallel to the ribbons (blue spheres), which does not couple to plasmons. Figures reproduced with permission from: a, ref. 113, © 2012 American Chemical
Society; b,d, ref. 82, 2011 Nature Publishing Group; c,e, ref. 86, 2013 Nature Publishing Group.

graphene (SLG and BLG, respectively) was dominated by the PTE
effect. In contrast to the PV current, the PTE current shows sign
reversal in bipolar p-n junctions and also unipolar p*p or nn™ junc-
tions””. The sign changes because of the change in transconduct-
ance, do/0e, on going from p- to n-type transport (Fig. 1b). Together
with the sign reversal when switching the electric field direction,
this leads to a sixfold sign change in the photocurrent® (Fig. 1c).
Therefore, the sign of photocurrent due to the PV effect is opposite
to that of the PTE current and can be used to differentiate between
PV and PTE mechanisms (Fig. 1b). Wavelength and polarization
measurements” of the photoresponse near the graphene-metal
junction were used to quantify and control the relative contributions
of PTE and PV effects, both adding to the overall photoresponse,
with PV effects becoming more pronounced at longer wavelengths.
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As the photocurrent generation occurs only in the submicrome-
tre-wide”® metal/graphene interface region, an interdigitated finger
structure (Fig. 2b) was adopted to increase the effective photodetec-
tion area’. Applying a bias to break the mirror symmetry of the
device is not practical, as graphene’s semimetallic nature would
give rise to a large dark current”. An asymmetric metallization
scheme was thus employed (see band profile in Fig. 2a), which ena-
bled zero-bias/dark current operation, and responsivities between
1.5 and 6.1 mA W in the NIR. IQEs (see Box 1 for definition) of
metal-graphene-metal photodetectors on Si/SiO, substrates are in
the range'® 6-16%, showing that there is room for improvement, as
higher IQEs (~35%) were observed in suspended graphene®.

The high carrier mobility and short carrier lifetime in graphene
allow metal-graphene-metal photodetectors to operate at high data
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Figure 4 | Graphene-based bolometers. a, Device structure of a dual-gated bilayer graphene bolometer®*. V;, top gate bias; V,¢, back gate bias. b, Device
structure of a graphene-aluminium tunnel junction bolometer. ¢, Temperature dependence of heat resistance. The red line indicates the T34 temperature
scaling. Figures reproduced with permission from: a,c, ref. 94, 2012 Nature Publishing Group; b, ref. 101, © 2012 American Institute of Physics.

rates. The device in Fig. 2b was deployed in an optical link and
error-free recovery of a 10 Gbit s data stream was achieved”. This
is shown in Fig. 2c by the eye diagram, which is an overlay of dif-
ferent segments of a data stream and indicates the quality of signals
in high-speed digital transmissions. In single metal-graphene junc-
tions, no photoresponse degradation up to a modulation frequency
of 40 GHz was observed'®, and an all-optical measurement’™ yielded
an intrinsic bandwidth of 262 GHz. We note that not only PV but
also PTE effects would be compatible with the experimentally
observed high bandwidths, owing to the decoupling of electron and
lattice temperatures® 2

Sensitivity enhancement by cavities, waveguides and plasmonics.
SLG absorbs 2.3% of the incident light'*', which is remarkably high
for an atomically thin material, but is very small in absolute terms.
This is an appealing property for flexible and transparent optoelec-
tronic devices. For certain applications, however, it is highly desirable
to enhance the SLG absorption.

One approach to enhance absorption is based on integration
into an optical microcavity”>”® or planar photonic crystal cavities”.
The cavity reported in ref. 75 (Fig. 2d) employed distributed Bragg
reflectors, consisting of quarter-wavelength-thick layers of alter-
nating materials, whereas in ref. 76 metallic mirrors were used.
Incident light is trapped inside the planar cavity and passes mul-
tiple times through the SLG, giving rise to enhanced absorption.
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More than 60% light absorption and 21 mA W responsivity
were achieved”. Although the improved responsivity comes at the
expense of spectral bandwidth, the design wavelength can be cho-
sen, provided that a low-loss optical cavity can be realized in the
desired wavelength range.

Another approach involves the coplanar integration of gra-
phene with an optical waveguide®-*2. This is illustrated in Fig. 2f
(ref. 21): the optical mode in a silicon-on-insulator waveguide
couples through its evanescent tail to a SLG deposited on top. An
almost flat photoresponse across all-optical telecommunication
windows (from O- to U-band) was demonstrated®, well beyond
the wavelength range of Ge detectors’™ (responsivities are limited
on the long-wavelength side by the Ge bandgap). Bandwidths over
20 GHz and an open eye at 12 Gbit s were obtained”**, indicat-
ing the potential for high-speed data transmission. The reported?-*
responsivities, in the 0.05-0.13 A W range, are on a par with state-
of-the-art photodetectors made of GeSn (ref. 79) — as yet one of
the most promising candidates for Si-compatible photodetector for
long-wavelength (L and U) bands.

A third method to increase the photoresponse involves the use
of the field enhancement resulting from the excitation of surface
plasmons. Localized plasmons in metal nanostructures were first
used in combination with graphene to achieve surface-enhanced
Raman scattering®, and to realize strong field enhancements in
subnanometre gaps®. This was then applied to graphene-based
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Figure 5 | Sensitized graphene photoconductive photodetectors. a, Photodetectors based on quantum dots (top left and bottom). The top right image
shows the e-h separation in the quantum dot. b, Resistance as a function of back-gate voltage for the graphene-quantum dot structure for increasing
illumination intensities. Increasing the illumination leads to a photogating effect that shifts the Dirac point to higher back-gate voltage, V. This indicates
hole photodoping of the graphene flake. Inset: Map of graphene resistance as a function of optical power. Figure reproduced with permission from ref. 105,

2012 Nature Publishing Group.

photodetectors, by placing the plasmonic nanostructures near the
contacts® (Fig. 3a,b), which resulted in a significant improvement
in performance (Fig. 3d). As an additional benefit, nanostructures
with geometries resonant at desired wavelengths can be used for
selective amplification, potentially allowing light filtering and detec-
tion, as well as polarization determination in a single device®. The
frequency performance can be improved in comparison with tra-
ditional devices, as the plasmonic structures add only negligible
contribution to the capacitance (fractions of femtofarads), but can
significantly reduce the contact resistance. Another solution is to
harvest light in a different region of the device and deliver it to the
junction in graphene”.

A fourth method for photodetector enhancement also exploits
field enhancement by plasmons, but in this case the enhancement
originates from the intrinsic collective charge oscillations of the 2D
electron liquid inside graphene>'*** (Fig. 3c,e). The ability to tune
the plasmon wavelength and lifetime* by gating or doping could be
crucial for many applications. The excellent carrier mobility in gra-
phene and its 2D character lead to strong interaction enhancement
between light and graphene, resulting in strong light absorption
enhancements®. The ideal case would then be to use graphene itself
as both photodetector and plasmonic enhancer. Indeed, graphene
nanoribbon arrays on SiO, with different widths were demonstrated
as room-temperature and tunable IR photodetectors®. As is shown
in Fig. 3e, for a detector consisting of an array of 140 nm graphene
nanoribbons, the enhancement is 1,500%%.

Graphene-semiconductor heterojunction photodetectors. Planar
junctions of graphene and group-IV elements®~*, as well as com-
pound semiconductors® %, can act as Schottky diodes. The electrical
characteristics of these devices exhibit rectifying behaviour, with a
barrier energy depending on the semiconductor material. For low
dark current, semiconductor-graphene photodetectors are operated
under reverse bias, and the corresponding band profile” is shown
in Fig. 2e. Optical absorption takes place in the semiconductor,
while SLG acts as an optically transparent charge carrier collector.
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As shown in Fig. 2g, semiconductor-graphene photodetectors devi-
ate from a conventional (red dashed line) photodiode response: the
photocurrent is suppressed for small bias voltages, V, as V; controls
E; in graphene, hence controls the number of available states for
photoexcited holes injected from the semiconductor under illumi-
nation®. This feature allowed voltage-tunable responsivity (up to
0.435 A W) for brightness control and enabled operation over a
large dynamic range of six orders of magnitude®.

The spectral range was extended towards sub-bandgap wave-
lengths by electron excitation in graphene to energies above the
Schottky barrier (internal photoemission)”. In Si-graphene junc-
tions, IQE = 10% (for comparison, IQE = 1% in regular Schottky
diodes™) was obtained at telecommunication wavelengths®,
and a waveguide-integrated device?? allowed MIR detection
with 0.13 A W, paving the way for high-performance, low-cost
MIR photodetectors.

Graphene-based bolometers. By biasing SLG, bolometric responses
were measured at room temperature®**. In ref. 31 it was reported
that two mechanisms result in bolometric photocurrents with
opposite sign: the photoinduced excess carriers induce an enhance-
ment of the conductance, whereas the temperature dependence of
the mobility leads to a reduction of the conductance. By changing
E,, one can control which mechanism dominates®. Near the Dirac
point, where the carrier density is lowest, PV effects dominate,
whereas far away PTE effects dominate®.

However, the weak temperature dependence of the electri-
cal resistance in graphene® poses a major challenge for reading
dT through electrical transport measurements. For this reason
a small responsivity of 0.2 mA W' was measured for room-tem-
perature graphene bolometric detectors®. To solve this problem,
a dual-gated BLG device with an optically transparent top gate
was used” (Fig. 4a) to open a bandgap at the Dirac point®*” and
obtain T,-dependent resistance®. The device was measured under
MIR illumination (10.6 um) using a four-terminal configura-
tion, and the photoresponse was identified to be bolometric*. The

NATURE NANOTECHNOLOGY | VOL 9 | OCTOBER 2014 | www.nature.com/naturenanotechnology

© 2014 Macmillan Publishers Limited. All rights reserved


http://dx.doi.org/10.1038/nnano.2014.215

NATURE NANOTECHNOLOGY npor:

10.1038/NNANO.2014.215

FOCUS | REVIEW ARTICLE

Responsivity (V W™

Responsivity (V W™

0.05

0.5

-0.5

Ve (W)

Figure 6 | Antenna-coupled graphene FET terahertz detector. a, The detector consists of a log-periodic circular-toothed antenna patterned between the
source and gate of an SLG-FET. The drain is a metal line running to the bonding pad. b,c, Room-temperature responsivity as a function of the gate voltage,
V, for detectors based on SLG-FET (b) and BLG-FET (c), as measured for the devices in ref. 62. Different background colours identify regions below and
above the Dirac point. Insets: Scanning electron micrographs. d, Image (at 0.3 THz) of a leaf, which also reveals the leaf veins. Figure reproduced with

permission from ref. 62, 2012 Nature Publishing Group.

thermal resistance, depicted in Fig. 4c, had a T-* dependence,
which approximately agrees with the theoretically expected T for
(disorder-free) phonon cooling®®. The detector exhibits excellent
performance: NEP =~ 33 fW Hz® at T = 5 K (several times lower
than commercial Si or superconducting bolometers) and an intrin-
sic bandwidth more than 1 GHz (3-5 orders of magnitude higher).
Another approach for implementing a temperature-dependent gra-
phene resistance is to drive the electronic system into the strong
localization regime by adding disorder. This was achieved at low
temperature by using defective graphene films'®.

Figure 4b shows a graphene-superconductor tunnel junction
bolometer'®!. Although the device in ref. 101 was measured with
radiofrequency waves, the concept can also be applied for optical
detection. See ref. 102 for a recent review.

Hybrid phototransistors. Photon detection at very low intensities,
even approaching the single-photon level, requires a gain mecha-
nism that can provide multiple electrical carriers per single inci-
dent photon. This can be achieved by using appropriate sensitizing
centres that absorb light efficiently, followed by transfer of either
electrons or holes into the conductor (photogating effect)®10>1%4,
The result is a shift of the typical resistance versus gate-voltage
curve, as shown in Fig. 5b. Graphene is an excellent candidate for
room-temperature high-gain photodetection because of its high
mobility (thus short carrier transit time). Also, being a 2D mate-
rial, its conductance is very sensitive to electrostatic perturbation by
photogenerated carriers close to the surface.

Examples of light-absorbing particles used to sensitize gra-
phene are colloidal QDs made of PbS (refs 105,106; Fig. 5a), CdS
(ref. 107) or ZnO (ref. 108). QDs can have strong light absorption
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and bandgap tunability, controllable by varying the size, and can
cover the absorption range from ultraviolet to SWIR'®. They can
be processed in solution and deposited by spin-coating''’, contact
printing, or inkjet techniques'!'. Furthermore, the ligands at the QD
surface can be tailored, for optimization of charge transfer between
the QDs themselves, and between the QDs and graphene. Hybrid
sensitized graphene photoconductive photodetectors were realized
using colloidal PbS or ZnO QDs!?>!%¢1% g5 light-absorbing media.
Efficient light absorption and charge transfer was reported, with
total QE ~25%. High gain, up to 10%, was observed!*>!% for graphene
decorated with PbS QDs'%, corresponding to R, ~107 A W' (at
room temperature) for low light intensities ~10~* W. Given the high
QE (>25%), video-imaging speed ~30-60 Hz and low projected
NEP ~107"7 W, this hybrid system is a promising platform for visible
and SWIR applications.

Graphene covered with biomolecules'? also revealed photogat-
ing effects for visible light, as did samples combined with metal-
lic nanoantennas'”. In particular, the latter offers a wide range of
wavelength sensitivity obtained by tuning the plasmon resonance
through the shape of the antenna, potentially covering the IR
wavelength range as well.

Terahertz photodetectors. Owing to the low energy of the associ-
ated photons, THz radiation (0.1-10 THz, 30-300 pm) can penetrate
commonly used dielectrics that are opaque to visible and MIR light.
This enables the detection of substance-specific spectroscopic fea-
tures with a submillimetre diffraction-limited lateral resolution'*.
Owing to its high carrier mobility, graphene is a very promising
material for the development of room-temperature detectors oper-
ating across the FIR, with high room-temperature performance for

787

© 2014 Macmillan Publishers Limited. All rights reserved


http://dx.doi.org/10.1038/nnano.2014.215

REVIEW ARTICLE | FOCUS

NATURE NANOTECHNOLOGY poi: 101038/NNANO.2014.215

a d
PY T Electron drift
e (]
[ J
[ J
Hole drift e [
b e
gr, _— Au
WS,
gry
c — 0.1 f
N /4;’ -
V4
/ Laser
1 Y off
—~ Laser on /y ooy
< Y +20V o
= V4 oV 5
€0 - 008
g b i Vg=-20V -
=1 =
o Z
_'I,
ol +20V
T T T T T _01
-04 -02 0 0.2 04

Bias voltage (V)

Drain current (pA)

Electron drift

Electron
injection @

Electron
extraction

Laser beam —>

Monolayer MoS, Contact
ontac

40 1
Vps =8V &
¢
L]
301 Laser 7
20 A
10 4 4
Dark state
0 y
-60 -40 -20 0 20 40

Gate voltage (V)

Figure 7 | Photodetection in a 1L.-MoS, and in a SLG/WS,/SLG heterostructure. a, Band diagram of a photodetector based on a 2D crystal, taking into
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f, Gating response of the MoS, photodetector of ref. 30 in dark and illuminated states. Figures reproduced with permission from: b,c, ref. 147, © 2013 The
American Association for the Advancement of Science; e f, ref. 130, 2013 Nature Publishing Group.

high spectral bandwidth covering the full THz range (0.1-10 THz).
Graphene supports THz plasma waves that are potentially weakly
damped (for length scales comparable to the source—drain distance)
in high-mobility devices'*'', allowing resonant detection in a
FET**¢'. A THz detection scheme based on a back-gated BLG-FET,
with an interposed layer with high dielectric constant, in which the
e-h pair generation would take place in the FET depleted section
was suggested in ref. 117. The related variation in the source-drain
electron current!'” was estimated to be proportional to the incident
THz power. More recently, in ref. 118 it was suggested that graphene
can be used for novel THz plasma-wave devices.
Room-temperature detection across the FIR was obtained in
SLG and BLG plasma-wave FETs employing a top-gate antenna-
coupled configuration (Fig. 6a) for the excitation of overdamped
plasma-waves in the FET channel®. Log-periodic circular-toothed
antennas at the source and gate electrodes were used to couple the
0.3-THz radiation of an electronic source. The measured depend-
ence of the photovoltage, V,;, on (1/0)(do/dVy;), with V; the gate
voltage, was shown to be in qualitative agreement with the pre-
diction of a diffusive theoretical model®, thereby proving that the
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detectors operate in the so-called broadband overdamped regime®.
A maximum R, = 1.3 V W (or R, =1.3 mA W in photocurrent
mode) and minimum NEP ~1 nW Hz* were reported® (Fig. 6¢c),
making the proposed technology exportable in a realistic setting to
enable large-area, fast imaging of macroscopic samples (Fig. 6d).
Further experiments at higher frequencies (3.11 THz) for back-gated
antenna-coupled graphene FETs'"” showed photovoltage signals of a
few microvolts.

Graphene-based broadband THz detectors working at room
temperature were demonstrated'® with R, ~5 nA W' and fast
response rise times (~50 ps) at 2.5 THz, which makes them already
suitable for timing applications. The device in ref. 120 employed
a log-periodic THz antenna'® with a central interdigitated comb
providing the electrical contact to the SLG. PTE graphene THz
detectors, operating at 2.5 THz and based on exfoliated SLG with a
pattern of asymmetric metal contacts, were also reported'?’.

Photodetectors based on other 2D materials. The bulk properties
of TMDs have been investigated for many decades'*, and the quest
to produce 2D layers started with the pioneering work of Frindt and
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Table 1| Performance parameters.

Reference Description Responsivity Detector type Bandwidth Wavelength IQE (%) EQE (%)
18,19 Graphene-metal junction 6.1mA W Photocurrent (PV/PTE) >40 GHz Visible, NIR 10 0.5
30,37,52 Graphene p-njunction 10mA W' Photocurrent (PTE) Visible 35 25
20-22 Graphene coupled to waveguide 0I3AW! Photocurrent (PV/PTE) >20GHz 1.3-2.75um 10 10
90 Graphene-silicon heterojunction 0.435AW'  Schottky photodiode TkHz 0.2-Tum 65
31 Biased graphene at room temperature 0.2mA W~ Bolometric Visible, infrared
94 Dual-gated bilayer-graphene at low 10°VW! Bolometric >1GHz 10 um

temperature
105 Hybrid graphene-QD 108 AW Phototransistor 100 Hz 0.3-2pum 50 25
63 Graphene with THz antenna 1.2VW! Overdamped plasma waves 1,000 pm
120 Graphene interdigitated THz antenna 5nA W' Photovoltaic and 20GHz 2.5THz

photoinduced bolometric

147148 Graphene-TMD-graphene heterostructure  01A W Vertical photodiode <650 nm 30
130 Biased MoS, 880A W Photoconductor 0.1Hz <700nm
143 Graphene double-layer heterostructure >STA W Phototransistor THz 0.5-3.2um
78134 WSe, p-n junction 16mA W p-n photodiode <750nm 60 3
136 GaS nanosheet 191AW! Photoconductor >10Hz 0.25-0.5um

Yoffe' in 1963. The structural and optical properties of single-layer
MoS, (1L-MoS,) have been investigated since the 1980s'*. But it is
only following the interest in graphene that the research into other
2D materials has been revived. In particular, it is now clear that they
have great potential for applications in optoelectronics. The proper-
ties of TMDs depend on their thickness. For example, MoS, has a
bulk indirect bandgap of 1.3 eV, which becomes a direct bandgap of
1.8 eV in 1L-MoS, (refs 125,126). This changes the optical proper-
ties, such as absorption spectrum and photoluminescence. A 1,000-
fold enhancement of the luminescence quantum yield for 1L-MoS,
compared with bulk MoS, was shown in ref. 125. Valley polarization
controlled by optical pumping was also demonstrated'?” in 1L-MoS,,
and polarization was maintained for longer than 1 ns.

Compared with classical direct-bandgap semiconductors, TMDs
can offer additional advantages in the context of optoelectronics
because of their mechanical flexibility and easy processing. Most
TMD-based photodetectors operate under bias'**"'%2, as a photodi-
ode (Fig. 7a-c) or photoconductor (Fig. 7d-f). For example, pho-
toconductive 1L-MoS, detectors were realized with high external
photoresponsivity of 880 A W (ref. 130; Fig. 7e,f), but with very
long response time (~9 s), and GaTe detectors were reported'*
with R, = 10* A W' and response time of 6 ms. Moreover, the abil-
ity to tune the bandgap by varying the number of layers allowed
the detection of light at different wavelengths'*2. The limitations
of these devices — large dark current and frequency response
slower than 1 Hz — were tackled by employing split-gate elec-
trodes underneath a 1L-WSe, to realize a p-n photodiode”®!*.
Photodetectors based on a multitude of other layered materials,
including MoS, (R, = 0.57 A W)™, GaSe (R, = 2.8 A W)'*, GaS
(Ryp =19 A W), In,Se, (R, = 3.95 A W)'7, black phosphorus'*
and WS, (R, = 22 uA W)'¥, have been reported. The strong PTE
effect measured at metal-TMD junctions can also be useful for
applications in thermopower generation'*.

TMDs are a good illustration of the wide range of optical prop-
erties offered by 2D crystals. A promising approach to combine
these properties and create multifunctional, high-performance
materials consists in assembling graphene with other 2D crystals in
heterogeneous stacks and hybrid devices. By combining graphene
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with MoS,, a novel type of hybrid device was demonstrated'*"*?, in
which visible light absorption and charge trapping is provided by
the Mo, layer, with R, ~5 x 10® A W' at room temperature, with
QE = 32%. The speed was limited to ~1 Hz, owing to the trapping
lifetime of ~1 s. A related device, consisting of a pair of stacked SLG
separated by a thin tunnel barrier, showed strong photogating of the
channel conductance and ultra-broadband (visible-MIR) response
with R, > 1 A W in the MIR". Novel transistor concepts based
on vertical transport between two graphene electrodes separated by
hexagonal boron nitride'*, MoS, or WS, layers were reported'*>'*¢
(Fig. 7a-c). The same hybrid devices have shown potential for pho-
todetector applications with R ;, ~0.1 A W™ and EQE = 30%'*"'*’. In
these devices, graphene layers are employed as work-function tun-
able electrodes, whereas TMDs are utilized as photoactive material,
displaying strong light-matter interactions and photon absorption.
Electron-hole pairs are created in the TMD and separated between
the two neighbouring graphene layers, thus taking advantage of the
whole graphene-TMD junction to produce photocurrent.

Application fields, challenges and perspectives

We now discuss the performance of current state-of-the-art GRM
photodetection platforms. Because graphene is distinctly different
as a material system, it possesses advantages but also disadvantages,
leaving us with challenges to be addressed to achieve competitive-
ness in various application fields. We show the GRM performance
parameters in Table 1.

High-speed applications. High-speed photodetection superior
to existing technologies is desirable for optical communications.
The intrinsic bandwidth of graphene-based photodetectors was
measured™ to be 262 GHz. Owing to the broadband absorption
of graphene, photoresponsivity for visible, NIR and SWIR was
shown to be fairly constant (up to ~3 um; ref. 149), with R, up
to ~0.13 A W', exploiting integration with waveguides*?>'** or
enhancements by plasmonics®. In terms of bandwidth, graphene
is thus capable of outperforming other technologies being inves-
tigated for optical communications, such as monolithically inte-
grated Ge (refs 151,152). High-speed photodetectors have also
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been realized with III-V semiconductors (>300 GHz)'*’, but these
are difficult to integrate with Si optical and electronic technolo-
gies. An outstanding challenge for graphene-based photodetectors
remains the increase of responsivity and effective detection area.
Heterostructure stacks of 2D materials for vertical photocurrent
extraction have large detection areas'” and may therefore address
the latter issue. An additional advantage over existing technologies
is that graphene is a platform for high-speed light modulation and
detection on the same chip. Although the individual elements have
been realized, the integration of an all-optical link and the imple-
mentation of large-scale circuitry remains an outstanding challenge.
The results in ref. 73 imply that the light-generated anisotropic dis-
tribution of carriers in momentum space can be observed in electri-
cal measurements, despite their relaxation on ultrafast timescales.
This may pave the way to graphene-based photodetectors that can
detect incident light and its polarization on ultrafast timescales,
overcoming the time constant that has thus far been speed-limiting.

Highly sensitive detection. High-sensitivity photodetection has
become a major functionality for many applications, such as remote
sensing, biomedical imaging, optical communications and gas sens-
ing. For applications where transparency and flexibility are impor-
tant, GRM-based photodiodes represent a promising alternative.
For applications where detection of SWIR to MIR is required, Si is
not a suitable absorber, and III-V semiconductors offer an alterna-
tive, but they are costly and difficult to integrate with Si read-out
electronics. GRM-based photodiodes, photoconductors and hybrid
phototransistors are particularly promising because they exhibit
high photoconductive gain due to the high mobility of GRMs, do
not require high voltages and can be monolithically integrated with
existing Si-based multipixel focal-plane arrays!*>1°¢1%14! By sensitiz-
ing the GRM, the sensitivity range can cover ultraviolet-visible!**!*°,
as well as SWIR"® and MIR"™®. The outstanding challenge of this
type of photoconductive detectors is the dark current, which can be
addressed by the read-out circuitry (similar to bolometric systems).
The projected NEP (~10"7 W) and D* (7 x 10" Jones)'*® are on par
with existing technologies, such as InGaAs. Challenges include
improvement in speed (currently up to 100 Hz; ref. 105), large-scale
production and integration of multipixel arrays. Alternatively, p-n
photodiode-based TMDs exhibit high sensitivity (see, for example,
refs 7,8) and low dark current. Improvements of the sensitive area
and large-scale production are issues to address.

Mid-infrared detection. The detection of MIR light is important
for biosensing, security and thermal imaging. For this frequency
range, graphene can offer an appealing advantage compared with
other materials: its plasmons could be used to resonantly enhance
absorption for a wavelength that is tunable with a gate, offering
in situ tunable spectral selectivity. The major outstanding challenge
for this wavelength range is the carrier extraction, for example, by
using p—n junctions in lateral or vertical structures, or by employing
bolometric detection. Graphene bolometers have shown excellent
performance® at low temperature, with NEP ~33 fW Hz %5, com-
parable to existing technologies. The main challenge remains the
matching of the high graphene impedance (tens of kQ) to that of
free space (377 Q) for efficient photon coupling.

Terahertz detection. Photodetection of FIR radiation is relevant for
a variety of strategic applications, ranging from medical diagnostics
to process control, homeland security, metrology and cultural her-
itage. Commercially available THz detectors are based on thermal
sensing elements that are either very slow (10-400 Hz modulation
and NEP ~10'°W Hz®) or require deep cryogenic cooling (4 K for
superconducting hot-electron bolometers), whereas those exploit-
ing fast nonlinear electronics (Schottky diodes) or high-mobility
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transistors are usually limited to sub-THz frequencies'””. Graphene
THz detectors have already been demonstrated for the range
0.29-0.38 THz with a NEP ~10° W Hz™%° (ref. 62), and at 2 THz
with a NEP ~10* W Hz* (ref. 121). The combination of scalability
at higher frequencies, the prospects for integration with Si-platforms
and the potential for implementing flexible devices makes graphene
highly competitive for a future generation of THz detection systems.

In summary, photodetection platforms based on GRMs are
being developed at a remarkable pace, with great promise for a
wide variety of application fields. For many types of detector, per-
formance parameters have already been demonstrated at levels
that are superior or on a par with existing technologies. Challenges
remain to demonstrate their full potential and to exploit the distinct
advantages of 2D crystals. The prospects for commercialization will
depend not just on the detector performance, but also on some of
their distinct advantages and capabilities, in addition to the abil-
ity to realize production of large-scale, high-quality GRMs at a low
cost, and to establish large-scale integration with existing photonic
and electronic platforms, such as CMOS technologies.
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