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ABSTRACT

Graphene, a semimetal with a gapless band structure, has been used in mid-infrared (MIR)
photodetectors (PDs) for some time. However, these detectors often suffer from low responsivity due
to the intrinsically low absorption and ultrashort carrier lifetime in graphene, large dark current and
low detectivity due to the semi-metallic nature of graphene. Over the past decade, much effort has
been devoted to addressing these issues. A variety of metamaterials and related concepts have been
employed to improve the detector responsivity by enhancing the graphene absorption and/or the
carrier collection efficiency. Here, we provide an overview of the graphene MIR PDs both with and
without the use of approaches for responsivity enhancement. We focus our attention on the state-of-
the-art graphene MIR PDs whose performance is improved by employing metamaterials and related
concepts, including band structure engineering, the photogating effect, integration with plasmonic
nanostructures and waveguides, the use of asymmetric plasmons, coupled plasmon-phonon polaritons

and small-twist-angle bilayer graphene. We conclude by providing possible directions for further
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performance improvement of graphene MIR PDs and a discussion on future applications of these

detectors.
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I. INTRODUCTION

Photodetectors (PDs) convert photon signals into electrical signals, and are key components of
modern communication and sensing technologies that play an important role in our daily lives. The
development of PDs operating in the visible and near-infrared spectral ranges has reached a high level
of maturity due to advances in materials, large-scale production and integration with complementary
metal-oxide-semiconductor (CMOS) systems. High-performance and low-cost PDs with CMOS
integrability have been widely deployed in the visible and near-infrared (NIR) spectral range, using
materials including silicon, germanium and compounds such as gallium arsenide and indium
phosphide.! In contrast, room-temperature PDs operating in the mid-infrared (MIR, wavelength: 2.5—
25 um)? spectral range are less advanced in terms of integration and pixel counts, despite the

important roles that they could play in a wide range of applications, including biosensing,’ security,*
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spectroscopy’, thermal imaging,® gas sensing,” motion detection® and so on. Mature technologies for
MIR detection based on epitaxially-grown narrow-bandgap semiconductors, such as mercury
cadmium telluride (HgCdTe),” indium antimonide (InSb)'® and lead selenide (PbSe),!" still face
challenges, such as the complex and costly fabrication processes, the need of cryogenic cooling to
achieve high performance and lack of CMOS compatibility. In addition, these narrow-bandgap
semiconductors are toxic and hazardous to the environment. Therefore, it remains a challenge to
develop high-performance, low-cost, CMOS integrable and environment-friendly PDs operating in

the MIR spectral region.

Recently, much effort has been invested in the search for new materials to address the
aforementioned issues related to MIR PDs. This review will focus on the promising material platform
of atomically thin graphene. Graphene provides opportunities for MIR PDs with broadband response
and high-speed operation due to its unique electronic and optical properties.!> For example, the
gapless electronic structure of graphene renders broadband photoresponse, with PDs reported
spanning from the visible to the terahertz.'>'* High-speed PDs with GHz bandwidths have also been
demonstrated, enabled by the ultrashort carrier lifetime of graphene.'*'> At MIR wavelengths, it is
well established that reducing the volume of the active material while maintaining the absorbed
optical power facilitates increased detectivity, a method known as “optical immersion”.'® Graphene
in some sense takes the concept of volume reduction to the limit as it is atomically thin. In addition
to the advantages mentioned above, graphene also possesses several unique properties that are
unmatched by most conventional semiconductor materials. For example, graphene is flexible,
transparent and compatible with CMOS technologies, and thus holds great promise for developing
wearable optoelectronic devices that can be integrated with CMOS read-out circuits.!” Due to its
linear electronic dispersion,'® the Fermi level of graphene and the induced optical response can be
strongly modulated via electrostatic gating,'® which provides an opportunity to achieve gate-tunable

photoresponse, e.g. via electrical tuning of the graphene absorption. Despite these appealing
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properties, one of the drawbacks of graphene PDs is the large dark current that traverses the graphene
channel when an external bias is applied, due to the semi-metallic nature of graphene. This imposes
a limit on the achievable detectivity. However, it could be potentially addressed by forming
heterostructures between graphene and other materials, thanks to the self-terminating lattices of
graphene. Finally, graphene films can be readily grown by chemical vapor deposition (CVD) methods
at low cost and are environmentally friendly, which addresses the aforementioned environmental
issues of conventional narrow-bandgap semiconductors. These advantages of graphene make it a
promising material for construction of MIR PDs. However, many of the early demonstrations of
graphene MIR PDs suffered from low responsivity,?*! due to the low optical absorption (< 2.3 %)
and short photocarrier lifetime (sub-picosecond) of this material. To improve the responsivity of
graphene MIR PDs, various strategies have been developed including the use of metamaterials and
related concepts to increase the optical absorption and/or carrier collection efficiency in graphene. A
comparison of the performance of representative conventional MIR PDs and graphene MIR PDs is
presented in Table I below. It can be seen that commercially available MIR PDs?*?* have high
responsivities (of thousands of V/W?%** or several A/W?>*) and detectivities of 10'°-10'" Jones.
However, cryogenic cooling is often needed to achieve this high performance.?>?3 Some recently
reported graphene MIR PDs employing responsivity enhancement approaches (listed in Table I below)
have achieved responsivities that are on par or even higher than those of the commercial MIR PDs.
The graphene MIR PDs also show high speed and broad spectral response, for example Ref [49]
reported a graphene PD with engineered electrodes with a response time of less than 20 pico-seconds
and a spectral range from 0.8-20 um. It is important to note that the performance metrics reported for
the graphene MIR PDs in Table 1 were obtained at room temperature. Although graphene MIR PDs
generally suffer from low detectivity due to large dark current, the devices included in Table 1 show
detectivities that are comparable to that of the conventional MIR PDs operating at room temperature,

e.g., both show detectivities on the order of 10° Jones.



TABLE 1. Performance comparison of conventional and graphene-based MIR PDs

PD type Figures-of-merit Ref.
Responsivity Response Detectivity Spectral Operating
time (Jones) range temperature
Conventional MIR PDs
HgCdTe
(InfraRed Associates) ~2000 V/IW ~0.4 us ~4E10 2-13 pm 77K 22
InSb
(InfraRed Associates) “3 AW / ~IEl 1-6 um 71K 23
PbSe
(Thorlabs) ~3000 V/IW ~10 ps 2.5E9 1.5-4.8 um 298 K 24
Graphene-based MIR
PDs
Graphene PD with 5 1) 5 any <20 ps 1.530B8 0820 pum RT 49
engineered electrodes
Hybrid graphene/Ti>03 >100 A/W 1-3 ms 2-7E8 4.5-10 pm RT 44
Graphene PD with
asymmetric hot carrier 2900 V/IW ~100 ns 1.1E9 8-12 ym RT 53
generatio3

In this Review, we focus on graphene-based PDs operating in the MIR wavelength range. We
first discuss the graphene MIR PDs that do not use metamaterials or related concepts for responsivity
enhancement. These PDs are categorized by detection mechanisms that include the
photothermoelectric effect, photovoltaic effect and pyroresistive effect. We then review the graphene
MIR PDs that employ metamaterials and related methods for improved responsivity. Finally, we
conclude with our thoughts on fruitful future research areas, including further performance

enhancements and new applications.

II. MID-INFRARED GRAPHENE PHOTODETECTORS WITHOUT RESPONSIVITY

ENHANCEMENT

Despite the challenges of low optical absorption, ultra-short carrier lifetime and large dark
current discussed in the previous section, graphene-based PDs have been successfully demonstrated
in the MIR region. In this section, we review some of the key reports, categorized by detection

mechanisms, including the photothermoelectric (PTE) effect, photovoltaic effect and pyroresistive

Publishing

AlP



AlP

Publishing

effect. We note that bolometric effect in graphene has been employed to achieve MIR photodetection.
However, the use of such bolometers in applications is restricted by their somewhat slow response

and these devices are therefore not discussed in this review.
A. Photothermoelectric effect

Hot-carrier-assisted transport can play a dominant role in graphene-based photodetection, due
to the carrier multiplication and the high carrier mobility of graphene.?*? It has been noted that, due
to strong electron-electron interactions,?® the photoexcited electron-hole pairs produce hot carriers in
graphene within an ultra-short timescale of ~10-50 fs.?” The hot carriers remain at a temperature (T,)
higher than the lattice for several picoseconds and slowly reach an equilibrium with the lattice on a
nanosecond scale via scattering between the charge carriers and acoustic phonons.?® In graphene, the
photothermoelectric (PTE) effect enables a Seebeck voltage arising from the light-induced
temperature gradient via hot-carrier excitation. Graphene PDs based on the PTE effect have been
demonstrated in the MIR region, with temperature gradient being generated by direct light absorption

30,31

in the graphene,” by light-excited graphene plasmons®**! or by light-excited substrate phonons?'.

Figures 1(a)-1(c) show graphene PDs based on the PTE effect in graphene p—n junctions.?
The device shown in the top panel of Fig. 1(a) consists of a graphene channel that is half-covered by
a poly(methyl methacrylate) (PMMA) mask. The graphene p—n junction is formed by applying
independent voltages on a nanopatterned electrolyte top gate and a SiO2 back gate. Due to the
different Seebeck coefficients of the p- and n-doped graphene regions, the light (wavelength: 1.55
pm) absorption induced temperature gradient produces a net PTE photovoltage at the p—n junction
under zero bias at room temperature (Fig. 1(a), bottom panel). To optimize the photovoltage
collection for incident illumination with a Gaussian profile, several p—n junctions are fabricated and
connected in series, forming a circular shape (left panel of Fig. 1(b)). The graphene segment is p- or

n-doped in an alternating fashion so that the generated photovoltages of neighboring p—n junctions
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have opposite signs and can be added up to give the total photovoltage (equivalent circuit model in
the right panel of Fig. 1(b)). A maximum room temperature responsivity of 26.2 mV/W is measured
at A = 8.58 um under zero bias, when eight voltage segments are included in the measurement, which

is shown in Fig. 1(c).

Figures 1(d)-1(i) show a graphene photoconductor based on the plasmon-assisted PTE
effect.®® The graphene photoconductor (Fig. 1d) consists of graphene-disk plasmonic resonators
(GDPRs) connected by quasi-1D graphene nanoribbons (GNRs). The GDPRs serve as the source of
hot carriers as they support plasmonic resonance upon light illumination. Figs. 1(e)—1(h) illustrate
two carrier transport mechanisms whose occurrence depends on whether resonant plasmons are
excited. Without plasmon excitation, carriers transport is by nearest-neighbor hopping (NNH, Fig.
1(h)) between neighboring localized states, leading to a small thermal smearing of the carrier
distribution (Fig. 1(e)). The excitation of plasmonic resonance produces hot carriers at elevated
temperature (thermal carrier excitation (TCE), Fig. 1(g)), resulting in greater thermal smearing of the
carrier distributions, which facilitates their transport through the potential barriers (Fig. 1(f)). Under
the TCE regime, a room-temperature responsivity of 16 mA/W (bias voltage Vb =1 V) is obtained at

a wavelength of 12.2 um (Fig. 1(i)).

Figures 1(j)—1(1) show a graphene photoconductor based on the phonon-assisted PTE effect.?!
A photoresponsivity of around 58.5 nA/W (under zero source-drain bias) is measured close to the
edges of the electrodes at a frequency of 1080 cm™ (wavelength of 9.26 um) for incident light
polarized parallel to the edge of the contact, as shown in Figs. 1(j) and 1(k). The photodetection is
based on a phonon-assisted PTE effect, where the incident light is absorbed by the substrate phonons
(transverse (TO) phonon band of SiO: is centered around 1065.5 cm™), leading to local heating of the
charge carriers in graphene which generates a PTE photovoltage and causes a current flow. The
phonon-assisted PTE effect can be verified by the fact that the device shows photocurrent across a

large area, even when the light spot is outside the graphene region (Fig. 1(k)). When the excitation
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frequency is 1390 cm’, i.e. far from the substrate TO phonon band, the device shows photocurrent in
a much smaller area close to the edges of the contacts (Fig. 1(1)), since heating of the charge carriers

in graphene is caused by direct light absorption in graphene and is limited by the laser spot size.
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FIG. 1. Graphene PDs based on photothermoelectric (PTE) effect. (a—c) PTE effect induced photoresponse

in graphene p—n junction devices.?’ (a) Top: optical image of graphene p—n junction device, in which half of
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graphene channel is covered by PMMA mask. Bottom: photovoltage map of p—n junction device measured at
a NIR wavelength of 1.55 um. Red circle indicates full width half maximum (FWHM) of laser spot (~1.7 um).
(b) Optical image (left) and equivalent circuit diagram (right) of graphene thermopile comprising multiple
graphene p—n junctions. Graphene is etched into a circular channel with a meandering shape, with each
segment being p- or n-doped in an alternating fashion. (c) Responsivity of thermopile as a function of number
of voltage source segments included in circuit at L = 8.58 pm and A = 7.15 pm. Device is illuminated at its
center by a Gaussian beam. Inset shows responsivity maps measured at A = 8.58 um, with 4, 6 and 8 voltage
source segments included in circuit, respectively. Red circle indicates FWHM of laser spot (~30 um).
Reproduced with permission from C. Peng et al., New J. Phys. 20, 083050 (2018). (d—i) Plasmon-assisted PTE
effect in graphene photoconductor.®® (d) Schematic of device, which consists of graphene-disk plasmonic
resonators (GDPRs, red circles) connected by quasi-1D graphene nanoribbons (GNRs). (e—f) Conceptual
illustration of disorder potential (solid curve) around chemical potential and carrier thermal smearing before
(e) and after (f) photoexcitation at room temperature. (g—h) Conceptual illustration of thermal-carrier excitation
(TCE) transport (g), in which electrons with higher thermal energy can overcome localized potential barriers
and nearest-neighbor hopping (NNH) transport (h), in which thermalized electrons evanescently hop between
neighboring localized states under external driving electric field. (i) Photocurrent vs incident power for device
with an area of 5 x 5 um?. Top x axis shows power impinging on device area. Filled (open) symbols represent
data acquired at To = 300 K (77 K). Red curve is theoretical result. Error bars represent standard deviation.
Reproduced with permission from Q. S. Guo et al., Nat. Mater. 17, 986 (2018). Copyright 2018 Nature
Publishing Group. (j-1) Phonon-assisted PTE effect in a graphene photoconductor on a polar substrate.?' (j)
Photocurrent (orange curve) at 1080 cm™ along orange arrow in (k). Gray curve represents laser spot size, as
obtained from spatial derivative of optical transmission measurement. (k—1) Photocurrent maps upon excitation
with wavelength A = 9.26 um (1080 cm™) (k), and A = 7.19 um (1390 cm™) (1). Gray lines depict contacts.
Black dotted lines indicate graphene position. Black circle at bottom left represents beam spot size (FWHM
22 um (k) and 14 pm (1)). Light polarization is parallel to contacts. Adapted with permission from M. Badioli

et al., Nano Lett. 14, 6374 (2014). Copyright 2014 American Chemical Society.
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B. Photovoltaic effect

The photovoltaic effect involves the photoexcitation of charge carriers and their subsequent
separation by built-in electric fields at junctions between graphene regions with electron doping and
hole doping, or between graphene sections of same type of doping but with different doping
levels.?>** The built-in electric fields can be introduced by local chemical doping,® by local
electrostatic gating (via split gates),’>* or by the metallic doping effect that arises from the work-
function difference between the contacting metal and graphene.’>333¢ Graphene PDs based on the
photovoltaic effect can operate at zero source-drain bias voltage, though they often have low
responsivities because charge separation is inefficient in the unbiased operation mode. A source-drain
bias voltage can be applied to improve the charge separation by producing a much larger external
electric field. However, this will also lead to a larger dark current which undermines the detector
specific detectivity. It should be noted that due to the electron-electron scattering,”’ there can be
multiple electron-hole pairs excited for each absorbed photon (also known as carrier multiplication),
leading to enhanced photodetection efficiency. Using the photovoltaic effect, room-temperature MIR
photodetection has been demonstrated with a simple graphene field-effect transistor on a SiO2 (30
nm thick)/Si/Au substrate (Fig. 2(a), top panel).*® As a result of the doping of graphene by the
palladium contacts, built-in electric fields are formed near the contact regions (Fig. 2(a), bottom
panel). Photocarriers excited near the contact regions will be separated and flow in opposite directions
at the two electrodes depending on the direction of the electric field. Consequently, the photovoltages
measured at the two electrodes have opposite signs, as shown in Fig. 2(b). The photovoltage measured
when the laser illumination spot is in the center of the graphene channel is almost zero due to the

short carrier lifetime and long transit time.
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Fig. 2. Graphene PD based on photovoltaic effect.>® (a) Top: cross-section schematic of graphene field effect
transistor on SiO (30 nm thick)/Si/Au substrate. Bottom: energy band diagram. Blue line indicates potential
profile of conduction band edge (Ec). (b) Photovoltage map of graphene PD of panel (a), measured with a
continuous wave quantum cascade laser (wavelength: 4.45 um). Source-drain bias voltage is 0.5 V. Dashed
lines and dashed-dotted lines indicate positions of contact pads and graphene sheet, respectively. Adapted with

permission from Y. Yao et al., Nano Lett 14, 3749 (2014). Copyright 2014 American Chemical Society.

C. Pyroresistive effect

When a pyroelectric material is illuminated, heating resulting from light absorption and the
resulted temperature increase will produce a variation of spontaneous polarization in the material due
to the pyroelectric effect. In bringing a graphene sheet in direct contact with a pyroelectric material,
the light-produced bound (polarization) surface charges in the pyroelectric material will induce free
charges in the graphene, resulting in a change of the resistance of the graphene. This phenomenon
has been termed as the pyroresistive effect and can be used in uncooled graphene MIR PDs.***! Figure
3 shows such an example in which room-temperature MIR photodetection is demonstrated by
combining a dual-gated single-layer graphene (SLG) amplifier with a pyroelectric material.*’ The
device consists of a graphene field-effect transistor on a pyroelectric substrate (500 um-thick z-cut
lithium niobate crystal, LiNbO3), as shown in Fig. 3(a). A 10 nm-thick Al2O3 dielectric layer isolates

the graphene from an H-shaped floating Au structure. The lateral pads of the floating Au structure
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are placed in direct contact with the substrate. The floating metallic structure is designed to
concentrate the pyroelectric charges on the top-gate capacitor of the graphene channel, leading to a
temperature coefficient of the resistance of up to 900% K''. Figure 3(b) depicts the corresponding
electrical model of the device. The gain of the SLG amplifier is controlled by the geometric ratio of
the areas of the capacitors C3 and Cz, which is a result of the conservation of charge. Consequently,
the pyroelectric response of the LiNbO3 crystal is transduced with high gain (up to 200) into resistivity
modulation for graphene. The modulation of the channel drain current under MIR radiation at 1100
cm! (~9 um) is shown in Fig. 3(c), revealing a responsivity of 0.27 mA/W under a source-drain bias
voltage of 10 mV. Figure 3(d) shows the photocurrent maps of the device measured by chopping the
beam at different frequencies. The two peaks in the photocurrent map become progressively resolved
as the frequency increases and match the location of the lateral pads when the frequency is above 500
Hz. This can be understood by the fact that at higher frequencies, there is less time for the heat to

laterally spread from the illuminated spot to the pads, which translates into negligible charge doping

of the graphene channel.
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III.

FIG. 3. Graphene PD based on pyroresistive effect.*’ (a) Schematic of graphene PD consisting of a dual-gated
SLG amplifier on a pyroelectric substrate (500 mm-thick z-cut lithium niobate crystal, LiNbO3). Floating
metallic structure is fabricated on top of Al,O; coated graphene channel and substrate to concentrate
pyroelectric charges on top-gated graphene channel. (b) Electrical model of device of panel (a). (c) Modulated
drain current under MIR illumination at 1100 cm™ (~9 um) at source-drain bias voltage of 10 mV. (d)
Photocurrent maps measured with illumination from MIR (frequency: 1100 cm™) beam that is chopped at
different frequencies. Reproduced with permission from U. Sassi et al., Nat. Commun. 8, 1 (2017). Licensed

under a Creative Commons Attribution (CC-BY_4.0) license.

IMPROVING THE RESPONSIVITY OF INFRARED GRAPHENE

PHOTODETECTORS USING METAMATERIALS AND RELATED CONCEPTS

Although graphene PDs have been successfully demonstrated using the detection mechanisms
discussed in the previous section, their responsivities are modest.’>?! This originates from the
intrinsically low optical absorption and the short photocarrier lifetime (sub-picosecond) of graphene.
Recently, considerable efforts have thus been devoted to improving the responsivity of graphene MIR
PDs using metamaterials and related concepts to enhance the optical absorption efficiency and/or

carrier collection efficiency in graphene. In this section, we will discuss such devices. The approaches

4243 { 44-46
X

that they use include band structure engineering, the photogating effec integration with

39,47-51

plasmonic nanoantennas/nanoparticles/engineered electrodes, integration with waveguides,*

enhancement of PTE effect with asymmetric plasmons,’ enhancement of PTE effect with coupled

54,55

plasmon-hyperbolic phonon polaritons®*>* and the use of small-twist-angle bilayer graphene’.

A. Band structure engineering of graphene
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FIG. 4. Band structure engineering in a graphene quantum dot PD.* (a) Schematic of graphene quantum dot
PD. (b) Band structure diagram of pure graphene sheet (left) and graphene quantum dot array (right) with mid-
gap-states band (red shaded region). Red dashed arrows indicate interband and intraband electron-phonon
scattering. (c) Time-dependent photocurrent measured at MIR wavelengths close to 10 um. Reproduced with

permission from Y. Z. Zhang et al., Nat. Commun. 4, 1811 (2013).

Band structure engineering has been shown to enhance the responsivity of graphene-based
PD by boosting the optical absorption by the graphene channel and by introducing photoconductive
gain. For example, Zhang ef al. demonstrate a graphene MIR PD that consists of a graphene quantum
dot (GQD) array on a SiO2/Si substrate (Fig. 4).** By patterning the graphene channel into GQD
structures (Fig. 4 (a)), the band structure of graphene is significantly altered. As illustrated in the right
panel of Fig. 4(b), a bandgap and a mid-gap-states band (MGB) are created due to quantum
confinement effects. This is drastically different from the band structure of un-patterned SLG, which
depicts the well-known Dirac cone shape (left panel of Fig. 4(b)). In un-patterned SLG, the lifetime

of photogenerated electrons is usually very short due to the high interband and intraband electron-
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phonon scattering rates. In contrast, the photocarrier lifetime in the GQD structure is prolonged
because electrons can be effectively trapped in the MGB which leads to the mitigation of electron-
phonon scattering.’’ In addition, the existence of the MGB allows carrier multiplication to occur,
thereby increasing the overall electron generation efficiency. The efficient electron generation and
subsequent trapping in the MGB give rise to a very high photoconductive gain, which enables
sensitive MIR photodetection with a measured responsivity of 0.4 A/W under a source-drain bias
voltage of 20 mV (Fig. 4(c)). Unfortunately, the response time of the detector is very slow (~tens of
seconds) due to the long lifetimes of the trapped electrons, as can be seen from Fig. 4(c). The detector
operation is restricted to low temperature (~10 K) because the responsivity reduces at higher

temperatures due to shortened carrier lifetime.
B. Introduction of photogating effect

The photogating effect is a light-induced phenomenon generally involving carrier transfer of
one type from a photosensitive material into a separate charge transport layer, while carriers of the
other type accumulate in the photosensitive material and produce an electric field, leading to a
conductance change of the transport layer.”® Photogating can significantly increase the internal
quantum efficiency (IQE) of PDs through the increase in gain that comes from carriers being
circulated around the electrical circuit multiple times before recombination. However, it should be
noted that such an increase in IQE can come at the expense of slow response due to the long carrier
lifetime. The photogating effect has been employed in graphene PDs to achieve high responsivities
(> 1 AWy at room temperature (Fig. 5) by either coupling graphene with narrow-bandgap
semiconductor nanoparticles,** narrow-bandgap topological insulators,* or by introducing a

tunneling barrier in a graphene double-layer heterostructure.*®

By hybridizing graphene with a narrow-bandgap semiconductor, titanium sesquioxide (Ti203,

bandgap: 0.09 eV), room-temperature MIR PDs with high responsivity are reported, as shown in Figs.
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5(a)-5(c).** Upon light absorption in Ti203, photo-generated electrons are trapped in the Ti203
nanoparticles while the holes are transferred into the graphene channel (Fig. 5(b)), resulting in a
change of the graphene channel conductance that is then read out as photocurrent. High responsivity
is achieved by the strong photoconductive gain due to the long lifetime (~several milliseconds) of the
trapped electrons in the Ti2O3. Photocurrents are measured under laser illumination at a wavelength
of 10 um for hybrid graphene/Ti203 PDs with monolayer-, bilayer- and trilayer-graphene (Fig. 5(c)).
A maximum room-temperature responsivity of ~300 A/W is obtained in a hybrid trilayer
graphene/Ti203 photodetector for illumination at A = 10 pm under source-drain voltage of 2 mV (Fig.

5(c), blue curve). The detector response time is limited to around 1-3 ms however (Fig. 5(c)).

Based on a similar strategy, strong MIR photoresponse is reported in a graphene PD coupled
with a narrow-bandgap topological insulator bismuth selenide (Bi2Ses, bandgap: 0.3 eV), as shown
in Figs. 5(d)-5(f).* In this device, the BizSe3 layer serves as a broadband MIR absorber. Due to the
asymmetric energy barrier at the Bi2Ses-graphene interface (Fig. 5(e)), the photoexcited holes are
transferred to the graphene layer, while the photoexcited electrons remain in the BizSes, leading to an
electrostatic modulation of the carrier density in graphene, i.e. a photogating effect. Fig. 5(f) shows
the measured transfer characteristics with and without MIR illumination (A = 3.5 pm) under a source-
drain bias voltage of 0.5 V, revealing a strong photoresponse with a responsivity of 1.97 A/W. The
large shift of the Dirac point under illumination indicates a strong modulation of the hole density in

graphene, verifying the occurrence of the photogating effect.

Figures 5(g)-5(i) show an example of responsivity enhancement in a graphene double-layer

t.46 The detector consists of two

heterostructure with a tunneling barrier using the photogating effec
graphene layers that sandwich a thin tunneling barrier (~6 nm thick intrinsic silicon layer), as shown
in Fig. 5(g). Due to the fact that the two graphene layers have different doping levels, with the top
graphene layer being more heavily p-doped than the bottom graphene layer, the energy band in the

tunneling barrier is tilted toward the bottom graphene layer as a result of the equilibration of the Fermi



level (Fig. 5(h)). Consequently, photoexcited electrons in the top graphene layer can tunnel through
the barrier to the bottom layer, while photoexcited holes are accumulated in the top graphene layer,
resulting in a strong photogating effect on the bottom graphene channel layer. As a result of the strong
photogating effect, efficient MWIR photodetection at room temperature is demonstrated, with a
maximum responsivity of around 1.1 A/W under a source-drain bias voltage of 1.5 V atA=3.2 pm,
rivaling that of the state-of-the-art MWIR detectors operating at room temperature. Again, the

bandwidth of the detector is limited to a modest 10—-1000 Hz.
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nanoparticle PD. (b) Cartoon illustration of charge transfer process occurring at graphene/Ti,O3 interface. (c)
Time-dependent photocurrent for photodetector illustrated in panel (a) with monolayer, bilayer and trilayer
graphene, under light illumination at A = 10 um. Vps = 2 mV and Vg = 80 V. Reproduced with permission
from X. C. Yu et al., Nat. Commun. 9, 4299 (2018). Licensed under a Creative Commons Attribution (CC-
BY_4.0) license. (d—f) MIR photodetection by coupling graphene with narrow-bandgap topological insulator
BixSes. ¥ (d) Schematic of graphene-Bi>Ses heterostructure PD and electrical measurement circuit. (e)
Ilustration of band diagram and transfer process of photocarriers under light illumination. (f) Transfer
characteristics measured with (red curve) and without (blue curve) MIR illumination at A = 3.5 um
(illumination power: 50 uW). Source-drain bias voltage is 0.5 V. Reproduced with permission from J. Kim et
al., ACS Photonics 4, 482 (2017). Copyright 2017 American Chemical Society. (g—i) MIR photodetection with
graphene PD consisting of graphene double-layer sandwiching a tunneling barrier (~6 nm thick intrinsic
silicon layer).*® (g) Schematic of graphene double-layer heterostructure PD. (h) Band diagram illustration of
PD and depiction of photocarrier transport. (i) Gate-dependent photocurrent measured under different
illumination powers at A = 3.2 um. Vps = 1.5 V. Reproduced with permission from C. H. Liu et al., Nat.

Nanotechnol. 9, 273 (2014).

C. Integration with plasmonic nanoantennas/nanoparticles/engineered electrodes

Plasmonic nanostructures supporting propagating/localized surface plasmon polaritons are
widely used to enhance light-matter interactions, as they can produce strong electric fields confined
to subwavelength regions. This property is particularly attractive for boosting the light-graphene
interaction and therefore improving the optical absorption in graphene, because the low intrinsic
absorption of graphene (< 2.3%)% is a major limiting factor for the achievable responsivity in
graphene PDs. When integrated with graphene, plasmonic nanostructures can also act as

nanoelectrodes that help carrier collection. This approach also facilitates fast detector response as the

responsivity enhancement does not come at the expense of increased carrier lifetime. Figure 6 shows
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several examples that demonstrate high responsivity in graphene MIR PDs by integration with

394730 plasmonic nanoparticles*® and engineered electrodes®. Figures 6(a)

plasmonic nanoantennas,
and 6(b) shows a work in which plasmonic end-to-end linear antennas are employed to enhance both
the optical absorption and carrier collection efficiency in graphene.*® The device working principle
is as follows. The linear antennas collect the incident light and concentrate it into the narrow gaps
(~100 nm) between adjacent antennas, whereby the optical absorption in the graphene is boosted (to
be up to ~10%, according to simulations) due to the enhanced electric fields. The photogenerated
carriers are then efficiently collected by the nanoantennas as photocurrent. In this device, a
responsivity of 0.4 V/W is obtained at room temperature at a wavelength of 4.45 pm under a bias
current of 4 mA (Fig. 6(b)), which represents an improvement of more than 200 times over reference
devices without the antennas (< 2 mV/W). A similar configuration is employed in another work (Fig.
6(c)) but with T-shaped antennas instead of linear antennas.*® In that work, polarization-sensitive
photodetection is reported via a bulk photovoltaic effect assisted by the non-centrosymmetric metallic
nanoantennas. The authors explain the mechanism to be as follows. Hot photocarriers in graphene
gain momentum via both a gradient in the Seebeck coefficient and a conductance guidance due to the
presence of the metallic nanoantennas. The result is a shift current which is nonlocal and directional.
A room-temperature and zero-bias responsivity of 16.6 mA/W is observed under uniform illumination

3930 the response

at a wavelength of 4 pm. Due to the low symmetry of the employed nanoantennas,
of these detectors is strongly polarization dependent. In another work (Figs. 6(d)-6(f)),*” Jerusalem-
Cross shaped antennas (JC-antennas) are employed instead of linear antennas to further increase the
light absorption in graphene and achieve a polarization-independent response (Fig. 6(f)). The highly
symmetric shape of the JC-antennas and narrower antenna gaps (~40 nm) render a graphene light
absorption of 16.4%, which is 64% and 167% larger than that occurring in the linear antenna

configuration discussed above,* for linearly-polarized and unpolarized light respectively. As a result

of the enhanced graphene absorption and carrier collection enabled by the JC-antennas, a room-
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temperature responsivity of 4.6 mA/W (which corresponds to 14.5 V/W) is obtained in the MIR,
under a source-drain bias voltage of 0.1 V. This work also achieved a fast response, with a measured
rise time of ~3 ns. The absorption in graphene can also be enhanced using plasmonic silicon quantum
dots (Si QDs) doped with boron (B), as reported in a work shown in Figs. 6(g)—6(i).*® The localized
surface plasmon resonance (LSPR) of the B-doped Si QDs enhances the MIR absorption of graphene
(Fig. 6(h)), enabling sensitive photodetection with a measured responsivity of around 44.9 A/W at 77
K at a wavelength of 3 um (Vps = 1 V), as shown in Fig. 6(i). The use of plasmonic nanoantennas
can enhance responsivity while maintaining fast response, but also can limit the spectral bandwidth
over which the detector operates, due to the resonant nature of the antenna plasmons. By employing
a novel carrier collection strategy using engineered nanoelectrodes with graphene nano-strips,
researchers demonstrate simultaneous broadband and ultra-fast photodetection with high responsivity
(Figs. 6(j) and 6(k)).*> These nanoelectrodes enable a modest and broadband optical absorption
enhancement in the graphene, and help to collect the photocarriers efficiently before their
recombination. The authors report that this device shows a sensitive and ultra-broadband
photodetection from the visible to the MIR, with operation frequencies exceeding 50 GHz. Room-
temperature MIR responsivities of around 2—11.5 A/W are observed at wavelengths from 3-20 pm,

under a source-drain bias voltage of 20 mV (Fig. 6(k)).
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FIG. 6. Integration with plasmonic nanoantennas ((a-b),*® ¢, (d—f)*)/nanoparticles (g-i)**/engineered
electrodes (j, k)*. (a) Schematic of graphene PD integrated with linear nanoantennas on a SiO»/Si substrate.*
(b) Bias-dependent responsivity measured at room temperature under gate voltage of 4 V. Inset: Vps—Ips plot
of same detector without illumination (i.e. in dark). Reproduced with permission from Y. Yao et al., Nano Lett
14, 3749 (2014). Copyright 2014 American Chemical Society. (c) Schematic of metasurface-mediated

graphene photodetector, which consists of non-centrosymmetric sub-wavelength metallic nanoantennas on top



AlP

Publishing

of graphene flakes on a SiO/Si substrate.” Inset: Illustration of band diagram of graphene and directional
carrier transport. Reproduced with permission from J. X. Wei et al., Nat. Commun. 11, 6404 (2020). Licensed
under a Creative Commons Attribution (CC-BY_4.0) license. (d) Schematic of polarization-independent
graphene PD integrated with Jerusalem-Cross nanoantennas on a SiO»/Si substrate.** (¢) Room-temperature
responsivity as a function of gate voltage measured under source-drain bias voltage of 0.1 V in MIR. Inset
shows measurement circuit. (f) Polarization-resolved photocurrent measured at 78 K under different source-
drain bias voltages, with fixed gate voltage of —8 V. Reproduced with permission from M. Ye et al. Adv. Opt.
Mater. 9, 2001854 (2021). (g) Schematic of hybrid phototransistor based on boron-doped Si QDs and
graphene.®® (h) Illustration of roles of Si QDs in photodetection in both MIR and ultraviolet to near-infrared
(UV-to-NIR) regions. In MIR region, strong near field associated with LSPR of B-doped Si QDs enhances
light absorption in graphene, leading to sensitive detection of MIR light. (i) Measured responsivity as a
function of laser irradiance at different laser wavelengths at Vg = 0 V and Vps =1 V. Reproduced with
permission from Z. Y. Ni et al., ACS Nano 11, 9854 (2017). Copyright 2017 American Chemical Society. (j)
Schematic of PD based on graphene nano-stripes and engineered nanoelectrodes.* (k) Measured responsivity
(red) and photoconductive gain (blue) at optical power of 2.5 uW, gate voltage of 22 V, and bias voltage of 20
mV. Reproduced with permission from S. Cakmakyapan et al., Light Sci. Appl. 7, 20 (2018). Licensed under

a Creative Commons Attribution (CC-BY_4.0) license.

D. Integration with silicon waveguide

The use of in-plane evanescent light absorption in graphene is demonstrated to enable efficient
MIR photodetection in a graphene/silicon-heterostructure waveguide PD on a silicon-on-insulator
(SOI) substrate, as shown in Fig. 7.5 The graphene/ silicon-heterostructure photodiode is formed by
integrating graphene onto a silicon optical waveguide on SOI (Fig. 7(a)). A focusing subwavelength
grating is used to couple light from an optical fiber into the silicon/graphene waveguide. In this device,
the in-plane evanescent light (rather than normally-incident light) propagating parallel to the graphene

sheet is absorbed via indirect interband transition, resulting in a high responsivity of 0.13 A/W at a
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bias voltage of -1.5 V for 4 =2.75 pum excitation at room temperature. The formation of a
heterostructure between the graphene and silicon waveguide leads to a strongly bias-polarity
dependent photoresponse, as can be seen in Figs. 7(b) and 7(c). The potential barrier at the
graphene/silicon junction interface facilitates charge separation for reverse bias (graphene is biased
positive with respect to silicon) and blocks electron transport from graphene to silicon for forward

bias.
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FIG. 7. Integration with silicon waveguide on a silicon-on-insulator (SOI).”* (a) Schematic of a
graphene/silicon-heterostructure waveguide PD. (b) Current as a function of pump current of excitation laser
(wavelength: 2.75 um) and bias voltage measured at room temperature. (c) Current as a function of bias voltage
under dark and light conditions for different incident light powers. Reproduced with permission from X. M.

Wang et al., Nat. Photonics 7, 888 (2013).

E. Enhanced PTE effect with asymmetric plasmons

The plasmon-assisted PTE effect has been employed for room-temperature MIR
photodetection, as discussed in section IT and Figs. 1(d)-1(i). However, in that work,* the temperature
increase of the charge carriers is only 1.72 K, which results in a modest responsivity of 16 mA/W at
room temperature. For further improvement of the detector responsivity, the generation of larger
temperature gradients across the channel would be desirable. A typical example towards achieving
this goal is shown in Fig. 8, where the plasmon-assisted PTE effect is enhanced by engineering an

asymmetric electronic environment of the plasmonically excited hot carriers on the graphene.>® The
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PD (Fig. 8(a)) consists of a graphene field effect transistor with an optical cavity on top. Half of the
graphene channel is patterned with a hexagonal array of holes so that upon illumination, graphene
plasmons are selectively excited in the patterned section of the graphene. As a result, hot carriers are
excited asymmetrically across the channel, giving rise to an enhanced temperature gradient across the
channel (4.7 K under incident power of 153 nW at an excitation wavelength of 8.15um, top panel of
Fig. 8(b)) and thereby yielding an enhanced PTE voltage (0.44 mV, bottom panel of Fig. 8(b)). Due
to the large temperature gradient, a strong room-temperature PTE photoresponse is obtained at long-
wave infrared (LWIR) region (8—12 um), with a measured maximum responsivity of 2900 V/W at a
source-drain bias voltage of 0.9 V (Fig. 8(c), red curve). A response time of ~100 ns is found by

temporally modulating the electrical bias signal (under constant LWIR illumination).

a bk e
- 47
—_ R
A . ; (99& e
10 O
op
- 0

10O Of
10 O

@_m —
V-Viyin [mV]

g g g “( ’. B
YOO
L)
‘ JOO O U
Tove 0
0 5 0 02 04 06 08 10

X [um] Source-drain voltage [V]

[
o

Responsivity x10% [V/W]
n
o

Va=-13V

o
~

Au ALO, Si*  Gr -5

FIG. 8. Asymmetric plasmon-assisted PTE effect for responsivity enhancement of graphene PD.> (a)
Schematic of a graphene PD with an asymmetrically nanopatterned graphene channel. (b) Simulated
temperature (top) and PTE voltage (bottom) profiles of graphene PD. Graphene Fermi level Er = —0.85 eV,
illumination wavelength A = 8.15 pm, illumination power P = 153 nW, source-drain bias Vsp =0.9 V. (c) MIR
responsivity measured as a function of source-drain bias voltage at a gate voltage of —1.3 V. Blue curve
corresponds to total responsivity. Red curve corresponds to responsivity due to PTE contribution from
asymmetric hot-carrier generation. Reproduced with permission from A. Safaei et al., Nat. Commun.10, 1

(2019). Licensed under a Creative Commons Attribution (CC-BY_4.0) license.
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F. Enhanced PTE effect in graphene p—n junction by coupling plasmonic antenna to

hyperbolic phonon-polaritons (HPPs) in hexagonal boron nitride (h-BN)

Graphene PDs based on the PTE effect in graphene p—n junctions have drawbacks such as
small active area (limited by the cooling length of hot carriers (0.5—1 um)>*®!) and weak absorption,
which generally lead to a low detector responsivity. To improve the responsivity of this type of
graphene PDs, hyperbolic phonon-polaritons (HPPs) in hexagonal boron nitride (h-BN) have been
exploited to focus the incident MIR light into the graphene p—n junction and boost the optical
absorption.’**> HPPs in h-BN can concentrate MIR light into deep subwavelength scales. Figure 9
shows an example in which sensitive and fast MIR photodetection is demonstrated by coupling the
plasmonic resonances with HPPs in h-BN to achieve highly concentrated fields in a graphene p—n
junction detector.® The device is fabricated by embedding h-BN and graphene within metallic
antennas that comprise a top bowtie antenna and a bottom H-shaped antenna (which also serves as a
split-gate), as illustrated in Figs. 9(a) and 9(b). Highly concentrated fields within the graphene p—n
junction area result from the coupling of the LSPRs of the top bowtie antenna (for TM-polarization,
Fig. 9(c)) or the bottom H-shaped antenna (for TE-polarization, Fig. 9(d)) to the HPPs mode in h-BN
(upper reststrahlen band (RB), range: A = 6—7 um) and subsequent interference within the h-BN
waveguide. The resultant large temperature gradient then produces a strong PTE photoresponse when
voltages of opposite signs are applied to the two gates. The PTE driven photodetection mechanism
can be verified by the six-fold photocurrent pattern as shown in Fig. 9(e), which is also observed in
other studies in the MIR range.>*? High responsivities of 15 mA/W and 22 mA/W are demonstrated

for TM- (Fig. 9(f)) and TE- (Fig. 9(g)) polarizations, respectively, within the h-BN RB.
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FIG. 9. Enhancing PTE effect in graphene p—n junction by coupling plasmonic antenna to hyperbolic phonon-
polaritons (HPPs) in hexagonal boron nitride (h-BN).% (a) Schematic of PD that consists of H-shaped resonant
bottom gates and top bowtie antennas, with an h-BN-encapsulated H-shaped graphene channel. (b) Side-view
illustration of device structure described in (a). (c) Cross section view of simulated normalized total electric
field intensity along main axis of bowtie antennas when light is polarized parallel to bowtie antennas (TM-
polarization). White scale bar: 250 nm. (d) Same as (c) but for light polarization parallel to bottom gates. (e)
Photocurrent map as a function of two gate voltages, measured at A = 6.6 pm. (f—g) Measured (dots) and
predicted (dashed lines) responsivity spectra for TM- (f) and TE- (g) polarizations. Left and right applied gate
voltages are 0.5 V and -0.5 V, respectively. Highlighted regions correspond to h-BN RB (A = 6.2-7.3 um).
Adapted with permission from S. Castilla et al., Nat. Commun. 11, 4872 (2020). Licensed under a Creative

Commons Attribution (CC-BY_4.0) license.
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G. Small-twist-angle bilayer graphene

Small-twist-angle (< 2°) bilayer graphene (TBG) is an emerging material platform which
possesses exciting physical properties that has inspired many research efforts in the past few years.®
Recently, this novel material platform has been used for the efficient detection of MIR light.’ The
device architecture (Fig. 10(a)) consists of a h-BN/TBG/h-BN stack on a SiO2/Si substrate. Unlike
monolayer graphene, Brillouin zone folding in the TBG (twist angle of 1.81°) leads to the formation
of a superlattice bandgap and substantial modification to the density of states, which is responsible
for the realization of efficient MIR detection. This leads to the three peaks appearing in the measured
gate-dependent channel resistance as shown in Fig. 10(b). One peak occurs at the charge-neutrality
point of the TBG. The other two peaks occur at gate voltages of +43.5 V and are caused by the
formation of superlattice bands above and below the lowest moiré Dirac bands (inset of Fig. 10(b)).
These two peaks are observed when the Fermi level is tuned to the center of the superlattice bandgap,
whereby the carrier density in the channel is minimized. Efficient photodetection is realized at MIR
wavelengths when the Fermi level is tuned to the center of the superlattice bandgap, with a measured
responsivity of 26 mA/W at 83 K under illumination at A = 12 pm (Vps = 200 mV), as shown in Fig.
10(c). The efficient photodetection can be ascribed to the increased channel conductivity of the TBG
compared to un-twisted bilayer graphene (Fig. 10(d)) and the formation of a bandgap that allows
absorption of MIR light. The authors conclude that the detection mechanism is mainly a bolometric
effect, a finding that is inferred from the polarity changes in the responsivity curves (Fig. 10(c)). The
bolometric effect usually results in a negative photocurrent for metals and superconductors, but a
positive photocurrent in semiconductors. The behaviors of the measured photocurrent polarities are
found to be consistent with the temperature-dependent transport characterizations under the
assumption of a bolometric mechanism. As can be seen in Fig. 10(e), when the Fermi level is close
to the superlattice bandgap, the TBG resistance decreases as the temperature increases, featuring a

semiconductor behavior. While when the Fermi level is away from the superlattice bandgap, the TBG
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resistance increases as the temperature increases, which indicates a metallic behavior of the TBG
channel. The extracted gate dependence of the temperature coefficient of conductance (TCC) in the
inset of Fig. 10(e) resembles that of the photoresponse in Fig. 10(c), indicating that the photodetection

is driven by the bolometric effect.
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FIG. 10. Efficient MIR detection in small-twist-angle bilayer graphene (TBG) PD.* (a) Schematic of detector
consisting of h-BN/TBG/h-BN stack on SiO/Si substrate. Twist angle of TBG in device is 1.81°. (b) Gate-
dependent channel resistance measured at 83 K, with source-drain bias of 10 mV. Upper x-axis shows electron
filling states. Inset shows calculated band structure of 1.81° TBG. (c) Gate-dependent responsivity of device
measured at 83 K for MIR light at A =5, 7.7 and 12 pm. Source-drain bias voltage is kept at 200 mV. Inset
shows optical image of 1.81° TBG device. Scale bar is 2 pm. (d) Calculated dynamical conductivity (real part)
spectrum of 1.81° TBG for Fermi level at the middle of superlattice bandgap in electron branch. Arrows in
inset show possible interband transitions for MIR illuminations at A = 5, 7.7 and 12 pm. (e) Gate-dependent

conductance measured at different temperatures. Inset shows calculated temperature coefficient of
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conductance (TCC) at 83 K, which is derived from temperature-dependent conductance. Reproduced with

permission from B. C. Deng et al., Nat. Photonics 14, 549 (2020).

To put things into perspective, key figures-of-merit of the graphene MIR PDs discussed in this article

that employ different responsivity enhancement approaches are presented in Table II. To put them in

the context of the topic of this review, the figures-of-merit shown are for the MIR spectral region.

However, it should be noted that in general graphene PDs can operate over broad spectral ranges,

though the responsivity enhancement might be spectrally selective in some cases, for example when

plasmonic nanostructures are integrated, when asymmetric graphene plasmons are employed, etc.

TABLE II. Key figures-of-merit of detectors employing various responsivity enhancement methods.

Enhancement Device description Wavelength  Responsivity Bias Response  Ref.

method voltage time

Band structure Graphene QDs ~10 um 0.4 AW 002V ~10-100s 42

engineering
Hybrid graphene/Ti>O3 10 um 300 A/W 0.002 V 1-3 ms 44

. N Graphene/BizSe;

Photogating effect T ———— 3.5 um 1.97 AIW 0.5V 4 us 45
Graphene double-layer 32pum 1.1 A/W 15V 1-100ms 46
heterostructure
Linear rod antennas 4.45 pm 0.4 V/IW 4V ~63 ns 39
T-shaped antennas 4 um 16.6 mA/W  Zero bias < 100 ps 50

Integration with

plasmonic Jerusalem-Cross antennas 3-5um 14.5 VIW 0.1V ~3 ns 47

nanostructure
Boron-doped Si QDs 3 um 44.9 AW 1V 349s 48
Engineered electrodes 3-20 um 2-11.5 A/IW 0.02V <20 ps 49

lntegratpn with Graphene/silicon- ) 275 um 0.13 A/W 15V / 50

waveguide heterostructure waveguide

Use of asymmetric ~ Asymmetrically patterned 8-12 um 2900 V/W 09V ~100 ns 53

plasmon graphene channel
Graphene p-n junction
integrated with split-gate 6.6 um 1 Viw Zero bias / 54

Coupling LSPRs to  and h-BN

HPPs Graphene p-n junction
integrated with bowtie 6.2-7.3 um 15-22 mA/W  Zero bias 17 ns 55
antenna and h-BN

5.0 um 14 mA/W

Use of small twist- Small-twist-angle bilayer

angle bilayer & y 7.7 um 18 mA/W 02V / 56
graphene

graphene

12 um 26 mA/W
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Iv.

OUTLOOK AND CONCLUSIONS

Over the past decade, much progress has been made in improving the performance of MIR
graphene-based PDs in aspects that include high responsivity, high speed, broadband spectral
response and room-temperature operation, by employing metamaterials and related concepts as
discussed in this review. Indeed, some of the developed graphene MIR PDs show responsivities (e.g.
300 A/W) and/or operation speeds (e.g. > 50 GHz) that are on par with if not exceeding that of the
state-of-the-art commercial PDs. Ultra-broadband spectral response from the visible to the MIR has
also been realized in a single graphene PD device, which is unmatched by existing PDs based on
other material systems.* It should also be pointed out that in contrast to the complex and costly
epitaxial growth of conventional narrow-bandgap semiconductors, many of the reported high-
performance graphene MIR PDs are based on graphene grown by CVD, a method that has been
commercialized and offers low cost and scalability. It might be the case that the graphene quality is
degraded during fabrication processes such as when it is transferred from the growth substrate to the
device substrate, lithography, lift-off etc. Such degradation could potentially be alleviated by
improvement of the nanofabrication techniques and/or by directly growing graphene on the target
substrate via CVD. Despite the progress that has been achieved, there are still much room for further
improvements with modifications/optimizations to existing approaches or by exploring novel
methods that take advantage of the unique optical and electronic properties of graphene. For example,
while the plasmon-assisted PTE effect in graphene has been utilized for MIR photodetection, the
detector responsivity is often low due to the modest optical absorption (< 10%) and temperature
increase of charge carriers (~1.72 K*) in graphene. Although the engineering of asymmetric graphene
plasmons is able to result in a larger temperature increase (~4.7 K),>* it would be interesting to see
whether asymmetrically excited metal plasmons could also be employed in a similar way to achieve
even greater increases in absorption and temperature, by leveraging the much stronger electric fields

associated with metal plasmons. In addition, although graphene MIR plasmons have been exploited
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to resonantly enhance absorption and demonstrate room-temperature MIR photodetection, its
appealing gate-tunable property has not been seriously investigated for realizing electrically tunable
spectrally-selective photoresponse, which could present opportunities for developing miniaturized
MIR spectrometers. We discuss this further below. One major challenge that remains for most current
graphene MIR PDs is the large dark current, which often occurs in the graphene channel in
photoconductor and phototransistor configurations due to the semi-metallic nature of graphene. This
imposes a minimum shot noise-limited noise level and thus limits the maximum achievable
detectivity. One way to reduce the dark current could be to form heterostructures between graphene
and other two-dimensional (2D) materials, where the existence of interface potential barrier can
suppress the dark current significantly. Heterostructures between graphene and other 2D materials
can be readily formed by stacking them on top of one another, with lattice matching not being
problematic due to the self-terminating lattices of 2D materials. Currently, such heterostructures have
mainly been demonstrated for photodetection in the visible-NIR spectral region, using graphene and
2D transition metal dichalcogenides (TMDs) such as M0oS2% and WS2%. With the emergence of the
2D black phosphorus (bP), whose bandgap can be tuned via atomic or electrostatic doping to allow
efficient MIR absorption,® it could be expected that graphene-bP heterostructure devices hold good
promise for realizing low dark current and sensitive photodetection in the MIR region. Such devices
would benefit from the strong MIR absorption in bP, effective dark current suppression and efficient
charge separation at the heterojunctions. Last but not least, the new platform of small-twist-angle
bilayer graphene, with its unique electronic properties, is just beginning to be investigated for MIR
photodetection. Much effort is needed for further improving the detector performance. The
approaches developed for single layer graphene-based detectors could in principle be employed to

improve the performance of detectors based on small-twist-angle bilayer graphene.

As the performance of graphene MIR PDs has been and is expected to continue to be improved

significantly, a wide range of emerging applications will become increasingly practical, by leveraging
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the unique properties of graphene such as flexibility, transparency, CMOS integrability and the
possibility for cost effective manufacturing. These applications include graphene-integrated
biosensors, imaging sensors and spectrometers, to name a few. These devices could be made bendable
and portable, and could be integrated with Si-CMOS read-out circuits, paving the way for the
realization of next generation optoelectronic devices. Among these applications, graphene MIR PDs
provide great opportunities for developing chip-scale spectrometers, also known as
microspectrometers, working in the MIR region. Recent years have witnessed a growing trend in the
miniaturization of spectrometers, motivated by their potential applications including lab-on-a-chip
system, drones, and wearable devices. Microspectrometers have advantages over conventional
systems such as diffraction grating-based spectrometers and Michelson interferometer-based Fourier
transform infrared spectrometers (FTIR). These conventional benchtop systems are often heavy,
bulky, expensive and require precise alignment of optical components and the incoming beam.
Microspectrometers can have volumes and masses on the order of several cubic centimeters and
grams, respectively. Microspectrometers are also invulnerable to misalignment issues for there are no
moving components. Microspectrometers have been recently demonstrated in which the combination
of the responsivity spectra of the detector and a reconstruction algorithm enables spectral
reconstruction of the incoming light.%® In these microspectrometers, spectral filtering and
photocurrent generation occur within the same nanostructure, giving rise to tailored responsivities of
the detector pixels. The measured photocurrent from each pixel, together with pre-calibrated response
functions from the pixels, are then processed in a reconstruction algorithm to reconstruct the spectrum
of incident light. Figure 11(a) shows a microspectrometer chip based on structurally colored silicon
nanowire arrays.® Each colored square is a uniform array of nanowires of a specific radius. The latter
controls the absorption of light through the supported leaky waveguide modes, thereby tailoring the
responsivity spectrum of each pixel. Figure 11(b) shows an SEM image of the etched nanowires of a

pixel. Each nanowire consists of a vertical PIN photodiode that contains the following layers (top to
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bottom): p + layer (200 nm thick), lightly doped silicon (2 pm thick), and n + doped silicon (500 nm
thick). Another PIN photodiode is underneath the nanowire PIN, in a back-to-back configuration. The
external quantum efficiency (EQE) of the nanowire pixels is shown in Fig. 11(c), indicating spectrally
tailored detector response and showing peak EQE values of 30% when leaky hybrid (HE) waveguide
modes are excited. Narrowband light sources across the visible spectrum are measured and
reconstructed using a Li regularization algorithm, with a spectral resolution of ~5 nm achieved (Fig.

11(d)).
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Fig. 11. Silicon nanowire array microspectrometer operating in visible spectral range.*® (a) Optical images of
microspectrometer chip. Each pixel consists of an array of nanowires of particular radius, which in turn
determines its structural coloration. Scale bars are (clockwise from top left): 5 mm, 200 and 100 um. (b) SEM
image of pixel with nanowire array fabricated on PIN doped silicon substrate. Scale bars are 10 and 1 um

(inset). (c) Measured EQE spectral of nanowire detector. (d) Reconstructed and reference (dashed lines) sample
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spectra. Reproduced with permission from J. J. Meng et al., Nano Lett. 20, 320 (2020). Copyright 2020

American Chemical Society.

Despite recent interest in microspectrometers, their operation wavelengths are mainly limited
to the visible and near-infrared regions. Graphene MIR PDs offer opportunities for extending the
operating wavelength of microspectrometers to the technologically important MIR region. The
spectral response of graphene MIR PDs could be conveniently tailored using a variety of strategies
reviewed in this paper, including coupling with colloidal quantum dots (CQDs) and topological
semiconductors, integration with plasmonic nanostructures and exploiting graphene plasmons. In
addition, due to the strong electrical tunability of the carrier density in graphene and the resultant
change in permittivity, the graphene absorption spectrum could potentially be made to be electrically-
tunable by employing metal plasmon resonances,* graphene plasmon resonances> or hybrid
resonances from both metal and graphene plasmons.’® This means that a series of distinct response
functions could be obtained from a graphene PD by applying different gate voltages on the graphene

layer, opening the possibility of a MIR microspectrometer consisting of just a single pixel.

In summary, we reviewed the recent progress of graphene-based MIR PDs, with an emphasis
on state-of-the-art devices employing a variety of metamaterials and related concepts for responsivity
enhancement. We conclude by providing potential directions for further improving the responsivity
of graphene MIR PDs and discussing future applications these detectors may enable. With the
continuing performance improvement of graphene MIR PDs, we envision that a wide range of
emerging applications could be made possible in the future including next-generation biosensors,
imaging sensors, and microspectrometers that are integrated with CMOS technology and

implemented in wearable and portable devices.
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