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Abstract: Surface plasmon polaritons (SPPs) can be generated in graphene at frequencies in the
mid-infrared to terahertz range, which is not possible using conventional plasmonic materials such
as noble metals. Moreover, the lifetime and confinement volume of such SPPs are much longer
and smaller, respectively, than those in metals. For these reasons, graphene plasmonics has potential
applications in novel plasmonic sensors and various concepts have been proposed. This review
paper examines the potential of such graphene plasmonics with regard to the development of
novel high-performance sensors. The theoretical background is summarized and the intrinsic
nature of graphene plasmons, interactions between graphene and SPPs induced by metallic
nanostructures and the electrical control of SPPs by adjusting the Fermi level of graphene are discussed.
Subsequently, the development of optical sensors, biological sensors and important components such
as absorbers/emitters and reconfigurable optical mirrors for use in new sensor systems are reviewed.
Finally, future challenges related to the fabrication of graphene-based devices as well as various
advanced optical devices incorporating other two-dimensional materials are examined. This review
is intended to assist researchers in both industry and academia in the design and development of
novel sensors based on graphene plasmonics.
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1. Introduction

Plasmonics is an important technology that permits the manipulation of photons beyond the
diffraction limit [1–3]. Surface plasmon polaritons (SPPs) and surface plasmon resonance (SPR) are
associated with the interactions of electromagnetic waves with the interface between a plasmonic
material and a dielectric as a result of the coupling of photons and electrons. Various uses have been
proposed for these phenomena in a wide range of applications, including in the fields of biology [4]
and chemistry [5] and in gas sensing [6], image sensing [7,8] and optical communication devices [9].
Conventional plasmonic materials such as Au, Ag and Al can produce SPPs at wavelengths lower than
the mid-infrared (IR) region of the spectrum. However, there is a significant demand for SPPs in the
mid-IR and terahertz (THz) regions [10–12]. Moreover, the electrical tuning of SPP wavelengths would
revolutionize present-day plasmonic devices [13]. Graphene-based plasmonics has thus received
increasing attention in both industry and academia as these challenges are addressed.

As shown in Figure 1a–c, graphene comprises atomically-thin carbon sheets having a hexagonal
lattice structure. This material exhibits unique optical and electrical properties because of its Dirac
cone-type bandgap structure, where the energy depends linearly on the wave vector around the K
point [14–16]. Specifically, graphene has exceptional electrical, optical and chemical properties that are
well-suited to sensor applications and that are not achievable with conventional technologies based on
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bulk materials [17]. These characteristics include high carrier mobility, fast photoresponse, broadband
photodetection from the ultraviolet to the THz regions of the spectrum, flexibility and low cost [18].
Thus, graphene and other two-dimensional materials are the focus of an increasing number of research
studies and novel phenomena associated with these materials are still being discovered [19]. At the
same time, new applications such as high-speed transistors [20], photodetectors [21,22], biological
sensors [23,24], gas sensors [25], energy storage [26], displays [27] and flexible devices [28] are being
proposed based on the novel physics of such materials [29,30].

Figure 1. (a) A schematic illustration of the atomic arrangement in graphene. (b) The honeycomb
lattice (left) and the Brillouin zone (right) for graphene. a1 and a2 are the lattice unit vectors. b1 and b2

are the reciprocal lattice vectors. (c) The energy bands in the vicinity of the K and K’ points.

In particular, graphene can serve as a plasmonic material operating in the mid-IR to THz
regions of the spectrum and its optical constants (such as permittivity and refractive index) can be
adjusted by applying a gate voltage [31], which cannot be achieved by conventional metal-based
plasmonic materials. Therefore, graphene-based plasmonics-type sensors show promise with regard
to meeting the recent demand for devices operating in the mid-IR to THz regions with electrically
tunable wavelengths.

Recent advances in graphene plasmonics can be roughly classified into three areas, which
involve the application of—(i) intrinsic plasmons in graphene (meaning that the graphene itself
functions as a plasmonic material), (ii) the interactions between graphene and SPPs induced by metallic
nanostructures and (iii) the electrical control of SPPs induced by metallic nanostructures. Each of
these fields of study can be applied to the design of specific sensors and, in the case of (ii) and (iii),
various metamaterials [32,33] or metasurfaces [34,35] are integrated with graphene. The purpose of
this review paper is to examine the progress to date in graphene-based plasmonics-type sensors, as well
as to summarize the theoretical background according to the above three principles, focusing primarily
on optical and biological sensors. Graphene-based reconfigurable devices such as absorbers and
reflectors are also introduced because these devices are important to future sensing systems. A number
of excellent review papers [31,36–38] and books [39,40] on this topic have already been published but
the majority are centered on the fundamental physics of graphene SPPs. In contrast, the present paper
assesses the applications of graphene in this regard and focuses on the development of novel sensors
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and the expansion of graphene plasmonics applications. Thus, the advantages and future challenges
associated with graphene plasmonics in sensor applications are also addressed herein.

2. Theoretical Background

This section briefly discusses the theoretical background of graphene SPPs so as to clarify the
advantages of this phenomenon in graphene and the aspects in which it differs from that in conventional
noble metals.

2.1. Intrinsic SPPs in Graphene

It is helpful to begin by examining conventional SPPs, because intrinsic graphene SPPs can be best
understood by comparison to SPPs induced in noble metals. The bulk plasma frequency,ωp, of metals
can be written as:

ωp =

√
Ne2

ε0m∗e
, (1)

where N, e, ε0 and me* are the free carrier concentration, the electron charge, the permittivity of free
space and the electron effective mass, respectively. The SPP frequency is ωsp =

ωp
√

2
and the permittivity

of the metal, εm = 1−
ω2

p

ω2 , is obtained from the Drude model. Generally, the real and imaginary parts of
the permittivity of a plasmonic material must be negative and small, respectively. If these conditions
are satisfied, the SPP mode at the interface between a dielectric and a plasmonic material can be
obtained from Maxwell’s equations. The permittivity of the plasmonic material determined in this
manner will establish the optical response of the material [41]. The plasmon dispersion relationship
can also be obtained from Maxwell’s equations in conjunction with specific boundary conditions and
is written as:

q =
ω
c

√
εdεm

εd + εm
, (2)

where q, εd and εm are the SPP wave vector and the permittivity values of the background dielectric
and the metal, respectively.

At this point, we can examine intrinsic graphene SPPs. The optical conductivity of graphene,
σg, can be described as in Equations (3)–(7), which are derived from the Kubo formula [39,42–44].
This conductivity has both intraband (σintra) and interband (σinter) transitions, such that:

σg = σintra + σinter, (3)

where
σintra =

σ0

π
4

}Y− i}ω
[
EF + 2kBTln

(
1 + e− EF/kBT

)]
(4)

and

σinter = σ0

G(}ω/2) + i
4}ω
π

∫
∞

0
dE

G(E) −G(}ω/2)

(}ω)2
− 4E2

. (5)

Here,

G(x) =
sinh

(
x

kBT

)
cosh

( EF
kBT

)
+ cosh

(
x

kBT

) , (6)

σ0 =
e2

4} , (7)

and Υ, h̄, kB, T and EF are the relaxation rate, the reduced Plank constant, the Boltzmann constant,
temperature and the Fermi energy, respectively.
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In case of 2EF > }ω, the contribution of interband transitions can be negligible due to Pauli
blocking. Working in the mid-IR and THz regions at room temperature and with typical doping levels,
the optical conductivity of graphene can be obtained using the Drude model [39] as:

σg = σ0
4i
π

EF

}ω+ i}Y
. (8)

Figure 2a,b plot the optical conductivity calculated for graphene for various Fermi levels, EF [41]
and the energy band structure of graphene, respectively. Here, EF = }νFkF, where νF is the Fermi
velocity of approximately 106 m/s and kF =

√
πn is the Fermi wave vector (where n is the free

carrier concentration). At higher energy (}ω > 2EF), the real part of the optical conductivity maintains
a constant value and is attributed to interband transitions [45].

If it is assumed that the graphene is sandwiched between sheets of an asymmetrical dielectric
material (with dielectric constants ε1 and ε2), the dielectric constant can be replaced by their
average value, ε = (ε1 + ε2)/2. The graphene plasmon dispersion relationship in the case that

q�
√
∈ω
c can be described using the same method as applied with metals [46], as:

q =
2π}2ε0ε

e2EF

(
1 +

iY
ω

)
ω2. (9)

Figure 2c plots the plasmon dispersion data calculated for graphene surrounded by air and for
n-doped InAs and Au [41].

Figure 2. (a) The real and imaginary parts of the optical conductivity of graphene for various values
of EF. (b) The energy band structure of graphene, showing the Dirac point and Fermi level. (c) A
comparison of the plasmon dispersion results for graphene and for various other materials. (a,b) are
adapted from Reference [41]. © 2020 Society of Photo-Optical Instrument Engineers (SPIE).

SPPs in conventional plasmonic metals such as Ag and Au and Al occur at visible and near-IR,
and ultraviolet wavelengths, respectively [38]. Figure 2c indicates that the graphene SPPs occur in the
mid-IR wavelength range and exhibit significant electromagnetic wave confinement. A number of
interesting studies have examined the limits of graphene SPPs [47–49]. According to reference [49],
the wavelength of a graphene SPP will be 66 times smaller than the illumination wavelength, while the
lifetime of a graphene SPP is 1600 fs at 60 K and the propagation length of an intrinsic plasmonic is
over 10 µm. In contrast, in the SPP wavelength range, the confinement factor and the lifetime for Ag
SPPs are ~1 and 14 fs, respectively, at 10 K [49]. These superior properties of graphene SPPs suggest
applications in a variety of sensors [50]. It is worth noting that the coupling of graphene SPPs with
incident light from free space is difficult. Near-field scanning microscopy [47,48], graphene nanoribbons
(GNRs) [51], triangular wedges [52] and graphene nano disks [53] have all been used in attempts to
address this issue.
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Equation (9) can be used to express the bulk plasma frequency based on the Drude model if the
loss of graphene is ignored (γ = 0). Consequently, the plasma frequency of graphene can be described
as [38,39]:

ωp =

√
e2EFq

2εε0π}2 . (10)

This equation demonstrates why graphene and metals have different ωp values. Specifically,

ωp depends on q, is proportional to N
1
4 (because EF ∝ N

1
2 ) and is independent of the effective mass of

the electron. However, this equation does contain Plank’s constant, which is attributed to the Dirac
nature of graphene SPPs [38].

2.2. Interactions of Graphene and Plasmonic Structures

The EF value of graphene can be tuned by electrostatic gating. As a result, the optical constant of
graphene can also be adjusted. In addition, SPPs are sensitive to changes in the refractive index of the
surrounding materials and so the interaction between the structure into which the graphene is integrated
and the SPPs is an important aspect of sensor applications. In particular, this phenomenon may permit
the development of electrically-tunable graphene-based plasmonics-type sensors. Figure 3a,b plot
calculated values of optical conductivity for graphene based on Equations (3)–(5) as functions of
the chemical potential, µc, of graphene at a temperature of 300 K and a wavelength of 1.55 µm [54].
Note that these optical conductivity values have been normalized relative to σ0. The chemical potential
of graphene which can be adjusted by electrostatic gating and is calculated as [55]:

∣∣∣µc
∣∣∣ � |EF| = }νF

√
π
∣∣∣∣a0

(
Vg −VDirac

)∣∣∣∣, (11)

where Vg and VDirac are the applied voltage and the voltage at the Dirac point, respectively, and a0 is a
constant with a value of approximately 9 × 10−16 m−2V−1.

Figure 3. Calculated optical conductivity values for graphene at a wavelength of 1.55 µm and
a temperature of 300 K as functions of chemical potential. (a) The real and imaginary parts of
the interband and intraband transition contributions. (b) The overall optical conductivity values.
Both figures were adapted with permission from Reference [54]. © 2020 Optical Society of America.

As shown in Figure 3, the optical conductivity of graphene can be tuned by varying the
applied voltage. This effect allows modification of graphene SPPs as well as SPPs induced by
metals and also enables electrical control of the reflection, transmission, absorption and phase of an
SPP-based sensor. The sensor applications associated with such tuning are reviewed in Sections 5.2
and 6.
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3. Optical Sensors

One of the drawbacks of graphene is its low absorbance of approximately 2.3% and
this low responsivity must be addressed to allow graphene to be used in optical sensors.
Various approaches to mitigating this problem have been proposed, including thermoelectric
systems using hetero-electrodes [56,57], bolometric effects [58], PN junctions [59,60], integration with
waveguides [61–63], photogating [64–69], heterojunctions [70,71] and SPPs. Of particular interest are
two methods that take advantage of SPPs based on concepts (i) and (ii) as introduced in Section 1 and
discussed in Sections 3.1 and 3.2, respectively. In general, graphene-based optical sensors are based
on field effect transistors (FETs) with graphene channels formed on SiO2/Si substrates. Applying a
voltage between source and drain electrodes and a back gate results in changes in the channel that are
correlated with incident light, while the back gate voltage controls the Fermi level of the graphene.

3.1. Graphene-Based Optical Sensors

Incident light cannot directly couple with graphene SPPs and so GNRs or micropatches are
commonly used for the excitation of graphene SPPs, which can enhance the responsivity of GNRs-based
photodetectors. Figure 4a,b present a scanning electron microscopy (SEM) image of a GNR channel
with an electrode and a schematic illustration of a GNR-based mid-IR photodetector, respectively [72].
To produce this detector, a GNR was formed on a SiO2 layer on a Si substrate. SiO2 generates phonon
polaritons that can couple with graphene SPPs, as shown in Figure 4c. The dashed yellow curve
corresponds to graphene plasmon dispersion without hybridization of the SiO2 phonons. ωop is
the graphene optical phonon energy. The sp0, sp1 and sp2 phonons are polar SiO2 phonons that
interact with graphene plasmons. Anti-crossing behavior clearly appears in the SiO2 phonon modes,
which is attributed to phono-plasmon interactions [73,74]. This phonon-plasmon coupling is vital to the
functioning of FET-type graphene-based devices. A temperature increase is induced by this coupling
and is four times larger than that for conventional graphene IR detectors. Enhancement of the output
photocurrent as a function of the gate voltage and graphene Fermi level for various nanoribbon widths
has been reported [73]. The results indicated that hybrid plasmon–phonon modes are readily tunable
by adjusting the gate voltage. Consequently, both higher responsivity and room-temperature operation
can be successfully achieved using GNR SPPs in conjunction with the phonon modes of a polar substrate.
In addition, GNR SPPs exhibit a polarization dependence. As shown in Figure 4d, the photocurrent can
be enhanced using only the electric–field component perpendicular to the GNR axis. As a result, it is
possible to detect only s-polarized light. Typically, this polarization dependence would be expected
to degrade the performance of an optical sensor intended to detect non-polarized light. However, if
this polarization effect can be properly employed, it may be possible to realize polarimetric image
sensors capable of distinguishing artificial materials from natural environments or recognizing human
faces [75–77].

GNRs-based photodetector can also operate in THz region [78]. GNRs covered with HfO2,
which has a high k value, have also demonstrated room temperature operation and broadband
detection from the visible to mid-IR regions [79]. This performance is attributed to the persistent high
mobility in the graphene as a result of the reduced carrier scattering in GNRs capped by HfO2. Moreover,
GNRs combined with nanodisks have demonstrated higher performance at room temperature in the
case that mid-IR SPPs are employed [80]. It should be noted that the heat generated by SPPs or phonons
in the mid-IR wavelength region plays an important role in the room-temperature performance
of a sensor. In fact, this effect is vital to achieving high-performance IR sensors operating under
ambient conditions.
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Figure 4. (a) A scanning electron microscopy (SEM) image of a graphene nanoribbon (GNR) channel
and electrode. (b) A schematic of the concept for a GNR-based plasmonic IR detector. (c) Dispersion
relation for hybrid plasmon-phonon modes in graphene on SiO2. (d) The polarization dependence
of the normalized photocurrent. All figures are adapted from reference [72]. © 2020 American
Chemical Society.

3.2. Graphene Integrated with Plasmonic Structure-Based Optical Sensors

The integration of graphene with plasmonic structures such as periodic metal patches and
metal-insulator-metal (MIM) units has been widely investigated as a means of enhancing the
responsivity of graphene-based photodetectors or realizing wavelength- or polarization-selective
functions [7,81,82]. Various plasmonics structures have been examined, including one-dimensional
metal stripes [83,84], two-dimensional (2D) metal micropatches [85], heptamers [86], metal fractal
patterns [87], bull’s eyes [88], Si quantum dots [89] and MIM [90,91] designs. However, the underlying
principle for all such techniques is the same, in that graphene absorption is enhanced due to the
significant confinement of the electromagnetic resonance of the graphene by localized SPR in the vicinity
of such plasmonics structures. This increased absorbance mitigates the inherent low responsivity of
graphene-based optical sensors, based on principle (ii) as described in the Introduction. Figure 5a,b
present a schematic illustration of a graphene-based optical sensor with 2D periodic Au micropatches
and a comparison of the output voltages obtained with and without these plasmonic patterns,
respectively. The data indicate that the responsivity in the mid-IR wavelength region is increased by a
factor of more than 200. Figure 5c,d show a schematic illustration and optical microscopy image of
a graphene-based optical sensor made from gold heptamers sandwiched between two monolayers
of graphene, respectively. This structure increased the graphene responsivity by 800% at visible
wavelengths. It should also be noted that the enhancement factor greatly depends on the source-drain
and back gate voltages that are applied, as well as the quality of the graphene, meaning that it is
difficult to directly compare responsivity values between different papers. However, it is at least
evident that SPR induced by metal nanostructures can enhance the responsivity of graphene-based
optical sensors.

In addition to enhancement of the absorption of graphene by localized SPR, the thermoelectric effect
induced by the metal nanostructures may contribute to the high responsivity and room temperature
operation because of strong localization of the electromagnetic field in SPR [92].

Another approach to improving the responsivity of graphene based on the use of plasmonic
structures is to integrate plasmonic waveguides [93,94] or nanogap structures into the sensor [95].
Plasmonic structures with narrow gaps induce gap resonance modes that can enhance absorption.
At present, the majority of graphene-based optical sensors are single-pixel devices. However, in the
near future, advanced image sensors [96] using the techniques described above are expected to become
commercially available despite some remaining challenges [97,98].
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Figure 5. Graphene integrated metasurface photodetectors. (a) A schematic of a periodic micropatch
array and (b) the performance data for field effect transistor (FET)-based mid-IR photodetectors with
periodic micropatches. (c) A schematic illustration and (d) optical microscopy image of a graphene-based
optical sensor made from gold heptamers sandwiched between two graphene monolayers. (a,b) are
adapted from reference [85]. © 2020 American Chemical Society. (c,d) are adapted from Reference [86].
© 2020 American Chemical Society.

4. Biological Sensors

Graphene has also shown promise as a component of biological sensors, as it has a large surface
area and is biocompatible with antibodies, enzymes, DNA, cells and proteins [24]. In particular,
surface-enhanced infrared absorption (SEIRA) can significantly enhance the sensitivity in the IR
wavelength range using SPPs [99]. Therefore, graphene plasmonics has become an important
component of the recent development of biological sensors. Figure 6 [100] presents a schematic
of a proposed GNR-based biosensor that takes advantage of graphene SPPs [100,101]. Incident IR
irradiation generates SPR across the GNRs. The electromagnetic field is strongly localized at the
GNR edges, which enhances the interaction between the IR rays and the protein molecules adsorbed
on the GNRs. Such sensors are based on principles (i) and (iii) as outlined in the Introduction.
In these devices, the electromagnetic field generated by the graphene SPPs is concentrated at the GNR
edges and increases the light-matter interactions of molecules adsorbed on the graphene. Proteins can
be recognized by monitoring the SPR spectral shifts associated with narrow dips corresponding to the
molecular vibration bands of the protein. Moreover, the gate voltage tunability of graphene-based SPR
enables continuous sweeping over the protein vibrational bands [100].
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Figure 6. (a) A schematic showing the concept of a GNR–based biosensor and (b) an SEM image of a
GNR array. Both figures are adapted from Reference [100]. © 2020 The American Association for the
Advancement of Science.

Other well-known types of graphene-based biological sensors comprise graphene integrated
with metasurfaces [102,103] and plasmonic metal films [104,105]. The former devices are based on
principles (ii) and (iii) outlined in the Introduction. One well-known application is surface enhanced
Raman spectroscopy (SERS) [106]. Graphene-based substrates with plasmonic nanostructures are
promising owing to their high sensitivity, stability, reproducibility and fluorescence quenching [107].
The integration of graphene with metasurfaces can provide more design freedom and the interactions
between graphene and SPPs induced by other metallic nanostructures are reviewed in Section 5.
The latter sensors take advantage of graphene as a passivation and functionalization film in order to
enhance the quality of the sensing surface. In this type of device, graphene SPPs do not appear but
rather the sensitivity of metallic SPR is increased.

As discussed in this section, biological sensors using graphene SPPs operate on the same principles
as other optical sensors or devices. Therefore, present-day optical units based on graphene SPPs have
significant potential in drug discovery, food safety analysis and the monitoring of bio-reactions.

5. Absorbers and Emitters

Graphene-based absorbers are very similar to graphene-based photoelectric sensors in terms
of the enhancement of the absorbers. Graphene-based emitters are also important light sources in
various analytical applications, such as gas analysis systems. Both graphene-based emitters and
absorbers operate on the same principle based on Plank’s law [108] and the present section focuses
on absorbers. The majority of graphene-based absorbers incorporate plasmonic metamaterials or
metasurface absorbers (PMAs) that operate according to principles (ii) and (iii) as explained in the
Introduction. These devices can be classified into two groups according to their function—(1) those
that increase absorption by enhancing the quantum efficiency of graphene and (2) reconfigurable
optical devices involving the modulation of the absorption wavelength.

5.1. Absorption Enhancement

PMAs have attracted significant interest because they exhibit near-unity absorbance along with
wavelength selectivity while allowing small device dimensions [99,109,110]. Although graphene-based
PMAs without metal-based plasmonic structures have been investigated, various types of PMAs
with graphene have also been researched. These have included one-dimensional gratings [111],
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2D plasmonic crystals [112,113], bow-tie antennae and MIM structures [114–118]. These devices are
being examined because graphene-based PMAs without metal-based plasmonic structures have narrow
operation wavelength bands [53] and low absorbance values [119]. The majority of such units use
MIM-based PMAs and Figure 7 presents a typical example of a MIM-based PMA incorporating graphene.
Figure 7a,b,d provide schematic illustrations of the graphene layers formed on the top of the device [115],
on the top and in the middle of the insulator layers and on the top of the micropatches [118].

Figure 7. Graphene integrated metamaterial absorbers. (a) A schematic of graphene embedded in
an MIM absorber using hexagonal boron nitride (hBN) and (b) schematics of graphene coated over
top of MIM absorbers together with absorbance data for graphene in the middle and the top of the
insulator layers. (c) The absorbance plots of this device for various chemical potentials. (d) The
absorbance of graphene coated over top of metal-insulator-metal (MIM) absorbers. (a) is reprinted
from Reference [115] with the permission of AIP Publishing. (b–d) were adapted with permission from
Reference [118]. © 2020 Optical Society of America.

Interestingly, the absorbance of such devices will change according to the location of the
graphene layers, indicating that the localized SPPs (LSSPs) induced by the MIM-based PMA can
enhance the absorption of the graphene. It is important to note that the positioning of the graphene and
the thickness of the insulator layer are also important factors, in addition to the chemical potential of the
graphene resulting from matching of the surface optical impedance [120]. These devices can function
both as high-performance electromagnetic absorbers and as advanced thermal IR or THz sensors.
Figure 7c plots the absorbance data for various graphene chemical potentials and demonstrates the
possibility of electrically tuning the absorbance, as discussed in the next section.

5.2. Absorption Wavelength Modulation

As discussed in Section 2.2, the optical conductivity of graphene can be tuned by applying
a voltage, such that the modulation of SPP wavelengths can be achieved using metallic nanostructures.
Typically, this modulation is associated with the integration of graphene with metasurfaces [120–127],
split rings [122,128,129] or other metamaterials [130–134] or with metallic nanoparticles [135,136].
Figure 8 shows a typical example of the modulation of the device reflection and the reflection phase by
adjusting the extent of doping of the graphene. The device structure consists of a MIM-based PMA
with embedded graphene, which is similar to those in Figure 7.
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Figure 8. (a) A schematic of a reflect-array of rod antennas integrated with graphene. (b) The calculated
reflection spectra (upper panel) and phase of the reflected light (lower panel) for various graphene
doping levels. Both figures are reprinted from Reference [123] with the permission of AIP Publishing.

Figure 8b demonstrates that both the reflection and the phase can be significantly adjusted by
modifying the extent of doping. Interestingly, this same effect can be realized using metasurfaces without
gold plates as substrates. Although the surface conductivity of graphene is minimal, the interaction is
strengthened when graphene interacts with the strong electric fields of SPPs generated by currents
in the metallic nanostructures [122]. This electrical tuning effect can be used in a wide range of
applications, such as advanced IR, biological [137] and gas sensors, as well as in other optical devices
including band stop filters [138], waveguides [139,140] and cloaking units [141]. In particular, the
electrical control of the phase of the reflected light could potentially permit dynamic control of the
light direction in future sensing systems, as discussed in the next section.

6. Reconfigurable Reflectors

There is presently a high demand for electrically-tunable optical devices, especially for
reconfigurable mirrors suitable for solid-state light detection and ranging (LIDAR) applications [142].
Consequently, various metasurfaces have been proposed for the arbitral control of reflected or
transmitted light [143–145]. These metasurfaces when integrated with graphene could allow the
electrical tuning of light direction using principles (ii) and (iii), as discussed in the Introduction [146–149].
In this regard, graphene also offers an additional advantage in that it does not affect the optical constant
of the overall structure but rather modulates only the resonance because of the extreme thinness of
graphene layers.

The majority of metasurfaces used for the purpose of beam steering are based on the concept of
gradients, meaning that specific surface patterns are topologically engineered using the general version
of Snell’s law [143]. Figure 9a–c show a gate-tunable graphene-gold resonator [147]. The gold resonator
array is formed on graphene channel on SiNx. Applying a voltage to the graphene in this device
changes the graphene’s chemical potential, which in turn modulates the phase of the SPR induced
by the metallic nanostructure. A 237◦ phase modulation range was demonstrated at an operating
wavelength of 8.50 µm using this concept, while an array comprising a set of these resonators realized
a 30◦ steering angle. Figure 9d presents images for electrically reconfigurable metagratings using
graphene and metallic stripes operating in the THz range [148]. The device has a structure similar to
that for a MIM-based PMA with graphene but the graphene acts as an electrical connection between
the metal stripes. In such a device, incident light can be rerouted in the desired direction with over
80% efficiency, including the losses associated with the graphene.
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Figure 9. (a) A schematic illustration of a phase modulator based on graphene embedded with
metallic resonators. (b) An SEM image of the resonators. (c) The absorption spectra for various
graphene Fermi levels. (d) A schematic illustration of a reconfigurable reflector based on graphene
embedded in MIM-based metasurfaces. (a–c) are adapted from Reference [147]. © 2020 American
Chemical Society. (d) is adapted from reference [148]. © 2020 American Chemical Society.

This same concept can be employed in other wavelength regions, such as the visible and near-IR.
However, there are still challenges associated with this technology, including achieving high efficiencies,
the suppression of higher order diffractions, variations in the uniformity of the graphene and the
appropriate fabrication of the metallic nanostructures. Control of the transmission of light [150] or
light focusing [151], such as normally provided by a lens, could also be realized based on this concept.
The resulting beam steering devices in conjunction with optical sensors could be used in advanced
driver assistance systems and drone technology.

7. Future Outlook

Graphene SPPs are significantly affected by the quality of the graphene [152,153]. Therefore, the
fabrication of both hexagonal boron nitride (hBN) as well as graphene will be very important with regard
to the development of graphene-based plasmonic devices in the future because hBN has an atomically
smooth surface and a similar lattice constant to that of graphene, making it the most suitable substrate
for graphene. Fortunately, graphene growth technology has greatly matured in recent years [154–156].
Moreover, turbostratic graphene has been proposed as a means of suppressing deleterious electrical
disturbances in oxide layers under graphene [157,158]. However, there are still a number of important
challenges that must be addressed in order to integrate silicon-based semiconductor technology with
graphene in terms of uniformity and size [159]. Although high-quality hBN can currently be obtained
only by exfoliation [160], recent advances in chemical vapor deposition techniques for the synthesis of
hBN [161] represent a key technology for the construction of graphene-based plasmonics-type devices.
The intrinsic losses for graphene SPPs are also important issues for future graphene SPP-based sensors.
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Graphene encapsulated with hBN layers is effective for achieving high confinement and low SPP
damping [152].

The combination of 2D materials such as hBN [153], transition metal dichalcogenides [162,163]
and black phosphorous [164] with various polaritons, including SPPs, exciton polaritons and
phonon polaritons, is also expected to allow the development of more advanced graphene-based
plasmonic devices [162,165]. Heterostructures involving such materials together with bilayer graphene
are also promising, because these have the potential to exhibit novel physical properties, such as
valleytronics [166–168], magic angle effects [169], twisted graphene plasmons [170,171] and Moiré
superlattices [172,173]. Devices based on direct electrical current control of graphene SPPs are promising
for mid-IR and THz light sources for sensor systems [174–176]. Finally, advanced metasurfaces such as
all-dielectric metasurfaces [145] are an important aspect of addressing the intrinsic losses associated
with graphene SPPs. In addition, the inverse design method will assist in realizing advanced sensors or
2D heterostructures with high efficiencies that cannot be developed using conventional intuition-based
approaches [177,178].

8. Conclusions

This review examined graphene plasmonics with regard to potential sensors applications.
This phenomenon has opened up new fields concerning the use of SPPs in the mid-IR and THz regions,
as a direct result of the Dirac cone band structure of graphene. As a consequence, high-performance
optical sensors operating at IR wavelengths and at ambient temperature can be realized using graphene
SPPs induced by GNRs. Graphene-based optical sensors with plasmonic nanostructures also show
promise as high-responsivity wavelength- or polarization selective functional devices. Biological
sensors based on graphene SPPs also exhibit higher performance and wavelength-tunable operation.
In addition, work to date shows that graphene-based absorbers and reconfigurable absorbers will be
important components of future sensing systems with applications in gas analysis, chemical analysis,
alcohol detection and LiDAR. Taking advantage of graphene enables these optical components to
operate at specific desired wavelengths as a result of electrostatic gating. Recent advances in other 2D
materials as well as in the fabrication of heterostructures and in all-dielectric metasurfaces are expected
to address the intrinsic loss effects associated with graphene SPPs and enable the development of
next generation sensors having a wide range of uses, such as for the analysis of images, biological
compounds, gases and chemicals,. It is hoped that this review will contribute to the development of
advanced sensors using graphene plasmonics and the expansion of the range of associated applications.
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46. Jablan, M.; Buljan, H.; Soljačić, M. Plasmonics in graphene at infrared frequencies. Phys. Rev. B 2009, 80,

245435. [CrossRef]
47. Chen, J.; Badioli, M.; Alonso-Gonzalez, P.; Thongrattanasiri, S.; Huth, F.; Osmond, J.; Spasenovic, M.;

Centeno, A.; Pesquera, A.; Godignon, P.; et al. Optical nano-imaging of gate-tunable graphene plasmons.
Nature 2012, 487, 77–81. [CrossRef]

48. Fei, Z.; Rodin, A.S.; Andreev, G.O.; Bao, W.; McLeod, A.S.; Wagner, M.; Zhang, L.M.; Zhao, Z.; Thiemens, M.;
Dominguez, G.; et al. Gate-tuning of graphene plasmons revealed by infrared nano-imaging. Nature 2012,
487, 82–85. [CrossRef]

49. Ni, G.X.; McLeod, A.S.; Sun, Z.; Wang, L.; Xiong, L.; Post, K.W.; Sunku, S.S.; Jiang, B.Y.; Hone, J.; Dean, C.R.;
et al. Fundamental limits to graphene plasmonics. Nature 2018, 557, 530–533. [CrossRef]

50. Woessner, A.; Gao, Y.; Torre, I.; Lundeberg, M.B.; Tan, C.; Watanabe, K.; Taniguchi, T.; Hillenbrand, R.;
Hone, J.; Polini, M.; et al. Electrical 2π phase control of infrared light in a 350-nm footprint using graphene
plasmons. Nat. Photonics 2017, 11, 421–424. [CrossRef]

51. Deng, B.; Guo, Q.; Li, C.; Wang, H.; Ling, X.; Farmer, D.B.; Han, S.-J.; Kong, J.; Xia, F. Coupling-Enhanced
Broadband Mid-infrared Light Absorption in Graphene Plasmonic Nanostructures. ACS Nano 2016, 10,
11172–11178. [CrossRef]

52. Gonçalves, P.A.D.; Dias, E.J.C.; Xiao, S.; Vasilevskiy, M.I.; Mortensen, N.A.; Peres, N.M.R. Graphene Plasmons
in Triangular Wedges and Grooves. ACS Photonics 2016, 3, 2176–2183.

53. Thongrattanasiri, S.; Koppens, F.H.L.; García de Abajo, F.J. Complete Optical Absorption in Periodically
Patterned Graphene. Phys. Rev. Lett. 2012, 108, 047401. [CrossRef]

54. Xu, C.; Jin, Y.; Yang, L.; Yang, J.; Jiang, X. Characteristics of electro-refractive modulating based on
Graphene-Oxide-Silicon waveguide. Opt. Express 2012, 20, 22398–22405. [CrossRef] [PubMed]

55. Wang, F.; Zhang, Y.; Tian, C.; Girit, C.; Zettl, A.; Crommie, M.; Shen, Y.R. Gate-Variable Optical Transitions in
Graphene. Science 2008, 320, 206–209. [CrossRef] [PubMed]

56. Mueller, T.; Xia, F.; Avouris, P. Graphene photodetectors for high-speed optical communications. Nat. Photonics
2010, 4, 297–301. [CrossRef]

57. Cai, X.; Sushkov, A.B.; Suess, R.J.; Jadidi, M.M.; Jenkins, G.S.; Nyakiti, L.O.; Myers-Ward, R.L.; Li, S.; Yan, J.;
Gaskill, D.K.; et al. Sensitive room-temperature terahertz detection via the photothermoelectric effect
in graphene. Nat. Nanotechnol. 2014, 9, 814–819. [CrossRef] [PubMed]

58. Yan, J.; Kim, M.H.; Elle, J.A.; Sushkov, A.B.; Jenkins, G.S.; Milchberg, H.M.; Fuhrer, M.S.; Drew, H.D.
Dual-gated bilayer graphene hot-electron bolometer. Nat. Nanotechnol. 2012, 7, 472–478. [CrossRef]

http://dx.doi.org/10.1038/nmat3839
http://www.ncbi.nlm.nih.gov/pubmed/24452357
http://dx.doi.org/10.1364/OE.26.013148
http://www.ncbi.nlm.nih.gov/pubmed/29801344
http://dx.doi.org/10.1038/nPhotonics2012.262
http://dx.doi.org/10.1098/rspa.2017.0433
http://dx.doi.org/10.1117/1.JNP.9.093791
http://dx.doi.org/10.1140/epjb/e2007-00142-3
http://dx.doi.org/10.1103/PhysRevB.76.153410
http://dx.doi.org/10.1088/1742-6596/129/1/012004
http://dx.doi.org/10.1038/nature04235
http://www.ncbi.nlm.nih.gov/pubmed/16281031
http://dx.doi.org/10.1103/PhysRevB.80.245435
http://dx.doi.org/10.1038/nature11254
http://dx.doi.org/10.1038/nature11253
http://dx.doi.org/10.1038/s41586-018-0136-9
http://dx.doi.org/10.1038/nPhotonics2017.98
http://dx.doi.org/10.1021/acsnano.6b06203
http://dx.doi.org/10.1103/PhysRevLett.108.047401
http://dx.doi.org/10.1364/OE.20.022398
http://www.ncbi.nlm.nih.gov/pubmed/23037388
http://dx.doi.org/10.1126/science.1152793
http://www.ncbi.nlm.nih.gov/pubmed/18339901
http://dx.doi.org/10.1038/nPhotonics2010.40
http://dx.doi.org/10.1038/nnano.2014.182
http://www.ncbi.nlm.nih.gov/pubmed/25194945
http://dx.doi.org/10.1038/nnano.2012.88


Sensors 2020, 20, 3563 16 of 21

59. Shimatani, M.; Ogawa, S.; Fujisawa, D.; Okuda, S.; Kanai, Y.; Ono, T.; Matsumoto, K. Photocurrent
enhancement of graphene phototransistors using p–n junction formed by conventional photolithography
process. Jpn. J. Appl. Phys. 2016, 55, 110307. [CrossRef]

60. Liu, N.; Tian, H.; Schwartz, G.; Tok, J.B.; Ren, T.L.; Bao, Z. Large-area, transparent, and flexible infrared
photodetector fabricated using P-N junctions formed by N-doping chemical vapor deposition grown
graphene. Nano Lett. 2014, 14, 3702–3708. [CrossRef]

61. Wang, X.; Cheng, Z.; Xu, K.; Tsang, H.K.; Xu, J.-B. High-responsivity graphene/silicon-heterostructure
waveguide photodetectors. Nat. Photonics 2013, 7, 888–891. [CrossRef]

62. Pospischil, A.; Humer, M.; Furchi, M.M.; Bachmann, D.; Guider, R.; Fromherz, T.; Mueller, T.
CMOS-compatible graphene photodetector covering all optical communication bands. Nat. Photonics
2013, 7, 892–896. [CrossRef]

63. Schuler, S.; Schall, D.; Neumaier, D.; Dobusch, L.; Bethge, O.; Schwarz, B.; Krall, M.; Mueller, T. Controlled
Generation of a p–n Junction in a Waveguide Integrated Graphene Photodetector. Nano Lett. 2016, 16,
7107–7112. [CrossRef]

64. Konstantatos, G.; Badioli, M.; Gaudreau, L.; Osmond, J.; Bernechea, M.; Garcia de Arquer, F.P.; Gatti, F.;
Koppens, F.H. Hybrid graphene-quantum dot phototransistors with ultrahigh gain. Nat. Nanotechnol. 2012,
7, 363–368. [CrossRef]

65. Shimatani, M.; Ogawa, S.; Fujisawa, D.; Okuda, S.; Kanai, Y.; Ono, T.; Matsumoto, K. Giant Dirac point shift
of graphene phototransistors by doped silicon substrate current. AIP Adv. 2016, 6, 035113. [CrossRef]

66. Fukushima, S.; Shimatani, M.; Okuda, S.; Ogawa, S.; Kanai, Y.; Ono, T.; Matsumoto, K. High responsivity
middle-wavelength infrared graphene photodetectors using photo-gating. Appl. Phys. Lett. 2018, 113, 061102.

67. Ogawa, S.; Shimatani, M.; Fukushima, S.; Okuda, S.; Kanai, Y.; Ono, T.; Matsumoto, K. Broadband
photoresponse of graphene photodetector from visible to long-wavelength infrared wavelengths. Opt. Eng.
2019, 58, 057106.

68. Shimatani, M.; Ogawa, S.; Fukushima, S.; Okuda, S.; Kanai, Y.; Ono, T.; Matsumoto, K. Enhanced
photogating via pyroelectric effect induced by insulator layer for high-responsivity long-wavelength
infrared graphene-based photodetectors operating at room temperature. Appl. Phys. Exp. 2019, 12, 025001.
[CrossRef]

69. Fukushima, S.; Shimatani, M.; Okuda, S.; Ogawa, S.; Kanai, Y.; Ono, T.; Inoue, K.; Matsumoto, K. Photogating
for small high-responsivity graphene middle-wavelength infrared photodetectors. Opt. Eng. 2020, 59, 037101.
[CrossRef]

70. An, X.; Liu, F.; Jung, Y.J.; Kar, S. Tunable graphene-silicon heterojunctions for ultrasensitive photodetection.
Nano Lett. 2013, 13, 909–916. [CrossRef]

71. Fukushima, S.; Shimatani, M.; Okuda, S.; Ogawa, S.; Kanai, Y.; Ono, T.; Inoue, K.; Matsumoto, K. Low
dark current and high-responsivity graphene mid-infrared photodetectors using amplification of injected
photo-carriers by photo-gating. Opt. Lett. 2019, 44, 2598–2601. [CrossRef]

72. Freitag, M.; Low, T.; Martin-Moreno, L.; Zhu, W.; Guinea, F.; Avouris, P. Substrate-Sensitive Mid-infrared
Photoresponse in Graphene. ACS Nano 2014, 8, 8350–8356. [CrossRef]

73. Freitag, M.; Low, T.; Zhu, W.; Yan, H.; Xia, F.; Avouris, P. Photocurrent in graphene harnessed by tunable
intrinsic plasmons. Nat. Commun. 2013, 4, 1951. [CrossRef]

74. Badioli, M.; Woessner, A.; Tielrooij, K.J.; Nanot, S.; Navickaite, G.; Stauber, T.; García de Abajo, F.J.;
Koppens, F.H.L. Phonon-Mediated Mid-Infrared Photoresponse of Graphene. Nano Lett. 2014, 14, 6374–6381.
[CrossRef] [PubMed]

75. Tyo, J.S.; Goldstein, D.L.; Chenault, D.B.; Shaw, J.A. Review of passive imaging polarimetry for remote
sensing applications. Appl. Opt. 2006, 45, 5453–5469. [CrossRef]

76. Gurton, K.P.; Yuffa, A.J.; Videen, G.W. Enhanced facial recognition for thermal imagery using polarimetric
imaging. Opt. Lett. 2014, 39, 3857–3859. [CrossRef] [PubMed]

77. Short, N.J.; Yuffa, A.J.; Videen, G.; Hu, S. Effects of surface materials on polarimetric-thermal measurements:
Applications to face recognition. Appl. Opt. 2016, 55, 5226–5233. [CrossRef] [PubMed]

78. Ju, L.; Geng, B.; Horng, J.; Girit, C.; Martin, M.; Hao, Z.; Bechtel, H.A.; Liang, X.; Zettl, A.; Shen, Y.R.; et al.
Graphene plasmonics for tunable terahertz metamaterials. Nat. Nanotechnol. 2011, 6, 630–634. [CrossRef]
[PubMed]

http://dx.doi.org/10.7567/JJAP.55.110307
http://dx.doi.org/10.1021/nl500443j
http://dx.doi.org/10.1038/nPhotonics2013.241
http://dx.doi.org/10.1038/nPhotonics2013.240
http://dx.doi.org/10.1021/acs.nanolett.6b03374
http://dx.doi.org/10.1038/nnano.2012.60
http://dx.doi.org/10.1063/1.4944622
http://dx.doi.org/10.7567/1882-0786/aaf90a
http://dx.doi.org/10.1117/1.OE.59.3.037101
http://dx.doi.org/10.1021/nl303682j
http://dx.doi.org/10.1364/OL.44.002598
http://dx.doi.org/10.1021/nn502822z
http://dx.doi.org/10.1038/ncomms2951
http://dx.doi.org/10.1021/nl502847v
http://www.ncbi.nlm.nih.gov/pubmed/25343323
http://dx.doi.org/10.1364/AO.45.005453
http://dx.doi.org/10.1364/OL.39.003857
http://www.ncbi.nlm.nih.gov/pubmed/24978755
http://dx.doi.org/10.1364/AO.55.005226
http://www.ncbi.nlm.nih.gov/pubmed/27409214
http://dx.doi.org/10.1038/nnano.2011.146
http://www.ncbi.nlm.nih.gov/pubmed/21892164


Sensors 2020, 20, 3563 17 of 21

79. Yu, X.; Dong, Z.; Liu, Y.; Liu, T.; Tao, J.; Zeng, Y.; Yang, J.K.W.; Wang, Q.J. A high performance, visible
to mid-infrared photodetector based on graphene nanoribbons passivated with HfO2. Nanoscale 2016, 8,
327–332. [CrossRef]

80. Guo, Q.; Yu, R.; Li, C.; Yuan, S.; Deng, B.; García de Abajo, F.J.; Xia, F. Efficient electrical detection of
mid-infrared graphene plasmons at room temperature. Nat. Mater. 2018, 17, 986–992. [CrossRef]

81. Ogawa, S.; Okada, K.; Fukushima, N.; Kimata, M. Wavelength selective uncooled infrared sensor by
plasmonics. Appl. Phys. Lett. 2012, 100, 021111. [CrossRef]

82. Ogawa, S.; Takagawa, Y.; Kimata, M. Broadband polarization-selective uncooled infrared sensors using
tapered plasmonic micrograting absorbers. Sens. Actuators A 2018, 269, 563–568. [CrossRef]

83. Echtermeyer, T.J.; Britnell, L.; Jasnos, P.K.; Lombardo, A.; Gorbachev, R.V.; Grigorenko, A.N.; Geim, A.K.;
Ferrari, A.C.; Novoselov, K.S. Strong plasmonic enhancement of photovoltage in graphene. Nat. Commun.
2011, 2, 458. [CrossRef]

84. Cakmakyapan, S.; Lu, P.K.; Navabi, A.; Jarrahi, M. Gold-patched graphene nano-stripes for high-responsivity
and ultrafast photodetection from the visible to infrared regime. Light Sci. Appl. 2018, 7, 20. [CrossRef]
[PubMed]

85. Yao, Y.; Shankar, R.; Rauter, P.; Song, Y.; Kong, J.; Loncar, M.; Capasso, F. High-Responsivity Mid-Infrared
Graphene Detectors with Antenna-Enhanced Photocarrier Generation and Collection. Nano Lett. 2014, 14,
3749–3754. [CrossRef] [PubMed]

86. Fang, Z.; Liu, Z.; Wang, Y.; Ajayan, P.M.; Nordlander, P.; Halas, N.J. Graphene-antenna sandwich photodetector.
Nano Lett. 2012, 12, 3808–3813. [CrossRef] [PubMed]

87. Fang, J.; Wang, D.; DeVault, C.T.; Chung, T.-F.; Chen, Y.P.; Boltasseva, A.; Shalaev, V.M.; Kildishev, A.V.
Enhanced Graphene Photodetector with Fractal Metasurface. Nano Lett. 2017, 17, 57–62. [CrossRef]

88. Kawano, Y.; Deng, X. Surface plasmon polariton graphene midinfrared photodetector with multifrequency
resonance. J. Nanophotonics 2018, 12, 026017.

89. Ni, Z.; Ma, L.; Du, S.; Xu, Y.; Yuan, M.; Fang, H.; Wang, Z.; Xu, M.; Li, D.; Yang, J.; et al. Plasmonic
Silicon Quantum Dots Enabled High-Sensitivity Ultrabroadband Photodetection of Graphene-Based Hybrid
Phototransistors. ACS Nano 2017, 11, 9854–9862. [CrossRef]

90. Shimatani, M.; Ogawa, S.; Fukushima, S.; Okuda, S.; Inoue, K.; Matsumoto, K. Multispectral graphene
infrared photodetectors using plasmonic metasurfaces. In Proceedings of the SPIE Defense + Commercial
Sensing, Baltimore, MD, USA, 14–18 April 2019; Volume 11002, p. 1100224.

91. Ogawa, S.; Kimata, M. Metal-Insulator-Metal-Based Plasmonic Metamaterial Absorbers at Visible and
Infrared Wavelengths: A Review. Materials 2018, 11, 458. [CrossRef]

92. Shautsova, V.; Sidiropoulos, T.; Xiao, X.; Gusken, N.A.; Black, N.C.G.; Gilbertson, A.M.; Giannini, V.;
Maier, S.A.; Cohen, L.F.; Oulton, R.F. Plasmon induced thermoelectric effect in graphene. Nat. Commun. 2018,
9, 5190. [CrossRef]

93. Muench, J.E.; Ruocco, A.; Giambra, M.A.; Miseikis, V.; Zhang, D.; Wang, J.; Watson, H.F.Y.; Park, G.C.;
Akhavan, S.; Sorianello, V.; et al. Waveguide-Integrated, Plasmonic Enhanced Graphene Photodetectors.
Nano Lett. 2019, 19, 7632–7644. [CrossRef]

94. Wu, J. Enhancement of absorption in graphene strips with cascaded grating structures. IEEE Photonics
Technol. Lett. 2016, 28, 1332–1335. [CrossRef]

95. Shi, S.F.; Xu, X.; Ralph, D.C.; McEuen, P.L. Plasmon resonance in individual nanogap electrodes studied
using graphene nanoconstrictions as photodetectors. Nano Lett. 2011, 11, 1814–1818. [CrossRef] [PubMed]

96. Goossens, S.; Navickaite, G.; Monasterio, C.; Gupta, S.; Piqueras, J.J.; Pérez, R.; Burwell, G.; Nikitskiy, I.;
Lasanta, T.; Galán, T.; et al. Broadband image sensor array based on graphene–CMOS integration.
Nat. Photonics 2017, 11, 366–371. [CrossRef]

97. Rogalski, A. Graphene-based materials in the infrared and terahertz detector families: A tutorial.
Adv. Opt. Photonics 2019, 11, 314–379. [CrossRef]

98. Rogalski, A.; Kopytko, M.; Martyniuk, P. Two-dimensional infrared and terahertz detectors: Outlook
and status. Appl. Phys. Rev. 2019, 6, 021316. [CrossRef]

99. Yang, X.; Sun, Z.; Low, T.; Hu, H.; Guo, X.; García de Abajo, F.J.; Avouris, P.; Dai, Q. Nanomaterial-Based
Plasmon-Enhanced Infrared Spectroscopy. Adv. Mater. 2018, 30, 1704896. [CrossRef]

100. Rodrigo, D.; Limaj, O.; Janner, D.; Etezadi, D.; Abajo, F.J.G.D.; Pruneri, V.; Altug, H. Mid-infrared plasmonic
biosensing with graphene. Science 2015, 349, 165–168. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/C5NR06869J
http://dx.doi.org/10.1038/s41563-018-0157-7
http://dx.doi.org/10.1063/1.3673856
http://dx.doi.org/10.1016/j.sna.2017.12.029
http://dx.doi.org/10.1038/ncomms1464
http://dx.doi.org/10.1038/s41377-018-0020-2
http://www.ncbi.nlm.nih.gov/pubmed/30839627
http://dx.doi.org/10.1021/nl500602n
http://www.ncbi.nlm.nih.gov/pubmed/24940849
http://dx.doi.org/10.1021/nl301774e
http://www.ncbi.nlm.nih.gov/pubmed/22703522
http://dx.doi.org/10.1021/acs.nanolett.6b03202
http://dx.doi.org/10.1021/acsnano.7b03569
http://dx.doi.org/10.3390/ma11030458
http://dx.doi.org/10.1038/s41467-018-07508-z
http://dx.doi.org/10.1021/acs.nanolett.9b02238
http://dx.doi.org/10.1109/LPT.2016.2541691
http://dx.doi.org/10.1021/nl200522t
http://www.ncbi.nlm.nih.gov/pubmed/21434673
http://dx.doi.org/10.1038/nPhotonics2017.75
http://dx.doi.org/10.1364/AOP.11.000314
http://dx.doi.org/10.1063/1.5088578
http://dx.doi.org/10.1002/adma.201704896
http://dx.doi.org/10.1126/science.aab2051
http://www.ncbi.nlm.nih.gov/pubmed/26160941


Sensors 2020, 20, 3563 18 of 21

101. Hu, H.; Yang, X.; Zhai, F.; Hu, D.; Liu, R.; Liu, K.; Sun, Z.; Dai, Q. Far-field nanoscale infrared spectroscopy of
vibrational fingerprints of molecules with graphene plasmons. Nat. Commun. 2016, 7, 12334. [CrossRef]

102. Zhu, Y.; Li, Z.; Hao, Z.; DiMarco, C.; Maturavongsadit, P.; Hao, Y.; Lu, M.; Stein, A.; Wang, Q.; Hone, J.; et al.
Optical conductivity-based ultrasensitive mid-infrared biosensing on a hybrid metasurface. Light Sci. Appl.
2018, 7, 67. [CrossRef]

103. Wu, T.; Luo, Y.; Wei, L. Mid-infrared sensing of molecular vibrational modes with tunable graphene plasmons.
Opt. Lett. 2017, 42, 2066–2069. [CrossRef]

104. Wu, F.; Thomas, P.A.; Kravets, V.G.; Arola, H.O.; Soikkeli, M.; Iljin, K.; Kim, G.; Kim, M.; Shin, H.S.;
Andreeva, D.V.; et al. Layered material platform for surface plasmon resonance biosensing. Sci. Rep. 2019, 9,
20286. [CrossRef]

105. Wu, L.; Chu, H.S.; Koh, W.S.; Li, E.P. Highly sensitive graphene biosensors based on surface plasmon
resonance. Opt. Express 2010, 18, 14395–14400. [CrossRef] [PubMed]

106. Xia, M. 2D Materials-Coated Plasmonic Structures for SERS Applications. Coatings 2018, 8, 137. [CrossRef]
107. Lai, H.; Xu, F.; Zhang, Y.; Wang, L. Recent progress on graphene-based substrates for surface-enhanced

Raman scattering applications. J. Mater. Chem. B 2018, 6, 4008–4028. [CrossRef] [PubMed]
108. Inoue, T.; De Zoysa, M.; Asano, T.; Noda, S. Realization of narrowband thermal emission with optical

nanostructures. Optica 2015, 2, 27–35. [CrossRef]
109. Watts, C.M.; Liu, X.; Padilla, W.J. Metamaterial electromagnetic wave absorbers. Adv. Mater. 2012, 24,

OP98–OP120. [CrossRef] [PubMed]
110. Cui, Y.; He, Y.; Jin, Y.; Ding, F.; Yang, L.; Ye, Y.; Zhong, S.; Lin, Y.; He, S. Plasmonic and metamaterial structures

as electromagnetic absorbers. Laser Photonics Rev. 2016, 8, 495–520. [CrossRef]
111. Zhao, B.; Zhang, Z.M. Strong Plasmonic Coupling between Graphene Ribbon Array and Metal Gratings.

ACS Photonics 2015, 2, 1611–1618. [CrossRef]
112. Reckinger, N.; Vlad, A.; Melinte, S.; Colomer, J.-F.; Sarrazin, M. Graphene-coated holey metal films: Tunable

molecular sensing by surface plasmon resonance. Appl. Phys. Lett. 2013, 102, 211108. [CrossRef]
113. Zhu, X.; Shi, L.; Schmidt, M.S.; Boisen, A.; Hansen, O.; Zi, J.; Xiao, S.; Mortensen, N.A. Enhanced light-matter

interactions in graphene-covered gold nanovoid arrays. Nano Lett. 2013, 13, 4690–4696. [CrossRef]
114. Wang, W.; Klots, A.; Yang, Y.; Li, W.; Kravchenko, I.I.; Briggs, D.P.; Bolotin, K.I.; Valentine, J. Enhanced

absorption in two-dimensional materials via Fano-resonant photonic crystals. Appl. Phys. Lett. 2015,
106, 181104. [CrossRef]

115. Cai, Y.; Zhu, J.; Liu, Q.H. Tunable enhanced optical absorption of graphene using plasmonic perfect absorbers.
Appl. Phys. Lett. 2015, 106, 043105. [CrossRef]

116. Fan, Y.; Guo, C.; Zhu, Z.; Xu, W.; Wu, F.; Yuan, X.; Qin, S. Monolayer-graphene-based broadband and
wide-angle perfect absorption structures in the near infrared. Sci. Rep. 2018, 8, 13709. [CrossRef]

117. Xiong, F.; Zhang, J.; Zhu, Z.; Yuan, X.; Qin, S. Ultrabroadband, More than One Order Absorption Enhancement
in Graphene with Plasmonic Light Trapping. Sci. Rep. 2015, 5, 16998. [CrossRef] [PubMed]

118. Pan, Q.; Hong, J.; Zhang, G.; Shuai, Y.; Tan, H. Graphene plasmonics for surface enhancement near-infrared
absorptivity. Opt. Express 2017, 25, 16400–16408. [CrossRef] [PubMed]

119. Ogawa, S.; Shimatani, M.; Fukushima, S.; Okuda, S.; Kimata, M. Graphene-based Salisbury screen
metasurfaces at infrared wavelengths. In Proceedings of the SPIE Defense + Commercial Sensing, Baltimore,
MD, USA, 14–18 April 2019; Volume 11002, p. 110022A.

120. Ogawa, S.; Shimatani, M.; Fukushima, S.; Okuda, S.; Matsumoto, K. Graphene on metal-insulator-metal-based
plasmonic metamaterials at infrared wavelengths. Opt. Express 2018, 26, 5665. [CrossRef]

121. Niu, J.; Jun Shin, Y.; Lee, Y.; Ahn, J.-H.; Yang, H. Graphene induced tunability of the surface plasmon
resonance. Appl. Phys. Lett. 2012, 100, 061116. [CrossRef]

122. Zou, Y.; Tassin, P.; Koschny, T.; Soukoulis, C.M. Interaction between graphene and metamaterials: Split rings
vs. wire pairs. Opt. Express 2012, 20, 12198–12204. [CrossRef]

123. Li, Z.; Yu, N. Modulation of mid-infrared light using graphene-metal plasmonic antennas. Appl. Phys. Lett.
2013, 102, 131108. [CrossRef]

124. Yao, Y.; Kats, M.A.; Genevet, P. Broad electrical tuning of graphene-loaded plasmonic antennas. Nano Lett.
2013, 13, 1257–1264. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ncomms12334
http://dx.doi.org/10.1038/s41377-018-0066-1
http://dx.doi.org/10.1364/OL.42.002066
http://dx.doi.org/10.1038/s41598-019-56105-7
http://dx.doi.org/10.1364/OE.18.014395
http://www.ncbi.nlm.nih.gov/pubmed/20639924
http://dx.doi.org/10.3390/coatings8040137
http://dx.doi.org/10.1039/C8TB00902C
http://www.ncbi.nlm.nih.gov/pubmed/32255147
http://dx.doi.org/10.1364/OPTICA.2.000027
http://dx.doi.org/10.1002/adma.201200674
http://www.ncbi.nlm.nih.gov/pubmed/22627995
http://dx.doi.org/10.1002/lpor.201400026
http://dx.doi.org/10.1021/acsphotonics.5b00410
http://dx.doi.org/10.1063/1.4808095
http://dx.doi.org/10.1021/nl402120t
http://dx.doi.org/10.1063/1.4919760
http://dx.doi.org/10.1063/1.4906996
http://dx.doi.org/10.1038/s41598-018-32052-7
http://dx.doi.org/10.1038/srep16998
http://www.ncbi.nlm.nih.gov/pubmed/26582477
http://dx.doi.org/10.1364/OE.25.016400
http://www.ncbi.nlm.nih.gov/pubmed/28789144
http://dx.doi.org/10.1364/OE.26.005665
http://dx.doi.org/10.1063/1.3683534
http://dx.doi.org/10.1364/OE.20.012198
http://dx.doi.org/10.1063/1.4800931
http://dx.doi.org/10.1021/nl3047943
http://www.ncbi.nlm.nih.gov/pubmed/23441688


Sensors 2020, 20, 3563 19 of 21

125. Yao, Y.; Shankar, R.; Kats, M.A.; Song, Y.; Kong, J.; Loncar, M.; Capasso, F. Electrically tunable metasurface
perfect absorbers for ultrathin mid-infrared optical modulators. Nano Lett. 2014, 14, 6526–6532. [CrossRef]
[PubMed]

126. Miao, Z.; Wu, Q.; Li, X.; He, Q.; Ding, K.; An, Z.; Zhang, Y.; Zhou, L. Widely Tunable Terahertz Phase
Modulation with Gate-Controlled Graphene Metasurfaces. Phys. Rev. X 2015, 5, 041027. [CrossRef]

127. Ogawa, S.; Fujisawa, D.; Ueno, M. Effect of graphene on plasmonic metasurfaces at infrared wavelengths.
AIP Adv. 2013, 3, 112127. [CrossRef]

128. Zhang, Y.; Shi, Y.; Liang, C.-H. Broadband tunable graphene-based metamaterial absorber. Opt. Mater. Express
2016, 6, 3036–3044. [CrossRef]

129. Zeng, B.; Huang, Z.; Singh, A.; Yao, Y.; Azad, A.K.; Mohite, A.D.; Taylor, A.J.; Smith, D.R.; Chen, H.-T.
Hybrid graphene metasurfaces for high-speed mid-infrared light modulation and single-pixel imaging.
Light Sci. Appl. 2018, 7, 51. [CrossRef] [PubMed]

130. Papasimakis, N.; Luo, Z.; Shen, Z.X.; Angelis, F.D.; Fabrizio, E.D.; Nikolaenko, A.E.; Zheludev, N.I. Graphene
in a photonic metamaterial. Opt. Express 2010, 18, 8353. [CrossRef]

131. Emani, N.K.; Chung, T.-F.; Ni, X.; Kildishev, A.V.; Chen, Y.P.; Boltasseva, A. Electrically Tunable Damping of
Plasmonic Resonances with Graphene. Nano Lett. 2012, 12, 5202–5206. [CrossRef]

132. Zhang, Y.; Feng, Y.; Zhu, B.; Zhao, J.; Jiang, T. Graphene based tunable metamaterial absorber and polarization
modulation in terahertz frequency. Opt. Express 2014, 22, 22743–22752. [CrossRef]

133. Emani, N.K.; Chung, T.-F.; Kildishev, A.V.; Shalaev, V.M.; Chen, Y.P.; Boltasseva, A. Electrical Modulation of
Fano Resonance in Plasmonic Nanostructures Using Graphene. Nano Lett. 2014, 14, 78–82. [CrossRef]

134. Zhao, Y.T.; Wu, B.; Huang, B.J.; Cheng, Q. Switchable broadband terahertz absorber/reflector enabled by
hybrid graphene-gold metasurface. Opt. Express 2017, 25, 7161–7169. [CrossRef]

135. Niu, J.; Shin, Y.J.; Son, J.; Lee, Y.; Ahn, J.-H.; Yang, H. Shifting of surface plasmon resonance due to
electromagnetic coupling between graphene and Au nanoparticles. Opt. Express 2012, 20, 7. [CrossRef]

136. Heeg, S.; Fernandez-Garcia, R.; Oikonomou, A.; Schedin, F.; Narula, R.; Maier, S.A.; Vijayaraghavan, A.;
Reich, S. Polarized plasmonic enhancement by Au nanostructures probed through Raman scattering of
suspended graphene. Nano Lett. 2013, 13, 301–308. [CrossRef] [PubMed]

137. Jung, H.; Koo, J.; Heo, E.; Cho, B.; In, C.; Lee, W.; Jo, H.; Cho, J.H.; Choi, H.; Kang, M.S.; et al. Electrically
Controllable Molecularization of Terahertz Meta-Atoms. Adv. Mater. 2018, 30, 1802760. [CrossRef] [PubMed]

138. Shi, B.; Cai, W.; Zhang, X.; Xiang, Y.; Zhan, Y.; Geng, J.; Ren, M.; Xu, J. Tunable Band-Stop Filters for Graphene
Plasmons Based on Periodically Modulated Graphene. Sci. Rep. 2016, 6, 26796. [CrossRef]

139. Jang, M.S.; Kim, S.; Brar, V.W.; Menabde, S.G.; Atwater, H.A. Modulated Resonant Transmission of Graphene
Plasmons Across a λ/50 Plasmonic Waveguide Gap. Phys. Rev. Appl. 2018, 10, 054053. [CrossRef]

140. Ono, M.; Hata, M.; Tsunekawa, M.; Nozaki, K.; Sumikura, H.; Chiba, H.; Notomi, M. Ultrafast and
energy-efficient all-optical switching with graphene-loaded deep-subwavelength plasmonic waveguides.
Nat. Photonics 2020, 14, 37–43. [CrossRef]

141. Hamzavi-Zarghani, Z.; Yahaghi, A.; Matekovits, L.; Farmani, A. Tunable mantle cloaking utilizing graphene
metasurface for terahertz sensing applications. Opt. Express 2019, 27, 34824–34837. [CrossRef] [PubMed]

142. Molebny, V.; McManamon, P.; Steinvall, O.; Kobayashi, T.; Chen, W. Laser radar: Historical prospective—From
the East to the West. Opt. Eng. 2016, 56, 031220. [CrossRef]

143. Yu, N.; Genevet, P.; Kats, M.A.; Aieta, F.; Tetienne, J.-P.; Capasso, F.; Gaburro, Z. Light Propagation with
Phase Discontinuities: Generalized Laws of Reflection and Refraction. Science 2011, 334, 333–337. [CrossRef]

144. Lin, J.; Mueller, J.P.B.; Wang, Q.; Yuan, G.; Antoniou, N.; Yuan, X.-C.; Capasso, F. Polarization-Controlled
Tunable Directional Coupling of Surface Plasmon Polaritons. Science 2013, 340, 331–334. [CrossRef] [PubMed]

145. Genevet, P.; Capasso, F.; Aieta, F.; Khorasaninejad, M.; Devlin, R. Recent advances in planar optics:
From plasmonic to dielectric metasurfaces. Optica 2017, 4, 139–152. [CrossRef]

146. Su, X.; Wei, Z.; Wu, C.; Long, Y.; Li, H. Negative reflection from metal/graphene plasmonic gratings. Opt. Lett.
2016, 41, 348–351. [CrossRef] [PubMed]

147. Sherrott, M.C.; Hon, P.W.C.; Fountaine, K.T.; Garcia, J.C.; Ponti, S.M.; Brar, V.W.; Sweatlock, L.A.; Atwater, H.A.
Experimental Demonstration of >230◦ Phase Modulation in Gate-Tunable Graphene–Gold Reconfigurable
Mid-Infrared Metasurfaces. Nano Lett. 2017, 17, 3027–3034. [CrossRef] [PubMed]

148. Ra’di, Y.; Alù, A. Reconfigurable Metagratings. ACS Photonics 2018, 5, 1779–1785. [CrossRef]

http://dx.doi.org/10.1021/nl503104n
http://www.ncbi.nlm.nih.gov/pubmed/25310847
http://dx.doi.org/10.1103/PhysRevX.5.041027
http://dx.doi.org/10.1063/1.4834976
http://dx.doi.org/10.1364/OME.6.003036
http://dx.doi.org/10.1038/s41377-018-0055-4
http://www.ncbi.nlm.nih.gov/pubmed/30839521
http://dx.doi.org/10.1364/OE.18.008353
http://dx.doi.org/10.1021/nl302322t
http://dx.doi.org/10.1364/OE.22.022743
http://dx.doi.org/10.1021/nl403253c
http://dx.doi.org/10.1364/OE.25.007161
http://dx.doi.org/10.1364/OE.20.019690
http://dx.doi.org/10.1021/nl3041542
http://www.ncbi.nlm.nih.gov/pubmed/23215014
http://dx.doi.org/10.1002/adma.201802760
http://www.ncbi.nlm.nih.gov/pubmed/29904954
http://dx.doi.org/10.1038/srep26796
http://dx.doi.org/10.1103/PhysRevApplied.10.054053
http://dx.doi.org/10.1038/s41566-019-0547-7
http://dx.doi.org/10.1364/OE.27.034824
http://www.ncbi.nlm.nih.gov/pubmed/31878663
http://dx.doi.org/10.1117/1.OE.56.3.031220
http://dx.doi.org/10.1126/science.1210713
http://dx.doi.org/10.1126/science.1233746
http://www.ncbi.nlm.nih.gov/pubmed/23599488
http://dx.doi.org/10.1364/OPTICA.4.000139
http://dx.doi.org/10.1364/OL.41.000348
http://www.ncbi.nlm.nih.gov/pubmed/26766711
http://dx.doi.org/10.1021/acs.nanolett.7b00359
http://www.ncbi.nlm.nih.gov/pubmed/28445068
http://dx.doi.org/10.1021/acsphotonics.7b01528


Sensors 2020, 20, 3563 20 of 21

149. Shi, C.; Luxmoore, I.J.; Nash, G.R. Gate tunable graphene-integrated metasurface modulator for mid-infrared
beam steering. Opt. Express 2019, 27, 14577. [CrossRef] [PubMed]

150. Chu, H.-S.; How Gan, C. Active plasmonic switching at mid-infrared wavelengths with graphene ribbon
arrays. Appl. Phys. Lett. 2013, 102, 231107. [CrossRef]

151. Ma, W.; Huang, Z.; Bai, X.; Zhan, P.; Liu, Y. Dual-Band Light Focusing Using Stacked Graphene Metasurfaces.
ACS Photonics 2017, 4, 1770–1775. [CrossRef]

152. Woessner, A.; Lundeberg, M.B.; Gao, Y.; Principi, A.; Alonso-González, P.; Carrega, M.; Watanabe, K.;
Taniguchi, T.; Vignale, G.; Polini, M.; et al. Highly confined low-loss plasmons in graphene–boron nitride
heterostructures. Nat. Mater. 2014, 14, 421–425. [CrossRef]

153. Caldwell, J.D.; Aharonovich, I.; Cassabois, G.; Edgar, J.H.; Gil, B.; Basov, D.N. Photonics with hexagonal
boron nitride. Nat. Rev. Mater. 2019, 4, 552–567. [CrossRef]

154. Ago, H.; Kawahara, K.; Ogawa, Y.; Tanoue, S.; Bissett, M.A.; Tsuji, M.; Sakaguchi, H.; Koch, R.J.; Fromm, F.;
Seyller, T.; et al. Epitaxial Growth and Electronic Properties of Large Hexagonal Graphene Domains on
Cu(111) Thin Film. Appl. Phys. Exp. 2013, 6, 075101. [CrossRef]

155. Takesaki, Y.; Kawahara, K.; Hibino, H.; Okada, S.; Tsuji, M.; Ago, H. Highly Uniform Bilayer Graphene on
Epitaxial Cu–Ni(111) Alloy. Chem. Mater. 2016, 28, 4583–4592. [CrossRef]

156. Lin, L.; Peng, H.; Liu, Z. Synthesis challenges for graphene industry. Nat. Mater. 2019, 18, 520–524. [CrossRef]
[PubMed]

157. Uemura, K.; Ikuta, T.; Maehashi, K. Turbostratic stacked CVD graphene for high-performance devices. Jpn. J.
Appl. Phys. 2018, 57, 030311. [CrossRef]

158. Shimatani, M.; Yamada, N.; Fukushima, S.; Okuda, S.; Ogawa, S.; Ikuta, T.; Maehashi, K. High-responsivity
turbostratic stacked graphene photodetectors using enhanced photogating. Appl. Phys. Exp. 2019, 12, 122010.
[CrossRef]

159. Akinwande, D.; Huyghebaert, C.; Wang, C.H.; Serna, M.I.; Goossens, S.; Li, L.J.; Wong, H.P.; Koppens, F.H.L.
Graphene and two-dimensional materials for silicon technology. Nature 2019, 573, 507–518. [CrossRef]

160. Dean, C.R.; Young, A.F.; Meric, I.; Lee, C.; Wang, L.; Sorgenfrei, S.; Watanabe, K.; Taniguchi, T.; Kim, P.;
Shepard, K.L.; et al. Boron nitride substrates for high-quality graphene electronics. Nat. Nanotechnol. 2010, 5,
722–726. [CrossRef]

161. Uchida, Y.; Nakandakari, S.; Kawahara, K.; Yamasaki, S.; Mitsuhara, M.; Ago, H. Controlled Growth of
Large-Area Uniform Multilayer Hexagonal Boron Nitride as an Effective 2D Substrate. ACS Nano 2018, 12,
6236–6244. [CrossRef]

162. Verre, R.; Baranov, D.G.; Munkhbat, B.; Cuadra, J.; Käll, M.; Shegai, T. Transition metal dichalcogenide
nanodisks as high-index dielectric Mie nanoresonators. Nat. Nanotechnol. 2019, 14, 679–683. [CrossRef]

163. Lee, B.; Park, J.; Han, G.H.; Ee, H.-S.; Naylor, C.H.; Liu, W.; Johnson, A.T.C.; Agarwal, R. Fano Resonance
and Spectrally Modified Photoluminescence Enhancement in Monolayer MoS2 Integrated with Plasmonic
Nanoantenna Array. Nano Lett. 2015, 15, 3646–3653. [CrossRef]

164. Debu, D.T.; Bauman, S.J.; French, D.; Churchill, H.O.H.; Herzog, J.B. Tuning Infrared Plasmon Resonance of
Black Phosphorene Nanoribbon with a Dielectric Interface. Sci. Rep. 2018, 8, 3224. [CrossRef]

165. Low, T.; Chaves, A.; Caldwell, J.D.; Kumar, A.; Fang, N.X.; Avouris, P.; Heinz, T.F.; Guinea, F.;
Martin-Moreno, L.; Koppens, F. Polaritons in layered two-dimensional materials. Nat. Mater. 2017,
16, 182–194. [CrossRef]

166. Lorchat, E.; Azzini, S.; Chervy, T.; Taniguchi, T.; Watanabe, K.; Ebbesen, T.W.; Genet, C.; Berciaud, S.
Room-Temperature Valley Polarization and Coherence in Transition Metal Dichalcogenide–Graphene van
der Waals Heterostructures. ACS Photonics 2018, 5, 5047–5054. [CrossRef]

167. Yang, B.; Molina, E.; Kim, J.; Barroso, D.; Lohmann, M.; Liu, Y.; Xu, Y.; Wu, R.; Bartels, L.; Watanabe, K.;
et al. Effect of Distance on Photoluminescence Quenching and Proximity-Induced Spin–Orbit Coupling in
Graphene/WSe2 Heterostructures. Nano Lett. 2018, 18, 3580–3585. [CrossRef] [PubMed]

168. Rivera, P.; Yu, H.; Seyler, K.L.; Wilson, N.P.; Yao, W.; Xu, X. Interlayer valley excitons in heterobilayers of
transition metal dichalcogenides. Nat. Nanotechnol. 2018, 13, 1004–1015. [CrossRef] [PubMed]

169. Cao, Y.; Fatemi, V.; Fang, S.; Watanabe, K.; Taniguchi, T.; Kaxiras, E.; Jarillo-Herrero, P. Unconventional
superconductivity in magic-angle graphene superlattices. Nature 2018, 556, 43–50. [CrossRef] [PubMed]

170. Hu, F.; Das, S.R.; Luan, Y.; Chung, T.F.; Chen, Y.P.; Fei, Z. Real-Space Imaging of the Tailored Plasmons in
Twisted Bilayer Graphene. Phys. Rev. Lett. 2017, 119, 247402. [CrossRef] [PubMed]

http://dx.doi.org/10.1364/OE.27.014577
http://www.ncbi.nlm.nih.gov/pubmed/31163903
http://dx.doi.org/10.1063/1.4810003
http://dx.doi.org/10.1021/acsphotonics.7b00351
http://dx.doi.org/10.1038/nmat4169
http://dx.doi.org/10.1038/s41578-019-0124-1
http://dx.doi.org/10.7567/APEX.6.075101
http://dx.doi.org/10.1021/acs.chemmater.6b01137
http://dx.doi.org/10.1038/s41563-019-0341-4
http://www.ncbi.nlm.nih.gov/pubmed/31114064
http://dx.doi.org/10.7567/JJAP.57.030311
http://dx.doi.org/10.7567/1882-0786/ab5096
http://dx.doi.org/10.1038/s41586-019-1573-9
http://dx.doi.org/10.1038/nnano.2010.172
http://dx.doi.org/10.1021/acsnano.8b03055
http://dx.doi.org/10.1038/s41565-019-0442-x
http://dx.doi.org/10.1021/acs.nanolett.5b01563
http://dx.doi.org/10.1038/s41598-018-21365-2
http://dx.doi.org/10.1038/nmat4792
http://dx.doi.org/10.1021/acsphotonics.8b01306
http://dx.doi.org/10.1021/acs.nanolett.8b00691
http://www.ncbi.nlm.nih.gov/pubmed/29852737
http://dx.doi.org/10.1038/s41565-018-0193-0
http://www.ncbi.nlm.nih.gov/pubmed/30104622
http://dx.doi.org/10.1038/nature26160
http://www.ncbi.nlm.nih.gov/pubmed/29512651
http://dx.doi.org/10.1103/PhysRevLett.119.247402
http://www.ncbi.nlm.nih.gov/pubmed/29286712


Sensors 2020, 20, 3563 21 of 21

171. Song, J.C.W.; Gabor, N.M. Electron quantum metamaterials in van der Waals heterostructures.
Nat. Nanotechnol. 2018, 13, 986–993. [CrossRef]

172. Finney, N.R.; Yankowitz, M.; Muraleetharan, L.; Watanabe, K.; Taniguchi, T.; Dean, C.R.; Hone, J.
Tunable crystal symmetry in graphene–boron nitride heterostructures with coexisting moiré superlattices.
Nat. Nanotechnol. 2019, 14, 1029–1034. [CrossRef]

173. Alexeev, E.M.; Ruiz-Tijerina, D.A.; Danovich, M.; Hamer, M.J.; Terry, D.J.; Nayak, P.K.; Ahn, S.; Pak, S.; Lee, J.;
Sohn, J.I.; et al. Resonantly hybridized excitons in moiré superlattices in van der Waals heterostructures.
Nature 2019, 567, 81–86. [CrossRef]

174. Morgado, T.A.; Silveirinha, M.G. Negative Landau Damping in Bilayer Graphene. Phys. Rev. Lett. 2017, 119,
133901. [CrossRef]

175. Zolotovskii, I.O.; Dadoenkova, Y.S.; Moiseev, S.G.; Kadochkin, A.S.; Svetukhin, V.V.; Fotiadi, A.A.
Plasmon-polariton distributed-feedback laser pumped by a fast drift current in graphene. Phys. Rev. A 2018,
97, 053828. [CrossRef]

176. Svintsov, D. Emission of plasmons by drifting Dirac electrons: A hallmark of hydrodynamic transport.
Phys. Rev. B 2019, 100, 195428. [CrossRef]

177. Piggott, A.Y.; Lu, J.; Lagoudakis, K.G.; Petykiewicz, J.; Babinec, T.M.; Vučković, J. Inverse design and
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