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Abstract: Graphene is a promising materials platform for metasurface flat optics at terahertz
wavelengths, with the important advantage of active tunability. Here we review recent work
aimed at the development of tunable graphene metasurfaces for THz wavefront shaping (including
beam-steering metamirrors and metalenses) and light emission. Various design strategies for the
constituent meta-units are presented, ranging from metallic phase-shifting elements combined
with a nearby graphene sheet for active tuning to graphene plasmonic resonators providing the
required phase control or radiation mechanism. The key challenge in the development of these
devices, related to the limited radiative coupling of graphene plasmonic excitations, is discussed
in detail together with recently proposed solutions. The resulting metasurface technology can be
expected to have a far-reaching impact on a wide range of device applications for THz imaging,
sensing, and future wireless communications.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Metasurfaces are poised to have a major technological impact on a variety of disciplines ranging
from imaging and sensing to communications and beyond. Typical metasurface architectures
consist of ordered two-dimensional arrays of metallic or dielectric nanoparticles of variable size,
shape, and orientation, designed to introduce a desired phase, amplitude, and/or polarization
profile on incident light [1-3]. This basic capability is attractive for a multitude of passive
device applications, such as image formation, polarization control, and holography, with the
advantage of enhanced miniaturization and functionality. More recently, the integration of similar
metasurfaces with active optoelectronic materials and devices (particularly light emitters [4—8])
has also started to receive increasing attention, driven by similar considerations.

Regardless of the application, the accessible spectral range is largely dictated by the material
choice for the metasurface building blocks (meta-atoms), with noble metals and dielectrics
generally preferable for near-infrared and visible wavelengths, respectively. For operation at
longer wavelengths, graphene has recently emerged as a particularly promising materials platform.
It is well established that graphene plasmon polaritons (GPPs) can provide strong optical
confinement at mid-infrared and terahertz wavelengths, with favorable propagation characteristics
compared to surface plasmons in noble metals [9—15]. Furthermore, the dynamic conductivity,
and therefore optical response, of graphene can be tuned actively with a gate voltage in a standard
field-effect-transistor (FET) configuration. Therefore, the use of graphene meta-atoms could also
allow for the development of reconfigurable and dynamically switchable metasurface devices,
which are otherwise challenging to engineer with more traditional materials systems [16].

This review article is focused on the design and operating principles of graphene THz
metasurfaces for wavefront control and light emission. Compared to their near-infrared and
visible counterparts, THz metasurfaces in general have so far received more limited attention,
with initial reports based on metallic resonant circuit elements, dielectric resonators, or MEMS
[17-22]. At the same time, the development of such metasurfaces could help address the current
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lack of suitable devices for a wide range of well-established sensing and imaging applications
of THz light [23,24]. Furthermore, the ongoing push towards higher and higher frequencies
for wireless communications beyond 5G [25] provides a compelling new motivation for the
exploration of novel THz devices for wavefront engineering.

The remainder of the article is organized as follows. In the next section, we introduce the
dynamic conductivity that governs the optical response of graphene (section 2.1) and use it to
describe the plasmonic properties of graphene films (2.2) and micro/nanostructures (2.3), and to
discuss the accessible phase tuning range of GPP resonances (2.4). We also identify the range of
THz frequencies where the optical response is dominated by plasmonic excitations, below which
graphene essentially behaves as a tunable non-resonant loss element. In section 3, we review
prior work on graphene metasurfaces for wavefront control, including tunable metamirrors and
metalenses. Specifically, first we consider low-frequency devices where a sheet of graphene
is simply used to tune the response of an adjacent metallic metasurface (section 3.1). Next
(3.2), we describe patterned graphene metasurfaces where each meta-atom supports a localized
plasmonic resonance with geometrically and actively tunable phase response. The latter devices
have not been demonstrated experimentally yet, despite numerous theoretical proposals, due to
materials limitations of existing large-area graphene samples. At the end of section 3.2, a structure
that allows circumventing these limitations is also presented, based on meta-atoms designed
to maximize the GPP coupling to radiation. In section 4, we review the recent demonstration
of THz light-emitting metasurfaces, where GPPs in nanoribbons are electrically excited and
then radiate at their resonance frequency. Common design requirements between these devices
and the wavefront-shaping metasurfaces of the previous section are also outlined. Finally, our
conclusions and outlook of this growing area of research are presented in section 5.

2. Graphene terahertz response

2.1.  Surface conductivity

Graphene is a single layer of carbon atoms arranged in a honeycomb lattice. Because of its
ultrasmall thickness, its optical response is most conveniently described (both conceptually and
for numerical modeling) in terms of a two-dimensional surface conductivity o(w, ), where
o and P indicate, respectively, the angular frequency and wavevector of the incident electric
field. A particularly simple expression is obtained with the Drude model [26,27], which assumes
negligible wave retardation (i.e., § much larger than the free-space wavenumber ko = w/c),
degenerate doping (i.e., Fermi energy Er much larger than the thermal energy kgT), and small
enough frequency (less than 2Eg/h) so that interband transitions are forbidden by Pauli blocking.
Under these conditions, which generally apply to all the devices described below,
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where q is the electron charge and 7 is the relaxation lifetime accounting for all the relevant
electronic scattering mechanisms (impurities, defects, phonons, etc.).

It follows from Eq. (1) that the graphene response to an incident optical field depends on
two key material parameters, i.e., Er and t. The dependence on Fermi energy is what endows
graphene with its distinctive electrostatic tunability of absorption and refraction. Specifically, in
the standard FET configuration [ Fig. 1(a)], the graphene carrier density N is controlled by the
gate voltage Vg according to the capacitor relation qN = C(Vg — Venp), where Venp is the gate
voltage at charge neutrality and C is the FET capacitance. The detailed relationship between
Er and N in a crystalline solid generally depends on the electronic band structure. In graphene,
the conical dispersion near the Dirac points yields Er = th\/m [28], where vp ~ 1 x 108 cm/s
is the Fermi velocity. The conductivity of Eq. (1) is therefore electrostatically tunable with a
square-root dependence on the gate voltage Vg — Venp.
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Fig. 1. Graphene plasmon polaritons. (a) Schematic illustration of a graphene ribbon array
in a standard FET configuration. (b) Real part (solid lines) and imaginary part (dashed lines)
of the GPP wavevector 5 versus frequency, computed using Eq. (3) for different values of
the graphene Fermi energy. For simplicity, here the substrate is modeled with a constant
permittivity - =3.9. The grey line shows the dispersion curve of light in free space. The
circles show the intersection points between the real and imaginary parts of 3. (c) Plasmonic
resonance frequency v; of a graphene ribbon versus carrier density N (bottom axis) and
Fermi energy (top axis), computed using Eq. (4) for different values of the ribbon width w.
Inset: FDTD simulation results for the z component of the electric field on the ribbon plane
under normal-incidence plane-wave excitation at frequency v;. Blue, white, and red indicate
positive, zero, and negative field amplitude, respectively.

An important question for many graphene devices (including the metasurfaces described below)
is related to the practical tuning range of Eg. In general, the maximum accessible gate voltage
is limited by electrostatic breakdown in the gate dielectric. In large-area graphene plasmonic
devices on Si/SiO, substrates, Fermi energies up to about 0.45 €V have been reported with Vg —
Vene =210 V [29]. Similar values were also obtained with an ion-gel top gate dielectric at a
much smaller (two orders of magnitude) gate voltage [30]. Recent work has also established
that the doping range can be significantly enhanced in double-layer graphene stacks, assembled
through the consecutive transfer of two single-layer sheets [31,32]. Specifically, it has been shown
that the plasmonic response of a double-layer sample of total carrier density N is equivalent to
that of a single layer with an effective Fermi energy Ef that can be substantially larger (by up to a
factor of V2) than that of an actual single-layer sheet with the same carrier density N. Based on
these considerations, we can identify a maximum accessible Fermi energy of about 0.6 eV for the
type of devices considered below. On the opposite end, a minimum practical value of about 0.1
eV also exists due to inevitable charge puddles from substrate impurities [33], which can wash
out plasmonic effects [34].

The other key material parameter that affects the graphene optical response is the relaxation
lifetime t, which can be evaluated in terms of the electrical mobility u obtained from transport
measurements. Specifically, by combining the Drude conductivity model of Eq. (1) with the
standard formula for the static conductivity o(w=0) = quN, one finds

w = qvet/Ep. )

It is well established that high-quality exfoliated graphene samples can feature exceptionally
high room-temperature mobility, ranging from about 10,000 cm?/V/s on oxidized Si substrates
[35] to over 100,000 cm?/V/s when partially suspended [36] or embedded within highly inert
hexagonal-BN layers [37]. Unfortunately, such samples are generally limited to lateral dimensions
of a few 10 um (smaller than the free-space wavelength at THz frequencies), whereas the device
applications described below require active areas of a few mm?. Currently, such dimensions are
only accessible with samples grown by chemical vapor deposition (CVD) and transferred to the
target substrate with a polymer support film. For devices on standard Si/SiO, substrates assembled
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with the commonly used poly(methyl methacrylate) (PMMA)-assisted process, mobilities in the
range of 1,000 to 2,000 cm?/V/s are typically obtained [38]. For a reasonably large Fermi energy
Er =0.4 eV, the corresponding lifetime t ranges between 40 and 80 fs. Finally, we note that an
important recent development is the demonstration of significantly larger mobilities (by a factor
of over 4) in CVD-graphene samples produced with less established transfer methods [39] and
carefully optimized growth processes [40].

2.2. Plasmonic dispersion in two dimensions

To describe the plasmonic properties of graphene, we begin by considering an infinite planar
sheet surrounded by two dielectric media of relative permittivities €;; and €. This system
supports a continuous distribution of plasmon polariton modes, which can be computed by
solving Maxwell’s equations in the space immediately below and above the sheet for an optical
wave of frequency w and in-plane wavevector {3, and then applying the electromagnetic boundary
conditions. If the graphene surface conductivity is modeled with the Drude expression of Eq. (1),
the following dispersion relation is obtained for the GPPs [27]

JTHZEO(SI—] + 81—2) (1 + L) ()\)2‘
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A more accurate result (valid for arbitrary doping levels and non-equilibrium carrier dis-

tributions) can be constructed by evaluating the electronic polarizability in the random phase

approximation and then computing the zeros of the resulting dielectric function [27,41,42].

The solid and dashed lines in Fig. 1(b) show, respectively, the real and imaginary parts of 3
from Eq. (3) plotted as a function of frequency for a graphene sheet on oxidized silicon with
u=2,000 cm?/V/s and different values of Eg. As illustrated in this figure, the GPP propagation
constant Re[B(w)] can be larger than the free-space wavenumber ko = w/c (grey line) by over an
order of magnitude. As a result, the wavelength and transverse localization length of GPPs can be
smaller than the free-space wavelength by the same factor, leading to extreme optical confinement.
An obvious consequence of this wavelength mismatch is the inability to excite GPPs directly
with incident radiation. Therefore, the experimental observation of GPPs in two-dimensional
samples requires a suitable intermediary excitation mechanism, such as evanescent coupling with
a nanotip [43,44] or diffraction by a periodic grating [29,34,45-48].

Equation (3) and Fig. 1(b) also show that the quality factor of these plasmonic oscillations
(determined by the ratio Re[f(w)]/Im[B(w)] = mT) becomes less than one at optical frequencies v
= w/(2m) smaller than v, = 1/(2xt). This cutoff frequency [indicated by the circles in Fig. 1(b)]
therefore represents an effective lower bound for the accessible spectral range of graphene
plasmonics. At lower frequencies [where the real part of the surface conductivity of Eq. (1)
becomes larger than the imaginary part], graphene instead increasingly behaves as a purely
lossy conductor. Correspondingly, its electromagnetic response is dominated by free-carrier
absorption, with no resonant behavior but still actively tunable with a gate voltage.

2.3. Plasmonic resonances in micro/nanostructures

Metasurfaces generally comprise dense arrays of sub-wavelength meta-atoms, each designed
to impart a desired local phase shift to the incident radiation field. By virtue of their large
propagation constant Re[(w)] >> kg (i.e., large effective index), GPPs are ideally well suited to
implement this functionality. The required lateral spatial confinement and resonant behavior can
be obtained by patterning the graphene sheet into suitably shaped micro- or nanostructures. A
particularly important example is the ribbon geometry shown in Fig. 1(a), which can be readily
connected between the source and drain contacts in a FET for gating and, if needed, current
injection.
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In this geometry, GPPs bounce back and forth between the ribbon edges, and plasmonic
resonances are produced via constructive interference upon each roundtrip — i.e., when the phase
condition 2Re [y ]w + 2¢; = 2nm is satisfied. Here Py indicates the GPP wavevector component
perpendicular to the ribbon, w is the ribbon width, n is a positive integer, and ¢, is the GPP
reflection phase at the ribbon edges (for which a nontrivial value of about /4 has been computed
[49]). Combining this phase condition with Eq. (3), one obtains the following expression for the
plasmonic resonance frequencies v, = w,/(2m):

2 _ 1/4
v, = L g*ve(nm — @) N ‘ @
2n \ Vrhey(€n + €) VW

More specifically, this equation describes the ribbon plasmonic modes with zero longitudinal
wavevector y. For each value of the index #, a continuous distribution of GPPs with nonzero By
also exist that propagate along the ribbon in the y direction. However, the resulting plasmonic
density of modes is peaked at the resonance frequencies of Eq. (4) [50], so that the ribbon optical
response is typically dominated by the GPPs at these frequencies. As illustrated in Fig. 1(c), by
varying the ribbon width w and carrier density N, the fundamental resonance v; can be tuned
across the entire THz range (and beyond for narrower ribbons).

The properties of graphene-ribbon plasmonic excitations have been studied extensively in
several experimental reports [30,51-53], including their geometric and electrostatic tunability
and their hybridization with surface optical phonons in an underlying SiO; film. These resonant
modes can be excited directly by incident light due to the relaxed requirement of momentum
conservation in the ribbon geometry. However, their coupling to radiation I'y,q is still limited by
the large mismatch between the ribbon width and the free-space wavelength, which represents a
key challenge for the devices described in this article. It should also be noted that, because of the
transverse-magnetic (TM) nature of GPPs, the resonant modes of Eq. (4) can only be excited by
light polarized perpendicular to the ribbons.

Fully discrete GPP resonances can similarly be achieved in two-dimensional nanostructures
such as disks [54-56] and rings [57]. These configurations allow for additional design flexibility,
polarization-independent response, and the possibility of phase control via the Pancharatnam-
Berry effect [58] as described below. However, active tuning by electrostatic doping is more
challenging, as it requires either a conductive substrate immediately below the graphene
nanostructures [57] or narrow graphene channels connecting adjacent meta-atoms [56].

2.4. Resonance phase tuning

A key requirement for the building blocks of wavefront-shaping metasurfaces is the ability to
tune their reflection or transmission phase across the entire 2m range by varying their geometry
(or Fermi energy in the case of graphene). The ribbon GPPs are dipolar resonances [see inset of
Fig. 1(c)] with a Lorentzian response, where the phase excursion across the spectral linewidth
is fundamentally limited to a maximum value of . When the resonance frequency of Eq. (4)
is shifted by changing the ribbon width or Fermi energy, the resulting phase variations at any
given frequency are therefore limited to the same range. Importantly, however, this range can
be doubled if the ribbons are placed on a perfectly reflecting substrate so that the incident light
interacts with the GPP resonance twice.

These ideas can be formalized using the coupled-mode theory (CMT) framework [59], where
the energy stored in a resonance is evaluated based on the interplay between nonradiative
dissipation (i.e., absorption) at a rate I',; and coupling to incident and outgoing light at a rate
I'1aq. For a resonant system on a perfect reflector, this model produces the following expression
for the amplitude reflection coefficient [60]

2T rad

r=-1+ . , ®)
[rad + Do — l(w - (1)0)
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where wy is the resonance angular frequency. The frequency dependence of this parameter
is illustrated for different values of I';,q/I'y in the Smith chart of Fig. 2(a), where each trace
crosses the horizontal axis at wg with w varying from 0 to oo in the counterclockwise direction.
Three distinct regimes can be identified in this plot. For I';ag < I'yr (under-coupling), the real
part of r is negative at all frequencies, and as a result the phase tuning range is again limited
to less than ;. For I'yyg =Ty, (critical coupling), perfect absorption with r =0 is obtained at
resonance. For I'pg > 'y (over-coupling), the Smith curve spans all four quadrants so that a
tuning range of 2z can be achieved. The full extent of this range is then limited by the finite
imaginary part of r at ® =0, which is inversely related to the quality factor wo/(I'rag + I'nr)-
For comparison, Fig. 2(b) shows the Smith chart of the same resonant system embedded in a
perfectly transparent homogeneous medium (with no reflector), where the reflection coefficient is
r = —I'aq/[Trad + Tnr — i(0 — p)] and the phase excursion is less than 7t for all values of I'pyq/T ;-
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Fig. 2. Resonance phase tuning of graphene plasmonic oscillators. (a) Reflectance Smith
chart for a generic resonant system on a perfect mirror, computed with CMT for 'y, = 0¢/8
and different values of I';,q. (b) Reflectance Smith chart for the same system embedded in a
transparent homogeneous medium. (c), (d) Absorption efficiency of the structures shown in
the insets versus graphene mobility p (bottom axis) and GPP nonradiative scattering rate
I'nr = 1/7 (top axis), for an incident light frequency of 3 THz and a graphene Fermi energy
Er of 0.3 eV. Panel (c) corresponds to a periodic array of double-layer graphene ribbons on a
Si/SiO; substrate with a Au back mirror. Panel (d) corresponds to a similar system where
the ribbons are coupled to Au antennas. In both structures, the geometrical parameters were
selected to maximize the GPP absorption at a peak frequency of 3 THz [61]. The vertical
dashed lines indicate the mobilities required for critical coupling. (c), (d) Adapted from Ref.
61, Copyright (2021), Optica Publishing Group.

CVD-graphene plasmonic resonators are generally under-coupled, as illustrated in Fig. 2(c)
for a ribbon array on a Si/SiO, substrate with a Au back reflector [61]. With the proper
choice of Si/SiO, thickness (approximately a quarter wavelength), this structure behaves like
the ideal one-port system of Fig. 2(a), with maximum absorption at critical coupling [62,63].
Figure 2(c) shows finite-difference time-domain (FDTD) simulation results for the ribbon
plasmonic absorption efficiency at resonance, plotted as a function of mobility p (bottom axis)
and nonradiative relaxation rate I';,; (top axis). In graphene, nonradiative GPP damping involves
the same scattering processes responsible for limiting the mobility, so that I';, = 1/t, which is
inversely proportional to p according to Eq. (2). As shown by the dashed vertical line in Fig. 2(c),
in this device the critical-coupling condition (where I';,g = ') occurs at an exceedingly large
mobility of over 20,000 cm?/V/s. As a result, for typical mobilities of CVD graphene (up to
~2,000 cm2/V/s), T'raq << Ty and therefore the ribbons are in the under-coupled regime where
the phase tuning range is below .
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This discussion highlights the key design challenge for graphene plasmonic metasurfaces, i.e.,
increasing the radiative decay rate I';,q so that over-coupling can be achieved with practical CVD
samples. This challenge can be addressed by combining the graphene plasmonic resonators with
metallic antennas that can effectively mediate the large wavelength mismatch between free-space
radiation and GPPs [64—-68]. To illustrate, in Fig. 2(d) we consider a structure where the ribbons
on the Au/Si/SiO, cavity are interspersed with Au rectangular patches, designed to support
weakly confined resonances near the graphene plasmonic frequency [61]. The FDTD simulation
results shown in this figure indicate that, with this arrangement, the over-coupled regime is
already achieved at mobilities accessible with CVD samples, where the phase tuning range can
therefore exceed the under-coupled m limit.

3. Graphene metasurfaces for tunable THz wavefront shaping

3.1. Graphene loss modulation in metallic metasurfaces

In this section, we review recent work on low-frequency (< 1 THz) metallic metasurfaces where
a continuous sheet of graphene is used as an active tuning element. As mentioned above, in this
frequency range GPPs are generally quite weak, and the graphene optical response is dominated
by non-resonant gate-tunable free-carrier absorption. Therefore, if a graphene sheet is inserted in
the near-field vicinity of a THz metasurface, the non-radiative absorption losses of all meta-atoms
are increased by an amount proportional to the real part of the graphene conductivity of Eq. (1).
By increasing the graphene carrier density with a gate voltage, the metasurface quality factor can
then be decreased in a controllable fashion, leading to a proportional reduction in transmission
and reflection, as well as in the phase excursion across the resonance of each meta-atom.

This idea was initially demonstrated in Ref. [69] with a transmissive metasurface consisting of
a periodic array of identical Au elements (hexagonal or double-split circular rings). The graphene
sheet was deposited directly on the meta-atom array and gated across a thin polyimide layer with
wire-shaped electrodes. Correspondingly, a transmission amplitude modulation of up to 47%
was measured, accompanied by a maximum phase change of 32° at 0.65 THz. In a subsequent
report [70], a larger phase modulation of over 90° was demonstrated at microwave frequencies
with a similar configuration (consisting of an array of square split-ring resonators tuned with a
double-graphene capacitor). While these devices are promising for switching applications, their
use for wavefront shaping is hindered by their limited phase tunability. In fact, because of their
transmissive single-resonance nature, the maximum phase modulation achievable with these
metasurfaces is fundamentally limited to less than s, as shown by the Smith chart of Fig. 2(b).

By the same argument, the full 2 phase range becomes accessible if a back reflector is
introduced in the metasurface substrate to produce the single-port reflective configuration of
Fig. 2(a). This approach was demonstrated in Ref. [60] [Fig. 3], with meta-atoms consisting
of Al rectangular mesas supported by a polymer (SU-8) spacer on an Al film reflector. This
geometry supports magnetic dipolar resonances (near 0.3 THz) associated with a circulating AC
current between each mesa and the metallic ground plane. Active tunability is again enabled by a
continuous graphene sheet deposited over the meta-atom array and gated across a top ion-gel layer.
If the graphene free-carrier absorption is sufficiently small (i.e., for sufficiently low gate voltages
V), the Al meta-atoms are over-coupled to free-space radiation: correspondingly, the reflection
amplitude decreases with increasing Vg [Fig. 3(a)], and the phase spans the full 27t range across
the resonance [Fig. 3(b)]. At larger gate voltages, the meta-atoms become under-coupled, so that
the reflection amplitude increases with increasing Vg [Fig. 3(c)] while the phase excursion is
limited to less than st [Fig. 3(d)]. This behavior is fully consistent with the picture of Fig. 2(a),
since for the meta-atoms of Fig. 3 the nonradiative decay rate I'y; is proportional to Vg. By using
mesas of different dimensions gated with different voltages across the array, various wavefront
shaping functionalities could then be implemented. Similar results have also been reported at
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mid-infrared wavelengths [71], where varying the graphene carrier density mostly modulates the
refractive index leading to a shift in the meta-atom resonance frequency.
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Fig. 3. Reflective metallic metasurface with a graphene tuning element. (a), (b) Measured
frequency variations of the reflectivity (a) and reflection phase (b) across the meta-atom
resonance, for different values of the graphene Fermi energy Er for which the meta-atoms are
over-coupled to free-space radiation. (c), (d) Same as (a) and (b), respectively, for different
values of Ep for which the meta-atoms are under-coupled. The schematic device geometry
is shown in the inset of (b). Reproduced under the terms of Creative Commons Attribution
3.0 License from Ref. 60.

Graphene sheets have also been integrated in metallic THz metasurfaces based on the
Pancharatnam-Berry (PB) phase [72—74]. In this configuration, the meta-atoms are anisotropic
scattering elements with slow and fast axes rotated by an angle 0 relative to a fixed x-y reference
frame [ Fig. 4(a)]. If the incident light is left-circularly-polarized (LCP), an abrupt local phase
shift of 20 is introduced in the right-circularly-polarized (RCP) component of the transmitted
wave (and vice versa for RCP illumination) [58]. In Ref. [72], the metallic metasurface consists of
a Au film with U-shaped apertures, coated with a graphene sheet with a top ion-gel gate dielectric.
In the configuration of Fig. 4(a), the rotation angle 0 varies in equal steps 00 between neighboring
meta-atoms separated by an equal distance dx along the x direction. As a result, circularly
polarized incident light acquires a linear phase profile ¢(x) = Ex = 2x86/dx upon cross-polarized
transmission, and therefore is deflected by a finite angle o, = arcsin(cE/2mv) on the x-z plane
(anomalous refraction). This expectation is confirmed by the data of Fig. 4(b), showing the
measured RCP transmitted intensity versus angle of refraction under normal-incidence LCP
illumination at frequency v=1.15 THz. The role of the graphene sheet in this case is simply
to vary the transmission by introducing a gate-tunable absorption loss across the full device
bandwidth [Fig. 4(c)].

In general, in a PB metasurface, the local phase shift is the sum of the PB (geometric)
phase, which only depends on the meta-atom orientation, plus the resonance contribution of
the meta-atom, which also depends on its detailed geometry. In the device of Fig. 4(a), all
meta-atoms have the same size and shape, and as a result the latter contribution is uniform
across the entire array. In subsequent work [73], a PB metasurface was developed where the
neighboring meta-atoms (rectangular apertures in a Au film) have different dimensions as well
as different orientations [Fig. 4(d)]. By varying the gate voltage across an overlaying sheet of
graphene, the resonance phase contribution of each meta-atom could therefore be tuned [through
the Fermi-energy dependence of the conductivity of Eq. (1)] by a different amount for different
meta-atoms. As a result, the metasurface phase profile could be reconfigured dynamically. In the
device of Fig. 4(d), the meta-atoms were designed to produce the transmission phase profile of a
lens, i.e., ¢(x,y) = 2mv (f —\fE+ar+ y2) /c, with different focal lengths f for different gate
voltages. Correspondingly, a metalens with actively tunable focal length from 10.46 to 12.24 mm
was experimentally demonstrated at v=0.75 THz [Figs. 4(e) and 4(f)].

More recently, the same general idea has also been explored in graphene-loaded non-BP metallic
metasurfaces, where wavefront shaping relies entirely on the resonance phase distribution [75-77].
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Fig. 4. Pancharatnam-Berry (PB) metallic metasurfaces with a graphene tuning element.
(a) Optical microscope image of an array of U-shaped apertures in a Au film, with different
orientations designed to produce a linear PB phase profile. (b) Measured cross-polarized
transmitted light intensity through the metasurface of (a) (loaded with an overlaying sheet of
graphene) versus transmission angle under normal-incidence LCP illumination at 1.15 THz.
(c) Transmission spectrum of the same device at the angle of peak refraction for different
values of the graphene gate voltage. (d) Schematic illustration of a graphene-loaded PB
metasurface consisting of rectangular apertures in a Au film, with different orientations and
dimensions designed to produce a lens phase profile. (e), (f) Cross-polarized transmitted
light intensity through the metasurface of (d) as a function of position on the x-z plane under
normal-incidence LCP illumination at 0.75 THz, for two different values of the graphene
gate voltage Vg. (a)-(c) reproduced with permission from Ref. [72], Copyright (2018),
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d)-(f) reproduced from Ref. [73],
Copyright (2018), Optica Publishing Group.

Specifically, these works employ meta-atoms with a sufficiently large number of geometrical
parameters (e.g., C-shaped apertures in a Au film [75,76] or coupled Au stripes [77]), so that an
array can be designed that produces a lens phase profile with different focal lengths for different
Fermi energies of the adjacent graphene sheet. Actively tunable metalenses (for linearly polarized
incident light) were again reported with this approach at frequencies < 1 THz.

3.2. Graphene plasmonic phase-gradient metasurfaces

As the incident frequency v is increased into the multiple-THz range, the graphene free-carrier
absorption becomes progressively weaker following the characteristic v-> dependence that can
be derived from Eq. (1). Correspondingly, strong GPP resonances emerge in suitably shaped
graphene meta-atoms. Therefore, tunable metasurfaces operating in this frequency range can be
developed based on such resonances. This idea has been explored in several theoretical studies in
the past few years, which are reviewed in this section, although an experimental demonstration is
yet to be reported. Most of these studies have focused on ribbon-shaped meta-atoms, which are
well established and easy to gate as mentioned above. At the same time, it should be noted that the
resulting metasurfaces are intrinsically limited to wavefront shaping on the plane perpendicular
to the ribbons, and for light linearly polarized on the same plane.

Initial work considered an array of independently gated free-standing graphene nanoribbons
[78]. With this arrangement, the authors demonstrated numerically gate-tunable anomalous
refraction and focusing at mid-infrared wavelengths. Importantly, however, the phase tuning
range in this transmissive geometry is again limited to less than &t [see Fig. 2(b)]. As a result,
the metasurface can only implement a limited portion of any desired phase profile that extends
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beyond the i range. This requirement restricts the lateral size of the metasurface to values on
the order of a few wavelengths, depending on the desired phase gradients. Correspondingly, the
device efficiency is degraded by aperture diffraction effects, and applications involving large
wavefront distortions (e.g., steering by large angles) cannot be realized.

This limitation can be addressed using a reflective metasurface geometry, and substantial work
[79-85] has focused on the architecture shown in Fig. 5(a) [80], consisting of an array of graphene
ribbons on a dielectric cavity of suitable sub-wavelength thickness with a metallic back reflector.
From Eq. (4), the ribbon plasmonic resonance can be tuned by varying the gate voltage Vg and
the ribbon width w. Therefore, both parameters can be used to control the reflection phase of each
meta-atom at any given frequency around the resonance. Figure 5(b) shows the width dependence
of the reflection amplitude and phase at 12.32 THz, computed in Ref. [80] for a graphene ribbon
with sufficiently large Fermi energy and mobility (0.64 eV and 10,000-cm?/V/s, respectively) to
enable a near-27t phase coverage. In the same work, the authors designed several metasurfaces,
each consisting of many ribbons of different widths, to implement various functionalities such as
anomalous reflection with >74% reflectivity, light focusing [Fig. 5(c)], and non-diffracting Airy
beam formation. Because all the ribbons in these devices are gated at the same voltage, active
tunability is mostly restricted to controlling the reflected light intensity, as illustrated in Figs. 5(c)
and 5(d) for the metalens configuration.
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Fig. 5. Reflective metasurfaces based on graphene plasmonic ribbons. (a) Basic device
geometry. (b) Reflectivity and reflection phase at 12.32 THz versus ribbon width w for
fixed Fermi energy (0.64 eV). The inset shows the optical-field-intensity distribution on the
ribbon cross-section at resonance for w = 1.035 pm. (c), (d) Calculated optical-field-intensity
distribution on the plane perpendicular to the ribbons for a metasurface based on the
meta-atoms of (b), with widths selected to produce the phase profile of a cylindrical lens. The
Fermi energy of all ribbons is 0.56 eV in (c) and 0.48 eV in (d). (e) Schematic illustration of
a device consisting of ribbons of equal width (2.9 pm) and different Fermi energies selected
to produce a linear phase profile. (f), (g) Reflectivity and reflection phase at 5 THz versus
ribbon width and Fermi energy. (h), (i) Calculated optical field distribution on the plane
perpendicular to the ribbons for the device of (e)-(g), with different combinations of the
ribbon Fermi energies (shown at the bottom of each panel) producing different phase slopes.
(a)-(d) reproduced under the terms of Creative Commons Attribution 4.0 International
License from Ref. 80. (e)-(i) reproduced with permission from Ref. 81, Copyright (2015),
AIP Publishing.
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The phase profile imparted by the metasurface on the incident light can be tailored actively
(and essentially at will) if the individual ribbons are gated separately with different voltages. In
practice, this approach requires a large but realistic number (several 10s) of electrical control
signals, which can be applied on a printed circuit board (a similar setup has been reported
recently with a near-infrared metallic metasurface based on transparent conducting oxides [86]).
Figures 5(e)-(i) illustrate a device designed to provide a linear phase profile with actively tunable
slope (i.e., anomalous reflection at variable angles) at 5 THz [81]. All the ribbons have the
same width of 2.9 um, and their reflection phase can be varied across 2 by varying the Fermi
energy between 0.2 and 0.8 eV (assuming a relaxation lifetime t of 1 ps) [Fig. 5(g)]. Numerical
simulations for different gating configurations confirm the expected tunable beam steering
operation with 60% reflection efficiency up to 53° steering angle [Figs. 5(h) and 5(i)]. Similar
structures with similar assumptions on the relevant materials properties have also been designed
to demonstrate cylindrical metalenses with actively tunable focal length [82,83] (e.g., from 100
to 300 um at 5 THz in Ref. 82) and even cloaking of triangular bumps on a flat surface [84].

Graphene plasmonic resonators have also been used in PB metasurfaces, to enable full-2rt
phase coverage in transmission [ Fig. 6(a)] [87] and to design actively tunable metalenses [88,89].
The work of Ref. 88 [Fig. 6(b)] employs rectangular apertures of different sizes and orientations
in a continuous sheet of graphene (again on a reflective substrate). Gate tuning of the focal
length f is then achieved by combining the PB and resonant phase contributions to produce the
lens phase profile, similar to the approach of Ref. 73 reviewed in Figs. 4(d)-(f). The resulting
tuning range is somewhat limited, with f varying from 136 to 180 um at 5 THz while the focusing
efficiency decreases from 60% to 15%. A higher efficiency of over 70% for a tuning range
of 73 um at 4.5 THz was subsequently computed for a similar structure based on elliptical
apertures [89]. Importantly, even though these works only consider cylindrical metalenses (with
focusing restricted on a single plane), the same approach can in principle be extended to full
three-dimensional focusing, unlike all designs based on the ribbon geometry.
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Fig. 6. Graphene plasmonic metasurfaces based on alternative meta-atom geometries.
(a) Schematic illustration of a transmissive PB metasurface based on graphene plasmonic
nanocrosses. (b) Reflectivity and reflection phase shift under LCP illumination at 5 THz
versus meta-atom rotation angle, for a reflective PB metasurface based on rectangular
apertures in a graphene sheet. The dips observed in these traces can be attributed to coupling
of the incident light to the aperture resonances. (c) Meta-atoms consisting of rectangular
graphene patches rotated by 45° relative to the periodicity axes. (d) Cross-polarized
reflectivity and reflection phase versus wavelength for a periodic array of the structure of
(¢). (a) reproduced with permission from Ref. [87], Copyright (2015), WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (b) reproduced from Ref. [88], Copyright (2018), Optica
Publishing Group. (c), (d) reproduced from Ref. [90], Copyright (2017), Optica Publishing
Group.

In a different approach [90], the meta-atoms consist of rectangular patches distributed
periodically along the x and y directions and oriented at 45° [Fig. 6(c)]. The patch dimensions
are selected to introduce a = reflection-phase difference between the incident polarization
components along the two axes of the rectangle. As a result, incident light with x-polarization is
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cross-polarized upon reflection, while the overall reflection phase is geometrically tunable across
27 [Fig. 6(d)]. In Ref. 90, various device operations based on such meta-atoms are presented,
including polarization switching, anomalous reflection, and light focusing and defocusing.
Additional reflective configurations from the recent literature include multiple patches per unit
cell to allow for geometrically tunable focusing on the same spot at different wavelengths [91]
and tapered ribbons to reflect different wavelengths along widely different directions [92]. The
use of different dielectric-spacer thicknesses in different meta-atoms has also been explored as an
additional degree of freedom for tuning the reflection phase [93]. Finally, devices consisting of
multiple meta-atom arrays stacked on top of one another have also been investigated to create
more functionality [94-96], at the expense however of increased fabrication complexity.

All the numerical studies reviewed so far in this section assume extremely high carrier
mobilities p (typically 10,000 cm?/V/s), often combined with exceedingly large Fermi energies Eg
(up to 1 eV [82,87,88,92,96]). These assumptions are essential to ensure that the relaxation time
t of Eq. (2) is sufficiently long, so that the over-coupling condition I'yag > 'y = 1/7 is satisfied for
the meta-atom plasmonic resonances [see Fig. 2(a)]. Such mobility values are indeed accessible
with exfoliated graphene, at least at more moderate carrier densities. Unfortunately, however,
the resulting samples are too small for the envisioned device applications, as mentioned above.
This limitation likely plays a key role in the lack of experimental progress with these devices so
far. More recently, a new metasurface design has been proposed that can support over-coupled
resonances at mobilities accessible with large-area CVD samples on Si/SiO, (~ 2,000 cm?/V/s)
for reasonable Fermi levels below 0.6 €V [61].

This design consists of the periodic repetition of identical meta-units, each comprising two
double-layer graphene ribbons of different widths interspersed with Au rectangular antennas
[Fig. 7(a)]. Once again, the ribbons are supported by a Au/Si/SiO; cavity. As illustrated in
Fig. 2(d), Au antennas can effectively funnel light in and out of ribbon GPPs, and correspondingly
enhance their radiative decay rate I'y,g. As a result, the over-coupling condition can be satisfied
even for the relatively short relaxation times T of CVD graphene (< 100 fs). The use of two
ribbons per unit cell further allows to increase the phase tuning range by optimizing the fill factor.
Figures 7(b) and 7(c) show the reflection magnitude |r|?> and phase ¢, of each meta-atom of this
device at 3 THz, computed as a function of the Fermi energies Eg; and Ep, of the two ribbons for
u= 2,000 cm?/V/s. Two points of maximum absorption can be identified in Fig. 7(b), around
which ¢, spans the full 2 interval as shown in Fig. 7(c). The dashed lines in both color maps
show the combinations of Fermi energies that produce each value of ¢, from O to 2t with the
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Fig. 7. Reflective metasurface based on graphene plasmonic ribbons coupled to Au
rectangular antennas. (a) Schematic device geometry. (b), (c) Reflectivity |r|2 (b) and
reflection phase ¢ (c) at 3 THz versus effective Fermi energies Ep; and Eg, of the two
double-layer graphene ribbons for p=2,000 cm?/V/s. The dashed lines show all the
combinations of values of Ep; and Eg, for which ¢r covers the full range from O to 2w for
the largest possible |r|2. Reproduced from Ref. 61, Copyright (2021), Optica Publishing
Group.
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largest possible |r|>. By separately controlling the gate voltages of all the ribbons according to
these prescriptions, tunable beam steering (up to a maximum angle of over 60°) and focusing
(with variable focal length between 0.9 and 2.2 mm) were demonstrated numerically in Ref. [61],
with reasonable efficiencies in the 21-35% range.

4. Graphene THz light-emitting metasurfaces

Graphene is also a promising material system for device applications in THz optoelectronics
[15,97], by virtue of several distinctive properties including its gapless and linear electronic
energy dispersion, ultrahigh intrinsic mobility, and long-wavelength plasmonic resonances. In
this context, the use of metasurfaces is generally attractive as a way to enhance the light-matter
interaction strength, which is otherwise limited by the ultrasmall thickness of monolayer graphene.
For example, graphene ribbon arrays have been used to increase contrast in THz modulators
[65,66] and photovoltage in THz photodetectors based on the photo-thermoelectric effect [98].
By the reverse process, if GPPs are excited in a metasurface (e.g., by thermal or electrical
means), light emission at the plasmonic resonance frequency of the meta-atoms can be produced.
This idea has been demonstrated at mid-infrared and THz wavelengths in Refs. [99] and [100],
respectively, with GPPs excited by heating the sample substrate [99] and through the injection of
electrical current [100].

The latter approach is described in Fig. 8. The metasurfaces in these devices consist of multiple
CVD graphene ribbons connected between the source and drain contacts, with perpendicular
“bridge” sections between neighboring ribbons used to minimize the impact of cracks on the
overall current flow [Fig. 8(a)]. The device operation relies on the generation of hot carriers
in the ribbons under direct current injection, and their subsequent energy relaxation through
the excitation of GPPs. Narrowband free-space THz radiation is then emitted by the resulting
collective oscillations of the graphene electron gas. Figure 8(b) shows emission spectra measured
with a recent (unpublished) device based on this approach, consisting of an array of 800-nm-wide
ribbons with an active graphene area of about 0.1 mm? on a Si/SiO, substrate. The expected gate
tunability of the emission frequency is clearly illustrated by these data, in good agreement with
the expression of Eq. (4) for the GPP resonance frequency v; [see figure inset]. As shown in
Fig. 8(c), THz light emission in this device is observed up to a maximum substrate temperature
Thase 0f 240 K, and the highest recorded output power Py is 24 nW for an input electrical power
P;, (related to the injection current) of 1 W at Tyase = 80 K. These data represent a substantial
improvement over the results reported in Ref. [100] (where P, at the same temperature was
limited to a maximum value of 2.8 nW), due to the larger active area and improved materials
quality of the present sample.

The underlying radiation mechanism of these devices can be described as thermal emission
resonantly enhanced by the excitation of GPPs [101]. From Kirchhoff’s law of thermal radiation,
the output power spectrum is then given by Planck’s formula for blackbody emission multiplied
by the ribbon absorption efficiency 1 [102]. The latter parameter (universally defined as the ratio
between absorption cross-section and physical surface area) can be well above one at frequencies
near an absorption resonance. In the devices of Ref. [100] and Figs. 8(a)-(c), however, n is
limited to a few % due to the under-coupled nature of GPPs in CVD graphene ribbons (see
section 2.4), as well as the presence of a transmissive channel in the Si/SiO; substrate [101].
Significantly higher output power can therefore be expected in device structures designed to
enable critical coupling and perfect absorption at the mobility values of CVD graphene.

A suitable design, based on the same prescriptions of the metasurface of Fig. 7, is shown
in Fig. 8(d) [101]. In this device, the GPP radiative decay rate [';,q is maximized by coupling
each ribbon to two neighboring Au patch antennas, following the general behavior illustrated
in Fig. 2(d). Additionally, perfect absorption can be achieved with the supporting Au/Si/SiO,
vertical cavity, where the back mirror is used to block transmission of the incident light and at
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Fig. 8. Graphene THz light-emitting metasurfaces. (a) Top-view scanning electron
microscopy (SEM) image of an experimental sample. (b) Measured emission spectra for
Thase = 80K, Pj, =0.2 W, and different values of carrier density N (listed in the legend
in units of 10'2cm™2). Each trace is normalized to the spectrum measured under the
same conditions at charge neutrality. Inset: peak emission frequencies extracted from
the spectra of (a) (symbols) and calculated plasmonic resonance frequency versus carrier
density from Eq. (4) (solid line). (c¢) Plasmonic THz output power Py estimated from the
measured emission spectra using the procedure described in Ref. [100], plotted versus input
electrical power Pj, for Tpage = 80 K (bottom axis) and versus substrate base temperature
Thase for Pin =1 W (top axis). The carrier density is N =3.7 x 10'2cm™2. (d) Schematic
device structure designed to maximize the plasmonic radiation output by promoting critical
coupling. (e) Calculated room-temperature THz output power of the same device (assuming
amobility p of 2000 cm?/V) versus input electrical power for different values of the graphene

surface area. (d), (e) reproduced with permission from Ref. [101], Copyright (2020), AIP
Publishing.

the same time suppress reflection by interference (with the proper choice of graphene-mirror
separation) [62,63]. With this approach, detailed calculations show that large output power levels
approaching 1 mW can be achieved at room temperature with device active areas of a few mm?
and input electrical powers of a few 100 W [Fig. 8(e)] [101]. The corresponding electrical power
densities of a few 100 W/mm? are large but experimentally accessible and well below the reported
graphene damage threshold [103].

Further improvements in radiative efficiency could be obtained through the injection of minority
carriers in the nanoribbons (e.g., electrons in p-doped samples or vice versa). Under these
conditions, GPP emission via carrier recombination becomes extremely efficient [41,42,104], so
that a much higher density of plasmonic excitations can be established compared to the thermal
emitters of Fig. 8. Various configurations could be used to produce the required nonequilibrium
carrier distributions, including optical pumping and electrical injection across a forward-biased
p-n junction in a double-gated device. These ideas have already been investigated extensively
towards the development of graphene THz lasers [105—108], although it is still unclear whether
optical gain can indeed be established in graphene active media. In contrast, the devices of
Fig. 8(d) do not require population inversion, but would still highly benefit from the enhanced
GPP excitation efficiency under nonequilibrium carrier injection.
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5. Conclusion and outlook

We have reviewed recent work on graphene THz metasurfaces, focused on three general classes
of devices: (1) low-frequency (< 1 THz) wavefront-shaping metasurfaces based on metallic
meta-atoms with a continuous sheet of graphene used as an actively tunable loss element;
(2) tunable wavefront-shaping metasurfaces operating at multiple-THz frequencies based on
graphene plasmonic meta-atoms; (3) THz light-emitting metasurfaces based on graphene
plasmonic ribbons. Extensive theoretical work has produced several design strategies for the
development of multifunctional graphene metasurfaces, although experimental progress so far
has been limited to low-frequency devices based on graphene-tunable metallic meta-atoms. The
initial measurement of THz light emission from graphene ribbons has also been reported, albeit
only at low temperatures and with limited wall-plug efficiency.

Going forward, we expect that the experimental demonstration of various THz wavefront-
shaping operations with graphene plasmonic meta-atoms is fully within reach. As described in
detail above, the key challenge in this context (i.e., the limited radiative coupling of GPPs) can be
effectively addressed by combining the graphene plasmonic resonators with specially designed
optical elements. The use of recently developed growth and transfer techniques to improve the
mobility of large-area CVD graphene samples [39,40] is also likely to play an important role in
the further development of these devices. From a practical standpoint, the same devices will also
benefit from a robust ion-gel materials technology for the FET gate dielectric (e.g., as in Ref.
[30]), to allow for active gating and dynamic tuning at reasonably low voltages. With the same
prescriptions, possibly combined with suitable schemes for nonequilibrium carrier injection, we
also envision that THz light-emitting metasurfaces can reach near-mW output power levels at
room temperature. The resulting devices could then compete favorably with existing technologies
for THz light emission [23,24], particularly in light of their compactness and ease of integration.

From a design perspective, an important endeavor that is still largely unexplored with graphene
metasurfaces is dispersion engineering, e.g., to enable broadband achromatic response or to allow
for tailored frequency-selective operation depending on the desired application. Additionally, most
structures considered so far are based on quasi-1D ribbon-shaped meta-atoms, and therefore can
only control the phase profile in one direction and for one polarization. Ultimately, polarization-
independent wavefront shaping in all directions would also be required to extend the range of
possible applications. The key challenge in this respect is related to the need to individually
control the gate voltages of many isolated 2D meta-atoms, which will likely require integrating
the metasurfaces with complex microelectronic circuits in the supporting Si chip. Altogether, the
resulting device technology can be expected to have a transformative impact on a wide range of
THz imaging and sensing applications, e.g., for developing novel cameras and spectrometers
with enhanced miniaturization and functionality. Furthermore, it may play an enabling role in
future THz wireless communications beyond 5 G, e.g., for dynamically reconfigurable routing
and multiplexing.
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