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Metamaterials, which consist of arrangement of deep-subwavelength optical components,
have attracted growing attention due to their highly unusual properties and functionalities such
as zero and negative index of refraction [1-7], invisibility cloaking [8-10], super-imaging [11-
13], and giant chirality [14-16]. Despite the fact that metamaterials in their three-dimensional
(3D) forms have been successful in introducing an array of novel potential applications and

fundamental physics, it is still a big challenge to achieve practical metamaterials for real-world

applications — primarily due to their bulky size, unavoidable material losses, and fabrication
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difficulties. Metasurfaces, two dimensional counterparts of metamaterials that consist of 2D
array of planar metallic or dielectric structures, have shown great promise for practical
applications owing to their exceptional capability of controlling the wavefront of light [17-20].
With suitable design of the building blocks, metasurfaces are capable of generating phase
discontinuities with in-plane gradient, leading to anomalously refracted beam in transmission
and/or reflection. Recent progress in metasurfaces has led to various ultrathin optical devices
including flat lenses [21-24], vortex beam generators [23-25], broadband quarter wave plates
[26-27], efficient surface plasmon couplers [28], 3D and high-efficiency holograms [29-32].
The concept of metasurfaces has also been extended to nonlinear optics for manipulating the
nonlinearity phase in harmonic generations [33,34].

Although metasurfaces have offered new degrees of freedom for controlling the
propagation of light, the amplitude of anomalous refracted waves in metasurfaces is typically
fixed by their structural geometry and dimensions, which limits their potential for various
applications that require dynamical control over the electromagnetic waves, such as active
focusing for lensing and dynamic holography. Active tuning of metasurface requires
incorporation of active media whose electromagnetic properties can be changed in real time
under external stimuli. Recently, it was shown that anomalous deflection can be dynamically
controlled by means of various tuning schemes based on microelectromechanical system
(MEMS) [35] and Schottky diode [36]. One suitable candidate for such purpose is graphene, a
two-dimensional (2D) form of carbon with the atoms arranged in a honeycomb lattice.
Graphene has been studied extensively during the last decade due to its high carrier mobility
and unique doping capability originated from its gapless and cone-shaped band structure at the
Dirac point. Graphene also shows a gate-controllable light-matter interaction by the shift of the
Fermi level, which can be further enhanced by the electromagnetic resonance provided by
suitably designed structures [37,38]. Particularly in the Terahertz (THz) regime, strong

modulation has been achieved by electrically tuning the density of states available for intraband
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transitions [39]. Although significant effort has been devoted to various graphene-based
metamaterials for active control of the amplitude and polarization of THz waves in direct
transmission [40-43], no research has been carried out on active tuning of beam-steering and
focusing with graphene metasurfaces, except in theory [44].

In this paper, we demonstrate gate-controlled THz metasurfaces for amplitude
modulation of anomalously refracted waves. The active metasurface is formed by integrating a
single layer of graphene onto patterned metasurfaces formed of U-shaped apertures. The Fermi
level of the attached chemical vapour deposition (CVD) grown graphene is controlled with a
gate voltage, leading to an electrical tuning of the optical conductivity of graphene. By careful
design of a spatially linear phase profile, we experimentally demonstrate that the amplitude of
anomalously refracted terahertz can be effectively modulated when a voltage is applied to the
gate. On the basis of these results, we propose a graphene metalens with a parabolic phase
profile and we numerically show that the amplitude of the focused beam can be electrically

tuned to a significant extent.

2. Characteristic of metasurface structure

In order to provide a full control over the wave front with the phase variation in the whole
range from 0 to 2z, we use a well-studied geometric metasurfaces consisting of U-type aperture
antennas, as in the study by Kang et al. [45], as illustrated in Figure 1a. When considering a
coordinate-basis that is locally fixed to the unit cell, the x- and y-polarizations are decoupled.
Therefore, only T, and T, is used without cross-polarized components (Ty,, Tyy) tO
represent the complex transmission coefficient for the two linear polarizations respectively
(details are given in the supporting information Fig. S1). Here T;; represent the transmission

amplitude coefficients, where the first subscript indicates the polarization state of the

transmitted wave and the second subscript indicates the polarization of the incident wave. For
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the unit-cell rotated by angle 6, the transmission coefficients can be expressed using Jones

matrix in the basis of right- and left- handed circular polarization (RCP/LCP) [46]:

Tre TRL] _1 (Txx + Tyy) (Txx - yy)eiza

== , 1
T Tl 2|(Ty —Tyy)e 20 (T + Tyy) @)

Teir, =

For an incident plane wave of left-handed circular polarization, the transmitted field E; can be
obtained from Equation (1) by,
Ee =5 (Tax + Tyy) +5 (Tox — Ty )e2°. ()
It is shown that the cross-polarized component possesses a phase discontinuity e?2¢, which
is a Pancharatnum-Berry (PB) phase that has been extensively studied [47,48]. Thus, the
wavefront of the cross polarized wave across the metasurface can be precisely controlled by the
orientation angle (8) of each U-shaped aperture. As shown schematically in Figure 1b, the
graphene metasurface device consists of five layers: 1) a polyimide layer as substrate, 2) a
metallic metasurface layer, 3) a graphene layer, 4) a square ring electrode and 5) an ion-gel
layer as a gate-dielectric material. The fabrication of the graphene metasurface device is carried
out by typical micro-fabrication techniques and a chemical vapor deposition (CVD) grown
graphene transfer method (see Experimental Section). During the synthesis and fabrication
processes, CVD-grown graphene easily becomes p-doped [49], which is also the case for our
graphene samples. To apply gate voltage, a voltage supply is connected to the electrode (B) and
the graphene layer (G) (Figure 1c). Our fabricated graphene metasurface devices are
characterized by using a fiber-based angular resolved terahertz time-domain spectroscopy
(THz-TDS) system. A pair of commercially available fiber-based THz photoconductive
antennas (Teral5, Menlo System) serve as the THz transmitter and receiver. The transmission
coefficients for the circularly cross-polarized lights were obtained through linear polarization
measurements with wire grid polarizers (see Experimental Section).
We first investigate electrical modulation of circular polarization conversion in a graphene

metasurface with homogeneous unit cells (Figure 2a). Figure 2b shows the measured
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transmission spectra for the circularly cross-polarized wave Tre as a function of the gate voltage
Vg (from 0.0 V to 3.0 V). It is shown that by decreasing the gate voltage from the charge neutral
point (CNP) (Vene = 2.2 V, dashed line) where the graphene is most resistive, to the highest
doping level (Vmax = 0.0 V) in graphene, the transmission of Try is reduced because a gate-
induced increase in the carrier density of graphene results in a stronger absorption of THz waves
through the intraband transitions [39]. To quantify the active tuning capability, measured
relative modulation depth for Tre defined by ATre / Tre, cne (Where ATre = Tre — TrL, cnp) are
plotted as a function of Vg (Figure 2c¢). The maximum modulation depth for Tr. is measured to
be 35 % at f = 1.15 THz. To interpret our experimental results and analyze the electrical tuning
mechanism, we perform numerical simulations using the commercial finite element method
(FEM) solver CST Microwave Studio. In the numerical simulation, the optical conductivity of
graphene was calculated by the Kubo formula as a function of the Fermi level [39]. The applied

gate voltage is related to the Fermi level of graphene as |Er| = Avgp(nN)'/?. Here vp is the

Fermi velocity, N is the total carrier density given by N = (n + a2|AI{g|2)1/2, and a =35

x 10'2 cm?V1 is the gate capacitance in the electron charge. It is assumed that the intraband
scattering time ¢ = 31 fs and the carrier density at the conductivity minimum n, =5.5 x 10°
cm?. It is worth to mention that the large specific capacitance of the ion-gel layer is obtained as
a result of the thin electric double layer (EDL) which functions as a capacitor [50]. Inserting
these values into the Kubo formula, Tre (Figure 2d) and ATre / Tre, cne (Figure 2e) are
calculated as a function of gate-voltage. For a better understanding of the gate-dependent
modulation characteristics, measured modulation depth ATrL / Tre, cne at the frequency 1.15
THz are plotted in Figure 2f as a function of |AV,|"2 and compared with the simulation results.
It is shown that the modulation depth is proportional to the square root of the gate voltage, as

shown in our previous work [40].
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We next demonstrate gate-dependent modulation on anomalously refracted THz wave from
a graphene metasurface with a linear phase profile. The anomalous refraction angle for

circularly cross-polarized light can be predicted by the generalized Snell’s laws [17-19]

: . A do
ne sinay —n; sine; = — — 3)

Where a; and a, are the incident and refracted angle of the plane wave, n; and n; are the
refractive index in the incident and transmitted media, respectively. For a THz wave at normal
incidence onto the metasurface and refracted into air (i.e. n, = 1), the anomalous refraction
angle can be calculated as sina; = (4/2m) dd/dx. Figure 3a shows a supercell of the
refracting metasurface, which consists of 11 antennas with a discrete rotation step of 18° to
cover a PB phase variation of 2w (Figure 3b). The full-wave simulation at 1.15 THz at two
different gate voltages of Vg =2.2 V and V4 = 0.0 V was performed for an RCP transmitted THz
wave, converted from an incident LCP wave propagating along the z-axis at normal incidence
(Figure 3c). A tilted wavefront resulting from the in-plane phase gradient is clearly observed
in the simulation and it is further shown that the amplitude of the refracted transmission is
strongly modified by the variation of the applied voltage. It is worth to mention that although
the transmission phase is also modulated by changing the conductivity of graphene layer, the
modulated phase remains linear phase profile, and therefore, only the amplitude of anomalously
refracted waves can be modulated without distorting the wave shape and direction (see
supporting information, Fig. S2).

To experimentally demonstrate electrical amplitude modulation of the anomalously
refracted waves, we fabricated a graphene metasurface with a linear phase gradient. An optical
microscope image of the fabricated sample is shown in Figure 4a. The relationship between
the measured refraction angle «a; for the circularly cross-polarized wave and its frequency is
shown in Figure 4b. The results show good agreement with the theoretical results predicted by

Equation (3). At 1.15 THz, the circularly cross-polarized transmission (Figure 4c) shows a
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maximum of 30 % at a, = 20°. The measured transmission spectra for Tre through the
graphene metasurface as a function of gate voltage Vg (from 3.0 V to 0.0 V) is shown in Figure
4d. It is observed that the refracted circularly cross-polarized THz wave is effectively controlled
by the variation of an applied voltage. The maximum modulation depth for refracted Tre is
measured to be 28 % at the frequency 1.15 THz (Figure 4e).

Besides the anomalous refraction, the amplitude of focused cross-polarized light can
also be electrically controlled by gating. For a certain focal length f, a focusing lens can be
designed with spatially parabolic phase profile

B(x) = 2nf JA — (2m/(f2 + x2))/A. )
With such a parabolic profile, the incident wave can be focused with a focal length f. To realize
the parabolic phase variation in Equation (4), a metasurface array composed of 19 rotating
resonators with defined rotation angle is shown in Figure 5a. In our study, we set f = 11a, and
X = na with the periodicity a =76 um and n = 0, £1 ~ 9. To confirm the dynamically tunable
metalens, we numerically calculated the electric field and energy density distribution at the
operation frequency 1.15 THz with different gate voltages. As shown in Figure 5b, in the case
of Vene for LCP incidence, the wave front of transmitted RCP wave can be converged well.
The focal point is at 845 um which agrees well with the original design at 836 um. It can be
seen that by increasing voltage to 2.2 V, the field amplitude and energy density at the focal

point is significantly reduced.

5. Conclusion

In conclusion, we fabricated electrically tunable graphene metasurfaces with linear phase
variation and demonstrated that the anomalously refracted circularly cross-polarized THz
waves can be modified by an applied gate voltage. The measurement on the fabricated device

shows that a modulation depth up to 28 % for refracted THz waves can be observed at a
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relatively small gate voltage of below 3 V. Furthermore, we numerically demonstrated that the
focused THz wave from metasurfaces with a parabolic phase variation can be electrically
controlled by changing the optical conductivity of graphene. Benefitting from the electrically
tunable amplitude modulation of anomalous refraction and focusing in deep-subwavelength
scale (~\/10), the graphene metasurfaces can be used as active flat half wave plates and lenses,
which may have potential applications in THz telecommunications, high resolution terahertz

displays, and advanced THz imaging devices.

Experimental Section

Sample fabrication: The fabrication procedure of graphene metasurface devices was
achieved by typical micro-fabrication techniques and a chemical vapor deposition (CVD)
grown graphene transfer method. First, to form a flexible substrate, polyimide solution (PI-
2610, HD MicroSystems) was spin coated with the target thickness of 1 um on a sacrificial
silicon wafer, and the polyimide solution was fully cured subsequent two-step baking process
in a convection oven and a furnace. All metallic structures (meta-atom layer, electrode
component) were composed of 100-nm-thick gold (Au) with a 10-nm-thick chromium (Cr)
adhesion layer from conventional electron-beam (E-beam) evaporation. Monolayer graphene
(Graphene Square, Inc.) on copper foil grown by a chemical vapor deposition (CVD) process
is directly transferred onto the metasurface layer by typical thermal release tape (TRT) method.
As a gate dielectric, we employed 20-um-thick ion-gel using cut and stick method [51]. The
ion-gel solution was prepared by dissolving P(VDF-HFP) and [EMI][TFSA] in acetone with
weight ratio of 1:4:7. This solution was dried in a vacuum oven at a temperature of 70°C during
24 hours. The cured ion-gel was cut with a razor blade, and then transferred between two
electrodes. At last, the phase-variant graphene metasurface device were acquired by peeling off
the device from the silicon substrate. The device is attached onto a printed circuit board (PCB)

component.
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THz TDS measurement: Since the signals from the THz antenna were linearly polarized, the
transmission amplitude for the linearly polarized waves were measured as Txx, Txy, Tyx, and Tyy
by using four wire grid polarizers. Here, the first subscript indicates the polarization (x or y) of
the transmitted wave and the second subscript indicates the polarization of the incident wave.
From the transmission amplitude calculated in a linear basis, the circularly cross-polarized

transmission amplitude TrL can be obtained as TrL = {(Txx — Tyy ) — i(Txy + Tyx)} / 2.
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Polyimide

Figure 1. a) Unit-cell structure of U-shape aperture with the dimensions indicated in the figure:
a=76 um, b =51 um, w =19 um, and the rotational angle 6. b) Schematic rendering of active
graphene metasurfaces composed of a single layer of graphene deposited on the layer of U-
shape apertures. For a gate-controllable conductivity of graphene, an ion-gel layer (thickness
tion = 20 um) and square ring electrode are incorporated to the graphene layer. c) Fabricated
graphene metasurfaces. B is a base connected to the ion-gel and G is a gate connected to the
graphene layer.
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Figure 2. a) Schematic view and optical micrograph image of active circular polarization
converter, in which a normally incident left handed circular polarized wave is converted into a
right handed circular polarized one. Cross-polarized transmittance Tr. obtained by b)
experimental measurements and d) numerical simulation, and c) measured and e) simulated
relative modulation depth for Tre as a function of V. f) Measured modulation depth for TrL
(scatter) plotted as a function of |[AV[? along with the simulated modulation curve (line) at the
frequency 1.15 THz.

14



WILEY-VCH

0 (degree)
O

-501

b -100¢

1.0
0.5¢
-0.5¢
-1.0f

-300 -1 50 1 50
Posmon x (um)

Right circular
polarization
Left cwcular
polarization

Venp =22V Vyax = 0.0 V

&A

X

Phase shift (i)
o
O

-0.5V/m 0 0.5V/m
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(LCP) transmission of the proposed structure under right-handed circularly polarized (RCP)
incidence at 1.15 THz. A normally incident LCP wave is converted to a RCP transmission wave.
c¢) Simulated y-component of electric field distributions for LCP incidence with two different
gate voltages.
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Figure 4. a) Fabricated supercell image of graphene metasurfaces for electrically tunable
anomalous refraction. b) Comparison between measured and theoretical results of refraction
angle for cross-polarized light ot with different frequencies at CNP. c) Measured cross-
polarized transmission Tre at 1.15 THz under normal incidence as a function of angle ot with
two different gate voltages, d) Tre at oz = 20° as a function of gate voltage Vg, and €) modulation
depth at 1.15 THz for refracted Tre plotted as a function of V.
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Figure 5. Amplitude modulation of focused THz waves with gated-graphene metasurfaces a)
Supercell of graphene metasurfaces composed of resonators with 19 different rotated angle for
parabolic phase profile. b) (left) Electric field and (right) energy density distribution at 1.15

THz with different gate voltages.
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When considering a coordinate-basis that is locally fixed to the unit cell as shown in Fig. S1 a,
the x-polarized and y-polarized components are decoupled; thus, there are no linearly cross-
polarized components (Ty,, Ty,). In other words, the transformation matrix is coordinate-basis
dependent. If the unit cell is rotated with rotation angle 6 as shown in Fig. S1 b, the cross-
polarized components exist. However, since the incident light is circulaly polarized,the original
coordinate-basis can be also rotated with 6. In this new coordinate-basis, there are no coross
polarized components either. The angle between the two coordinate-bases is related to the
geometric (Pancharatham-Berry phase), which is simply a phase term attached to the
transmission matrix (e2? and e~29) forthe Tg;, and T.g terms (as given in the manuscript,
equation 1). For a simple calculation to eliminate the cross-polarized components, the local
coordinate-basis and an extra phase term is used to equivalently describe the realistic case.

a Y b » Yy y’

Fig. S1
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Fig. S2 Phase shift for Tre at 1.15 THz with three different gate voltages.
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