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The extraordinary electronic properties of graphene provided
the main thrusts for the rapid advance of graphene electronics1.
In photonics, the gate-controllable electronic properties of
graphene provide a route to efficiently manipulate the interac-
tion of photons with graphene, which has recently sparked keen
interest in graphene plasmonics2–10. However, the electro-optic
tuning capability of unpatterned graphene alone is still not
strong enough for practical optoelectronic applications owing
to its non-resonant Drude-like behaviour. Here, we demon-
strate that substantial gate-induced persistent switching and
linear modulation of terahertz waves can be achieved in a
two-dimensional metamaterial11,12, into which an atomically
thin, gated two-dimensional graphene layer is integrated.
The gate-controllable light–matter interaction in the graphene
layer can be greatly enhanced by the strong resonances of
the metamaterial13. Although the thickness of the embedded
single-layer graphene is more than six orders of magnitude
smaller than the wavelength (<λ/1,000,000), the one-atom-
thick layer, in conjunction with the metamaterial, can modulate
both the amplitude of the transmitted wave by up to 47% and
its phase by 32.2◦ at room temperature. More interestingly,
the gate-controlled active graphene metamaterials show hys-
teretic behaviour in the transmission of terahertz waves, which
is indicative of persistent photonic memory effects.

Terahertz frequencies are situated in the far-infrared spectra of
electromagnetic radiation that inherit the richness of photonics
and electronics, as well as their weaknesses14,15. The development
of electrically tunable terahertz semiconductor devices, preferably
operating at room temperature, is hindered by the limitation on the
change of free carrier density, which leads to inefficient responses
to terahertz radiation16,17. Within the past decade, considerable
effort has been devoted to efficiently modulating terahertz waves,
with approaches including utilization of a semiconductor two-
dimensional electron gas (2DEG) system16 and a hybridized
metamaterial with a charge carrier injection/depletion scheme, such
as a Schottky diode18,19 or a high-electron-mobility transistor20.
Among these terahertz modulators, metamaterial–semiconductor
hybrid structures have shown remarkable amplitude (∼30%) and
phase (∼32.1◦) modulations whereas 2DEG systems still suffered
from a limited modulation depth of ∼3% at room temperature.
However, these previous attempts were based on conductivity
changes by charge carrier injection on bulk substrates, and the
electron carrier density, especially in 2DEGs, is limited to a value
of ∼1×1012 cm−2 within the limit of semiconductor breakdown4.
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As a possible alternative route, graphene, a truly two-dimensional
atomic system, can essentially solve these problems as it allows
marked modification of the Fermi level and the corresponding
charge carrier density by simple electric gating. This charge carrier
handling capability in graphene is an order of magnitude larger
(1013–1014cm−2; refs 21,22) than that of conventional 2DEG
systems16,20. Furthermore, the small effectivemass of charge carriers
in graphene makes it possible to fully maximize the light–matter
interaction in the extreme subwavelength scale.

Defects in graphene-based devices, such as grain boundaries,
adsorbed H2Omolecules and other impurities acting as charge trap
sites on dielectric substrates or on a graphene sheet, cause hystere-
sis in electronic transport23. This bistable behaviour has opened
up a new path to implement graphene-based electronic memory
devices using electrochemical modification24, graphene oxide25 or
ferroelectric materials26. On the other hand, a hysteretic change
in the optical conductivity of graphene, induced by charge carrier
retention or delayed response in reaching equilibrium, will provide
potential photonic memory applications, similar to phase-change
memory metamaterials27. Here, we present an electrically control-
lable light–matter interaction in a hybrid material/metamaterial
system consisting of artificially constructed meta-atoms and truly
two-dimensional carbon atoms. The extraordinary electrical and
optical properties of graphene, when enhanced by the strong
resonance of meta-atoms, lead to light–matter interaction of an
unprecedented degree such that persistent switching and linear
modulation of terahertz wave transmission are realized in the
extreme subwavelength scale (<λ/1,000,000).

The structure of a fully integrated, gate-controlled, active
terahertz graphene metamaterial is depicted schematically in
Fig. 1a. Functionally, an array of meta-atoms, an atomically thin
graphene layer and an array of metallic wire gate electrodes
are configured together into an ultra-compact, thin and flexibly
polymeric substrate (for details on the fabrication of the device, see
Methods and Supplementary Fig. S1). In order not to complicate
the underlying physics of the planarmetamaterial layer without loss
of generality, meta-atoms composed of a hexagonal metallic frame
or asymmetric double split rings (aDSRs) exhibiting Fano-like
resonance are periodically arranged (Fig. 1b). Large-area graphene
grown by a chemical vapour deposition (CVD) process28 is
transferred onto the meta-atom layer (see Supplementary Section
SI for the characterization of single-layer graphene (SLG) and
multilayer graphene (MLG)). For gate-controllable doping of the
graphene, three electrodes are incorporated into the metamaterial
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Figure 1 | Schematic view and device images of gate-controlled active graphene metamaterials. a, Schematic rendering of a gate-controlled active
graphene metamaterial composed of a SLG deposited on a layer of hexagonal metallic meta-atoms (a unit cell of L=60 µm and g= 5 µm) and top/bottom
EOT electrodes (periodicity=6 µm, metal width=4 µm) embedded in a dielectric material of 4.22 µm thickness. Metallic patterns and dielectric materials
are represented by yellow and grey, respectively. The polarization of the incident terahertz wave is perpendicular to the line electrode, as indicated by the
arrows. b, Optical micrograph of the fabricated gate-controlled active graphene metamaterial without the top electrode. c, Fully integrated gate-controlled
active graphene metamaterial attached to a drilled PCB for THz-TDS measurement (B, connected to bottom EOT electrode; G, connected to graphene
layer). Inset: magnified view of the gate-controlled active graphene metamaterial. d, Optical image of the fabricated large-area metamaterial wound
around a glass rod, showing its high degree of flexibility.

device, two of which are attached on both the top and bottom
polyimide spacers surrounding the graphene/meta-atom layer
(Fig. 1a), and the other electrode is directly connected to the
graphene layer (ground). The top and bottom electrodes are
carefully designed to apply a static electric field near the periphery
of the graphene layer, while allowing incident terahertz radiation
to be transmitted without being perturbed by these electrodes.
For this purpose, these electrodes are constructed with a thin
metallic wire array, where the gap between adjacent wires is
in the deep-subwavelength scale (∼λ/150) to fully use the
extraordinary optical transmission29 (EOT) of terahertz waves (see
Supplementary Section SII for details of the EOT electrodes).
By applying the gate voltage to one of the EOT electrodes,
the Fermi level of the graphene, and hence the carrier density,
can be dynamically controlled with a corresponding change of
conductivity. This modified optical conductivity is translated
into the variation of the complex permittivity of the atomically
thin graphene layer, which in turn results in changes to the
transmitted terahertz wave through the metamaterial. An optical
micrograph of the fabricated graphene metamaterial attached to
a printed circuit board (PCB) is shown in Fig. 1c. As shown in
Fig. 1d, the fabricated active graphene metamaterial is large-area
(15× 15mm2), fully flexible and free-standing without the thick
base substrate that is generally required for semiconductor-based
terahertz modulators.

Terahertz time-domain spectroscopy (THz-TDS) was employed
to measure amplitude and phase changes in terahertz waves
transmitted through the gate-controlled active graphene
metamaterial with variations in the applied gate voltage Vg.
The experimentally measured transmission spectra of the SLG
metamaterial (with hexagonal meta-atoms) clearly show the
gate-voltage-dependent resonant features (Fig. 2a): the resonance
frequency (f0) is redshifted with increasing |1V |, where
|1V | = |VCNP−Vg| andVCNP is the charge neutral gate voltage. This
redshift is mainly due to the increase in the real part of the complex
conductivity of graphene; the width of the resonance is broadened
with increasing |1V |, which is caused by increased Joule losses
in the metallic graphene layer; the on-resonance transmission,
T (f0), increases for the SLG metamaterial as a result of the weaker
resonant strength of meta-atoms with increasing real part of the
complex conductivity of the graphene layer (Fig. 2g); and the
off-resonance transmission is suppressed with increasing |1V |
owing to the gate-induced broadband electro-absorption in the
graphene layer. The VCNP of the device under test is estimated
to be ∼350V from the measured trace of transmission minima
(dashed line in Fig. 2a). To quantify the active tuning capability
more clearly, relative changes in transmission with respect to the
charge neutral point (CNP), −1T/TCNP (where 1T = T −TCNP),
are plotted as a function ofVg, as shown in Fig. 2b. At themaximum
1V = 850V, the measured −1T/TCNP reaches approximately
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Figure 2 |Gate-controlled amplitude and phase changes of terahertz waves transmitted through the hexagonal graphene metamaterials. a–c, Measured
spectra of transmission (T; a), relative change in transmission (−1T/TCNP; b), phase change (1φ; c) plotted as a function of gate voltage. d–f, Plots of
simulated results with a SLG approximation, corresponding to a–c, respectively. Scattering time τ = 16 fs and carrier density at the conductivity minimum
n0=4× 1011 cm−2 are assumed for the simulations. g, Measured on-resonance intensity transmission (T2), reflection (R2) and absorption (A) plotted as a
function of |1V|1/2 along with the simulated intensity transmission curve. Scatters and lines are for the experimental and simulated data, respectively.
h, Saturated electric field (at 0.86 THz) within a unit cell for the graphene metamaterial with (lower panel) and without applying gate voltage (upper
panel). i, Current density (at 0.86 THz) in the meta-atom (left panel) and the graphene layer (right panel) with increasing gate voltage.

−90% (−1T/Tmax ' −47%) when the frequency approaches f0
in the SLG metamaterial. In the case of a MLG metamaterial,
the measured −1T/TCNP exceeds −138% (−1T/Tmax '−58%)
with a relatively small 1V = 120V (see Supplementary Section
SIII for the MLG metamaterials). It is noteworthy that this huge
modulation is achieved solely by the inclusion of a graphene
layer of infinitesimal thickness (<λ/1,000,000 for SLG) into the
metamaterial of deep-subwavelength-scale thickness (∼λ/100).
The relative change in transmission per unit thickness was
measured to be −1T/(Tmaxd) ' −14% µm−1 (for the MLG
metamaterial), which exceeds that of all previously reported
2DEG- and metamaterial-based terahertz modulators. Moreover,
a large degree of broadband modulation at the off-resonance
frequencies (0.1–0.6 and 1.2–2.5 THz) is possible because the real
part of the complex conductivity of graphene shows negligible
dispersion over the frequency ranges from 0 to 2.5 THz. Figure 2c
shows the measured phase change 1φ in SLG metamaterials
as a function of Vg. One of the most intriguing aspects made
possible by incorporating a resonant element in an active medium
is the ability to modulate the phase of transmitting terahertz
waves to a considerable degree. The maximum value of 1φ in
SLG metamaterials exceeds 32.2◦ at 0.65 THz (1φ ' 65◦ for the
MLG graphene metamaterial, see Supplementary Section SIII).
This substantial gate-controlled phase modulation of terahertz
waves can be further increased by reducing the gap between the
hexagonal meta-atoms and/or by stacking multiple layers of deep-
subwavelength-scale graphene metamaterial13. The modulation
speed of the active graphene metamaterial exceeds at least 100 kHz
(see Supplementary Section SIV).

For a quantitative comparison with experimentally observed
phenomena, the transmission spectra of active graphene metama-
terials were calculated by a finite element analysis. To model the
atomically thin graphene layer in electromagnetic wave simulations,

the complex conductivity of graphene estimated using Kubo’s
formula was converted to a dielectric constant for a very thin
effective layer7. The conductivity of graphene (σg = σinter+ σintra)
at terahertz frequencies is dominated by the contribution from the
intraband transition and can be cast approximately in a Drude-like
form (see Supplementary Section SIV for simulation method).
The applied gate voltage leads to a carrier density change and
consequently shifts the Fermi level (EF) according to the following
formula (for SLG): |EF| = h̄vF(πN )1/2, where vF ≈ 1× 106 ms−1
is the Fermi velocity, N is the total carrier density given by
N = (n20 + α

2
|1V |2)1/2, n0 is the residual carrier concentration

induced by density fluctuation due to charged impurities near
the Dirac point, and α ≈ 8.54× 109 cm−2 V−1 is the EOT gate
capacitance in the electron charge, respectively. Inserting these
values into Kubo’s formula, the transmission (Fig. 2d), the relative
change in transmission (Fig. 2e) and phase change (Fig. 2f) were
calculated as a function of gate-voltage changes. Most of the gate-
voltage-dependent resonant features were excellently reproduced
in the simulations with the following fitting parameters: scattering
time τ = 16 fs and carrier density at the conductivity minimum
n0=4×1011 cm−2. The fitted scattering time and the carrier density
at the conductivity minimum are comparable to those previously
reported for thermally grown graphene30,31. It is worth noting that
the nonlinear change in transmission can hardly be fitted with the
bilayer approximation32, which provides further evidence on the
embedded SLG (SLG characterization using Raman spectroscopy33
is given in the Supplementary Section SI). For a better understand-
ing of the gate-voltage-dependent light–matter interaction in the
graphene metamaterials, the on-resonance intensity transmission
(T 2), reflection (R2) and absorption are plotted as a function of
|1V |1/2 in Fig. 2g. As clearly seen from the plot in Fig. 2g, three
distinct scaling regimes were clearly identified in the plots with
respect to |1V |1/2; a puddle regime where the Fermi level changes
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Figure 3 |Gate-controlled amplitude change of terahertz waves transmitted through the aDSR graphene metamaterials. a, Measured relative change in
transmission of the aDSR graphene metamaterials plotted as a function of gate voltage. b, Simulated results obtained with the SLG approximation show
good agreement with experimental observation. c, Two distinct resonances are marked I (trapped mode) and II (dipole mode) with different tuning
behaviours. As the gate voltage increased, transmission at the dipole mode resonance significantly increased; however, the trapped mode transmission
showed little change, where the origin is from a small change in the absorption for the trapped mode (lower panel). d, Measured on-resonance intensity
transmission, reflection and absorption for the dipole mode plotted as a function of |1V|1/2 along with the simulated intensity transmission curve.
e, Gate-dependent current density for the trapped mode is shown with the arrows in a unit cell of a aDSR meta-atom (left panel) and a graphene layer
(right panel). f, Corresponding current density for the dipole mode.

weakly with |1V |1/2 owing to the charged impurities34, a linear
regime where the Fermi level scales linearly with |1V |1/2, and a
sublinear regime where the short-range scattering of charge carriers
dominates (the effect of short-range scattering was not taken into
account in the simulation). Detailed dynamics of charge carrier
transport can be clearly visualized with the numerical simulation.
At the CNP, the conductivity of the graphene layer is still small
enough so as not to perturb the inductor–capacitor (LC) resonance
of hexagonal meta-atoms. With increasing |1V |, the graphene be-
comes more conductive such that fewer charge carriers accumulate
at the edge of the meta-atoms as charge carriers can leak into
adjacent meta-atoms through conductive graphene channels, as
shown in the field simulation depicted in Fig. 2h,i.

To investigate gate-controlled behaviours in an artificial multi-
resonance system hybridized with SLG, aDSRs (ref. 35) are used
as a unit cell of meta-atoms. Figure 3 shows the gate-dependent
transmission for aDSR graphene metamaterial. With broken
symmetry in aDSR meta-atoms (asymmetric factors of θ1 = 15◦
and θ2 = 10◦ are defined in Fig. 3e), a sharp Fano-like resonance
(trapped mode, marked as I in Fig. 3c) is observed in the low-
frequency side of the fundamental electric dipole mode resonance
(marked as II in Fig. 3c). The simulated current densities for these
two distinct modes in aDSRs are depicted by the arrows in the
left panel inside Fig. 3e,f. Compared with the electric dipole mode

(in-phase current oscillation), the trapped mode resonance (out-
of-phase current oscillation) exhibits a higher quality factor due to
weak free-space coupling and low radiation losses. At the trapped
mode resonance, the absorption of the metamaterial reaches a
maximum value of 40%, the main contribution arising from
substrate and metallic losses (the intrinsic terahertz absorption in
the graphene layer is substantially lower at the CNP (ref. 10)). As
we increased the gate voltages, absorption increased substantially,
except in the vicinity of the Fano-like resonance, by carrier-induced
electro-absorption in the SLG (lower panel of Fig. 3c). Hence, the
gate-dependent transmission changes showed different behaviours
for these twomodes. The on-resonance transmission of the trapped
mode showed little change (−1T/TCNP < 5%) with gate voltages,
whereas for the electric dipole mode, the changes are substantial,
amounting to about −40% (−1T/Tmax '−30%). Similar to the
case for the hexagonal meta-atom structure, the on-resonance
intensity transmission, reflection and absorption scale nonlinearly
for the dipole mode as shown in Fig. 3d. Such broadband tunable
absorption means that the graphene metamaterial could be used
as a platform to attain a perfect absorber by patterning and/or
stacking graphene layers.

In addition to promising amplitude and phase modulation
predictable on the basis of the carrier dynamics of ideal graphene,
active graphene metamaterial exhibits a considerable amount
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Figure 4 | Electrically controlled photonic memory operation with the
gate-controlled active graphene metamaterials. a, Hysteresis behaviour of
on-resonance transmission for a cyclic change of the gate voltage (with a
sweeping rate of 50 V min−1). In the insets, the Fermi level of the graphene
is schematically illustrated for each of the operating points. b, Binary
memory operation in the transmission (top panel), a measured time-trace
of resonance frequency (middle panel), and gating pulse signal (pulse
width= 1 s, lower panel). The observed memory retention time is estimated
to be around 20 min.

of gate-controlled optical hysteresis. The controllable hysteretic
behaviours in the realistic graphene on a substrate23–26, when
combined with the metamaterial, can alternatively be used as
a route towards the development of an electrically controllable
photonic memory. The photonic memory effect in our device
can be mainly attributed to charge trapping phenomena at the
grain boundaries or defect sites (non-idealities in a large-area
CVD-grown graphene layer) as well as adsorption ofH2Omolecules
on the polyimide substrate (see Supplementary Section SIV for the
effect of humidity on the memory operation). Figure 4a shows such
hysteretic behaviour in the transmission at a fixed frequency for a
cyclic change of the gate voltage (for active graphene metamaterial

with hexagonal meta-atoms). For this measurement, the gate
voltagewas swept at a rate of 50Vmin−1. Figure 4b shows a flip–flop
operation in transmission (top panel) and a time-trace of measured
resonance frequency (middle panel). Here, the write (set) and
erase (reset) inputs were implemented by applying a short pulse
signal of the gate voltage (pulse width = 1 s, lower panel). The
peak gate voltage of pulses was set to −300V (write) and 300V
(erase), respectively. The state of the transmission and/or resonance
frequency of the SLG metamaterial was read at zero gate voltage
(Vg = 0V, dashed line in Fig. 4a). It is worth noting that the
measured retention time of the active graphene metamaterial was
proportional to both the magnitude and the pulse width of the
applied gate voltage. With the given gate voltage pulses (±300V
for 1 s), the retention time is estimated to be around 20min,
which is comparable to the value of CVD-grown SLG ferroelectric
memory26 (Fig. 4b). For longer memory retention times, oxidative
graphene would be superior to an intrinsic graphene layer owing to
oxygen-related, stablememristive phenomena23,24.

The exotic electrical and optical properties of graphene, when
enhanced by the strong resonance of meta-atoms, lead to a very
strong light–matter interaction in a manner that allows per-
sistent switching and linear modulation of low-energy photons
in the extreme-subwavelength scale (∼λ/1,000,000). Surprisingly,
low-energy photons were fully controlled while being transmit-
ted through gate-controlled, one-atom-thick, SLG integrated with
strongly coupled meta-atoms. The controllable light–matter inter-
action, as well as the memory effect in the active graphene meta-
materials, presents immense potential for a myriad of important
applications, particularly in active control of terahertz waves in
the extreme-subwavelength scale, such as fast terahertz modula-
tors, tunable transformation-optics devices, electrically controllable
photonicmemory and reconfigurable terahertz devices.

Methods
Fabrication processes for the gate-controlled active graphene metamaterial.
All metallic parts of the graphene metamaterial were made of 100-nm-thick gold
with a 10-nm-thick chromium adhesion layer. Graphene was grown by CVD to
cover the entire area of the metamaterial (15×15mm2). A bare silicon wafer was
used as a sacrificial substrate. To construct the active graphene metamaterial on
the sacrificial substrate, a polyimide solution (PI-2610, HD MicroSystems) was
spin-coated and fully cured using a two-step baking process, resulting in a final
polyimide thickness of 1 µm. To define the bottom EOT electrode on the prepared
polyimide layer, ultraviolet photolithography and electron-beam evaporation were
followed by a metal lift-off technique. Repeating the same polyimide stacking
processes as employed for the first layer, the metallic meta-atoms are then insulated
from the bottom electrode. The metallic meta-atoms were patterned using the
same processes as for the bottom electrode. Then, the graphene (SLG on Cu
foil, MLG on Ni/SiO2/Si substrate) was transferred and conformally attached
to the array of meta-atoms. After the graphene layer had been transferred onto
the meta-atoms, a ground electrode was defined on the graphene layer using
a shadow mask. For the symmetry of graphene metamaterials in the direction
of the terahertz wave propagation, a polyimide layer and a top EOT electrode
(optional) were stacked. After opening the electrical contact using O2 plasma
etching, the free-standing and flexible active graphene metamaterials were peeled
off the silicon substrate. Finally, the active graphene metamaterials were soldered
to a drilled PCB substrate.

THz-TDS system. For the generation of broadband terahertz waves, a Ti:sapphire
femtosecond oscillator (Mai-Tai, Spectra-physics) with a pulse repetition rate of
80MHz was used. The pulse width is approximately 100 fs. The central wavelength
and average power of the oscillator were set to 800 nm and 1W, respectively.
The pulsed laser beam was focused onto a biased, low-temperature-grown GaAs
terahertz emitter (Tera-SED, Gigaoptics). The modulation frequency and the
duty cycle of the rectangular bias voltage (−10–10V) were 1 kHz and 50%,
respectively (except for the measurement of modulation speed of the graphene
metamaterial, in which case the modulation frequency was swept from 1 to
100 kHz). The emitted terahertz wave was then guided and focused onto the
samples with a 2-mm-diameter spot by using off-axis parabolic mirrors. The
maximum field amplitude at the focal spot was estimated to be ∼1 kV cm−1. The
propagating terahertz radiation was detected electro-optically using a 1-mm-thick
and 110-oriented ZnTe crystal. The THz-TDS system has a usable bandwidth of
0.1–2.6 THz and a signal-to-noise ratio of over 10,000:1.
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