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ABSTRACT: Dynamically reconfigurable metasurfaces open
up unprecedented opportunities in applications such as high
capacity communications, dynamic beam shaping, hyper-
spectral imaging, and adaptive optics. The realization of high
performance metasurface-based devices remains a great
challenge due to very limited tuning ranges and modulation
depths. Here we show that a widely tunable metasurface
composed of optical antennas on graphene can be
incorporated into a subwavelength-thick optical cavity to
create an electrically tunable perfect absorber. By switching the absorber in and out of the critical coupling condition via the gate
voltage applied on graphene, a modulation depth of up to 100% can be achieved. In particular, we demonstrated ultrathin
(thickness < λ0/10) high speed (up to 20 GHz) optical modulators over a broad wavelength range (5−7 μm). The operating
wavelength can be scaled from the near-infrared to the terahertz by simply tailoring the metasurface and cavity dimensions.
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Metasurfaces are ultrathin optical components comprising
artificially designed arrays of optical scatters, which can

impart abrupt changes to the phase and amplitude of incident
light over deep-subwavelength length scales.1,2 Recent progress
in metasurfaces has enabled great flexibility in light
manipulation2−4 and led to a variety of flat, ultrathin optical
components.5−10 The development of metasurfaces with
reconfigurable optical responses has become a frontier with
the promise to achieve reconfigurable flat optics and
optoelectronics. There have been great research efforts in
developing tuning methods of plasmonic structures based on
thermal,11,12 mechanical,13 optical,14 and electrical15−30 mech-
anisms. Among these techniques, electrical tuning methods
based on graphene23−29,31 have substantial technological
potential in terms of response time, broadband operation,
compactness, and compatibility with silicon technology as well
as large scale fabrication32 because graphene has high electrical
and thermal conductivity, broadband widely tunable electro-
optical properties, and good chemical resistance. However,
dynamically tunable metasurfaces have not yet been proved
viable for practical applications because the amplitude
modulation depth and phase tuning range achieved exper-
imentally so far cannot satisfy the requirements in many
applications.
Optical resonators have been used for light modulation,

enhanced photodetection, and strong light−matter coupling in
various devices.33−38 Many of these designs are based on the
concept of critical coupling,39−41 which leads to complete light
absorption in the resonator, i.e., perfect absorption. In this

letter, we demonstrate a high speed tunable metasurface perfect
absorber with optical modulation depth up to 100%, by
incorporating a widely tunable metasurface on graphene into a
subwavelength-thick optical resonator. We also developed an
analytical formalism of the perfect absorption condition for
rapid structure optimization. On the basis of this idea, we have
demonstrated the thinnest (total thickness < λ0/10) optical
modulators with a maximum modulation depth of more than
95% in the mid-infrared (mid-IR) wavelength range.
Furthermore, the tunable metasurface absorbers can be
structurally engineered to operate over a broad wavelength
range, from near-infrared to terahertz wavelengths, and
therefore provide efficient solutions for reconfigurable flat
optics and optoelectronics.

Design of the Electrically Tunable Metasurface
Perfect Absorber. Our metasurface absorber is composed
of a metallic thin film, a dielectric layer and an electrically
tunable metasurface comprising plasmonic structures on
graphene, as shown in Figure 1a. Similar to metamaterial
perfect absorbers,42,43 the metasurface perfect absorbers can be
made much thinner than the operational wavelength. Yet, one
major difference between the two is that the former relies on
both electric and magnetic response (described as ε (ω),
μ(ω)), while the latter does not require magnetic response,
which greatly reduces the design and fabrication complexity.
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This structure can be modeled as an asymmetric Fabry−Perot
(FP) resonator with two mirrors, i.e., a tunable metasurface
reflector as a partially reflecting mirror in the front and a
metallic fully reflecting mirror in the back. Figure 1b illustrates
the optical coupling in such a resonator. When a plane wave is
incident vertically on the metasurface, the complex amplitudes
of the electric field, i.e., Einc, Eref, and E2

+, E2
−, at each side of the

air-dielectric interface can be written as

= +

= +

+

− +

E r E t E

E t E r E

ref 12 inc 21 2

2 12 inc 21 2 (1)

where the reflection coefficients r12 and r21 are the ratios of the
reflected wave’s complex electric field amplitudes to that of the
incident waves for light incident on the air-dielectric interface
with the metasurface, from the air and from the dielectric
substrate, respectively. Likewise the transmission coefficients t12
and t21 are the ratios of the transmitted wave’s complex electric
field amplitudes to that of the incident waves for light incident
from the air and from the dielectric substrate, respectively. If
the reflection coefficient at the metallic back reflector is r23 and
the thickness of the dielectric layer between the two reflectors is
d, then the relationship between the complex amplitudes of the
forward wave (E2

+) and backward wave (E2
−) beneath the

metasurface in the resonator is

= β+ −E E r ei d
2 2 23

2
(2)

where β = 2πn2/λ0 is the propagation constant and n2 is the
refractive index of the dielectric layer. Solving eqs 1 and 2, we
can obtain the reflection coefficient of the metasurface absorber
rA as
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when rA = 0, all the light is absorbed in the resonator and the
critical coupling condition is satisfied. From the relationship

between reflection coefficients and transmission coefficients t12
= r12 + 1, t21 = r21 + 1 and setting rA = 0 in eq 3, we can obtain
the equation for the critical coupling condition of the
metasurface absorber

+ + + =βr r r r(1 ) e 0i d
12 12 21 23

2
(4)

Assume the metasurface optical conductivity is σM, the
reflection and transmission coefficients for vertically incident
light onto the air−dielectric interface can be calculated based
on an effective circuit model, as shown in Figure 1c (see
Supporting Information I for detailed derivation)

σ
σ

σ
σ

σ σ

=
− −
+ +

=
− −
+ +

=
+ +

=
+ +

r
n n Z
n n Z

r
n n Z
n n Z

t
n

n n Z
t

n
n n Z

,

2
,

2

12
1 2 M 0

1 2 M 0
21

2 1 M 0

2 1 M 0

12
1

1 2 M 0
12

2

1 2 M 0 (5)

where Z0 = (μ0/ε0)
1/2 is the wave impedance of free space.

These equations become the commonly used Fresnel’s
equations if the metasurface is absent (i.e., σM = 0). We refer
to them as modified Fresnel’s equations in following
discussions. Because of the finite surface conductivity σM at
the front interface, the typical relationship between the two
reflection coefficients r12 + r21 = 0 is not valid. Instead, the two
reflection coefficients have different amplitudes as long as n1 ≠
n2. Moreover, even when light is normally incident and the
dielectric is lossless, the phase shift of the reflection coefficients
can be any value instead of the typical 0 or π as long as σM is a
complex number. As a result, the critical coupling condition in
metasurface resonator cannot be reduced to separate conditions
for loss and roundtrip phase, as in most well studied
resonators.40 Furthermore, the roundtrip phase accumulation
2βd does not have to be close to π, which makes it possible to
achieve the critical coupling condition with a much smaller
dielectric layer thickness (d) than the wavelength. This is
similar to the asymmetric FP resonators formed by ultrathin,

Figure 1. Ultrathin metasurface perfect absorber. (a) Schematic of the tunable metasurface absorber composed of a metasurface on graphene, an
aluminum oxide (AlOx) dielectric layer, and an aluminum (Al) substrate. (b) Cross-section view of the metasurface absorber in which we have
identified the modified Fresnel coefficient and the complex field amplitudes at each side of the interface. (c) Effective circuit model for reflection and
transmission coefficients at the air−dielectric interface with a metasurface of conductivity σM. Z1 and Z2 are the wave impedance of the air and the
dielectric layer, respectively. (d) Calculated real (σM′ ) and imaginary (σM″ ) parts of metasurface conductivity required to satisfy the critical coupling
condition as a function of the relative dielectric thickness n2d/λ0.
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absorptive dielectric films;44−47 however, instead of using highly
lossy dielectric layers,44,45 the present absorber relies on the
metasurface, which can be tailored by varying the structure
design. Thus, the optical response can be engineered with great
flexibility with minimal requirements on the optical constants of
the spacer layer. Moreover, the metasurface can be designed
with closely coupled antennas, whose optical response is broad
tunable via electrostatic doping of graphene.
Inserting eq 5 into eq 4, we can obtain an analytical

expression for the surface conductivity of metasurface required
for the critical coupling condition (rA = 0):

σ
β
β

ε
μ

= −
+
−

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟n

n n d
d

i tan( )
1 i tan( )n

n
M 1

3 2 0

0
3

2 (6)

In Figure 1d we plot the real and imaginary parts of the
surface conductivity that would result in critical coupling, as
obtained by eq 6 for a metasurface absorber (n1 = 1, n2 = 1.5, n3
= 12 + 60i) as a function of the relative dielectric thickness,
which is defined as n2d/λ0. This plot clearly shows that one can

achieve the critical coupling condition in an ultrathin (n2d/λ0
≪1) metasurface absorber by engineering the metasurface
conductivity. Since the real part of optical conductivity can only
be positive under thermal equilibrium (negative optical
conductivity means there is optical gain in the material), the
thinnest metasurface absorber we can achieve in this
configuration is n2d/λ0 = 0.01. This analytical solution provides
quick and effective guidance in designing metasurface
absorbers. For example, when designing an absorber at λ0 = 7
μm with a 300 nm thick dielectric layer (n2 = 1.5), i.e., the
relative dielectric thickness n2d/λ0 is about 0.064, we can obtain
the required metasurface conductivity (0.0026 − i0.0089 S·sq)
for the critical coupling condition, which can be achieved by
tailoring the geometry of the antenna elements comprising the
metasurface.
The metasurface used in our design is composed of laterally

coupled optical antennas fabricated on a graphene monolayer,
which have been previously shown to have widely tunable
optical resonances addressable via an applied gate voltage due
to the large enhancement of the light−graphene interaction.27

Figure 2a shows the schematic of the metasurface absorber. The

Figure 2. Design of a tunable metasurface perfect absorber. (a) The schematic of a tunable metasurface absorber composed of an aluminum film
(thickness 300 nm), aluminum oxide layer (thickness d = 300 nm), and a tunable metasurface on graphene (L1 = 440 nm, L2 = 380 nm, P = 600
nm). (b) Full wave simulation results of a unit cell of the metasurface absorber, as indicated by the dashed lines in panel a, when a plane wave is
incident vertically onto the surface of the metasurface absorber with electric field polarized along the x-axis. Top: the electric field intensity
enhancement distribution |E|2/|E0|

2 at the horizontal (x−y) plane of the coupled antennas (2 nm above the graphene layer). Bottom: a vertical (x−z)
plane cutting through the antennas (indicated with a red dotted line in panel a). (c) Calculated real (σG′ ) and imaginary (σG″) parts of graphene sheet
conductivity for two different charge carrier concentrations, 1012 and 1013 cm−2. (d) Calculated real (σM′ ) and imaginary (σM″ ) parts of metasurface
conductivity for two different charge carrier concentrations in the graphene, 1012 and 1013 cm−2. (e) Calculated reflectance of the metasurface
absorbers |rA|

2 with varying dielectric thickness d. (f) The reflectance |rA|
2 and reflection phase shift θA of the metasurface absorber for two different

charge carrier concentrations. Solid lines: calculation results based on eq 3; dashed lines: simulation results obtained by full wave simulation. The
graphene mobility used in all the calculation and simulations is 1000 cm−2/(V s).
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gaps between the coupled antennas are about 40 nm wide,
which is much smaller than the wavelength (6−7 μm). When a
plane wave is normally incident on the metasurface, the electric
field is highly confined in the gap both laterally (in x−y plane)
and vertically (along z-axis), as shown in Figure 2b. The highly
confined near-field decays over a distance of approximately 50
nm; so as long as the distance between the metasurface and the
back-reflector is greater than this value, the effect of the metal
reflector on the optical response of the metasurface will be
negligible. Thus, we can calculate the reflection and trans-
mission coefficients of the metasurface first using eq 5 and then
apply these coefficients in the analytical model of FP resonators
(eq 3) to predict the optical response of the metasurface
absorber.48

The voltage tuning of the metasurface optical response is
achieved by electrostatic doping of the graphene sheet
underneath the optical antennas. The optical property of
graphene is strongly dependent on the charge carrier
concentration in the graphene sheet. Figure 2c shows the
calculated optical conductivity of graphene based on the
random phase approximation (RPA, see detailed information in
the Methods section) for two different carrier concentrations.
Yet, both the real and imaginary parts of graphene sheet
conductivity are on the order of 10−5−10−4 S·sq, which is about
2 orders of magnitude smaller than the required metasurface
conductivity for the critical coupling condition. As a
comparison, the optical conductivity of the metasurface on
graphene is much larger and also very sensitive to the carrier
concentration of the graphene because of the highly enhanced
light graphene interaction in the antenna nanogaps,27 as shown

in Figure 2d. Therefore, we used metasurface on graphene
instead of pure graphene and designed a metasurface absorber
to achieve close-to-unity absorption at λ0 = 7 μm. A parameter
scan of dielectric thickness d is performed, and the reflectance (|
rA|

2) of metasurface absorbers with the same metasurface and
graphene charge carrier concentration (1012 cm−2) but different
dielectric layer thickness is shown in Figure 2e. An optimized
dielectric thickness of 300 nm is obtained for the minimized
reflection at the dip.
Using eq 5, we calculate the reflection coefficients of the

metasurface absorber for two different carrier concentrations in
the graphene layer and then use eq 3 to obtain the reflectance (|
rA|

2) as well as the phase shift (θA) of the reflected wave, as
shown in Figure 2f. At the lower charge carrier concentration,
i.e., 1012 cm−2, the critical coupling condition is satisfied around
6.9 μm, where the reflectance is approximately zero. When the
carrier concentration increases to 1013 cm−2, the metasurface
conductivity changes (Figure 2d) and the critical coupling
condition can no longer be satisfied. The wavelength at which
the reflectance minimum occurs is blue-shifted and the
reflectance reaches a minimum value of 0.1, which agrees well
with the full wave simulation results (see more details about the
simulation in the Methods section), as also given in Figure 2f.
With such a structure, an optical modulation depth close to
100% can be achieved at wavelengths around 6.9 μm for the
reflected light.

Experiments. The metasurface absorber is fabricated on a
silicon substrate. The fabrication starts with evaporation of 300
nm aluminum layer onto the top surface of the silicon wafer,
followed by atomic layer deposition (ALD) of 300 nm of

Figure 3. Mid-infrared optical modulator based on an electrically tunable metasurface absorber. (a) Top: schematic of the ultrathin optical
modulator based on a tunable metasurface absorber. Bottom: a scanning electron microscope (SEM) image of the metasurface on graphene. Inset: a
zoomed-in view of a portion of the metasurface. (b) Simulation results of the reflection spectra from a fabricated metasurface absorbers for different
gate voltages. The graphene mobility used in the simulation is obtained by measured transport characteristics (it varies from 200 to 1000 cm−2/(V s)
depending on the gate voltage, see Supporting Information II). (c) Measured reflection spectra from the metasurface absorber for different gate
voltages (VG − VCNP; VCNP is the gate voltage when the concentrations of electrons and holes in the graphene sheet are equal). All spectra are
normalized to the reflection spectra from a 300 nm Al film evaporated on the same silicon substrate. (d) The modulation depth achieved
experimentally at different wavelength and corresponding insertion loss.
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aluminum oxide (AlOx). Then a monolayer graphene sheet
(grown via chemical vapor deposition (CVD)) was transferred
onto the AlOx layer. The antenna array was fabricated on the
graphene sheet by electron beam lithography (EBL), electron
beam evaporation of 10 nm Pd and 30 nm Au, and lift-off.
Figure 3a shows a schematic of a fabricated device and a
scanning electron microscope (SEM) image of the metasurface
on graphene.
The reflectance of our devices was measured using a Fourier

transform infrared (FTIR) spectrometer with a mid-IR
microscope. Light from the FTIR is focused on the device
with a mid-IR microscope objective (NA = 0.4), and the
reflected light is collected and measured with a mercury
cadmium telluride (MCT) detector (see more details in the
Methods section). The reflection spectra were collected at
different gate voltages applied to the graphene. Figure 3b,c
shows the simulated and measured reflectance from the same
device, which agree well with each other. From the electrical
transport characterization of our graphene sample, we can
determine the charge neutral point VCNP = 0 V (where the
concentrations of electrons and holes are the same in the
graphene) and the carrier mobility, which is used in the full
wave simulation to obtain the simulated reflectance (see more
details in Supporting Information II). As the gate voltage is
tuned away from the charge neutral point the charge carrier
concentration in the graphene sheet increases and the
metasurface resonance is blue-shifted, as shown in Figure 2d,
thus leading to blue shift of the reflectance minimum, as can be
inferred from Figure 1d. When the gate voltage |VG − VCNP|
increases to 40 V, the measured reflectance minimum decreases
to its lowest value at wavelength around 6.3 μm, then it starts to
increase as the gate voltage is further increased. Note that the
small feature around 5.77 μm in the measurement results
corresponds to the absorption of residual ebeam resist (see
more details in Supporting Information III).
Such a metasurface absorber can be used as an optical

modulator in reflection mode. As the gate voltage is swept from
0 to 80 V, a wide range of reflectance values can be achieved for
each wavelength. The maximum achievable modulation depth
for a particular wavelength λ, (i.e., 1 − |((rA,min(λ))/
(rA,max(λ)))|

2 where |rA,max(λ)|
2 and |rA,min(λ)|

2 are the maximum
and minimum achievable reflectivity for that wavelength,
respectively), is calculated based on the experimental results
and plotted as a function of wavelength in Figure 3d. We
conclude that our device achieves a modulation depth of more
than 95% at 6 μm and more than 50% over a broad wavelength
range of 5.4 to 7.3 μm. The modulation depth can be further
increased by optimizing the structure and minimizing the
reflectance minimum around the critical coupling condition.
Another important factor for a modulator is the insertion loss,
which is the optical loss when the light intensity is maximized,
i.e., 10 log(|rA,max(λ)|

2) in unit of dB, also shown in Figure 3d.
The current range for insertion loss is between −2 to −8 dB,
which can be decreased by improving the wavelength tuning
range of the reflection dip.
Because if the high conductivity and short optical response

time of graphene,49,50 our tunable absorber can be used as a
very fast modulator. We experimentally verified that the
response time of our device is shorter than 10 ns, which is
limited by the response time of the mid-infrared mercury
cadmium telluride (MCT) detector used in our experiment. On
the basis of a successful small-signal high-frequency circuit
model,27 we estimate that our modulator (area: 900 μm2) has a

3 dB cutoff frequency of 20 GHz (see Methods and Supporting
Information IV for details of the measurement and modulation
speed analysis).

Conclusions. We have demonstrated electrically tunable
metasurface absorbers with strong light modulation effect by
incorporating a metasurface on graphene into an asymmetric
Fabry−Perot resonator, which has a total thickness less than
λ0/10. In particular, optical modulators have been achieved
with a maximum modulation depth over 95% and modulation
speed up to tens of GHz over a spectral range in the mid-
infrared wavelength. The high speed tunable metasurface
absorber design can be scaled from the near-infrared to the
terahertz frequency ranges, thanks to the great flexibility in
tailoring the response of metasurfaces combined with the
broadband optical response of graphene. Therefore, this
technology can be used in flat optics and optoelectronics for
high capacity communications, hyperspectral imaging, and
spatial light modulation and optical switching.

Methods. Modeling and Simulation. In the FDTD
simulations (Lumerical Solutions, Inc., http://www.lumerical.
com/), the graphene layer is modeled as an anisotropic material
with in-plane permittivity ε∥ and out of plane permittivity ε⊥.
The former is calculated from the graphene sheet optical
conductivity and the latter is assumed to be 2.5.51

The graphene sheet optical conductivity is derived within the
random-phase approximation (RPA) in the local limit.26,52,53
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where kB is the Boltzmann constant, T is the temperature, ω is
the frequency, τ is the carrier relaxation lifetime, and EF is the
Fermi level. The carrier relaxation time τ can be derived by the
measured conductivity and corresponding graphene Fermi
level26

τ σ= ℏh
g g e E

2

s v
2

F

Reflection Spectra Measurements. Spectral measurements
were taken from an 80 μm × 80 μm aperture in a MIR
microscope (Bruker Hyperion 2000). The frequency resolution
is 2 cm−1, and every spectrum is averaged over 100 scans.

Optical Modulation Measurements. In the optical modu-
lation speed measurement, we apply a sine wave output voltage
(offset 0 V, amplitude 5 V) from a function generator (Agilent
33220A) to the back gate of a sample. The output of a single
mode continuous wave quantum cascade laser with emission
wavelength ∼4.5 μm is focused onto our structure using a MIR
objective (NA = 0.2) with the incident polarization along the x-
axis (the same as that depicted in Figure 2b). The reflected light
is collected by the objective. After a beam splitter (45/55), the
reflected light is focused onto a thermoelectrically cooled
mercury cadmium telluride (MCT) detector (response time <
10 ns). The output of the detector is measured with an
oscilloscope to determine the modulation depth.
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