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ABSTRACT: Gate-controllable transmission of terahertz
(THz) radiation makes graphene a promising material for
making high-speed THz wave modulators. However, to date,
graphene-based THz modulators have exhibited only small
on/off ratios due to small THz absorption in single-layer
graphene. Here we demonstrate a ∼50% amplitude modu-
lation of THz waves with gated single-layer graphene by the
use of extraordinary transmission through metallic ring
apertures placed right above the graphene layer. The
extraordinary transmission induced ∼7 times near-filed
enhancement of THz absorption in graphene. These results
promise complementary metal−oxide−semiconductor compatible THz modulators with tailored operation frequencies, large on/
off ratios, and high speeds, ideal for applications in THz communications, imaging, and sensing.
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The unique properties of graphene have stimulated world-
wide interest in developing novel devices for electronics,

photonics, and optoelectronics.1−3 In particular, gate-control-
lable electronic properties of graphene are expected to lead to a
diverse range of devices,4 including ultrafast photodetectors,5,6

transparent electrodes,7 optical modulators,8 active plasmonic
devices,9,10 and ultrafast lasers.11 In the terahertz (THz)
frequency region, electrically controllable Drude-like intraband
absorption makes graphene a promising platform for building
active, graphene-based optoelectronic devices12−15 such as THz
modulators. Compared to THz modulations demonstrated with
free carriers in conventional semiconductor materials16−21 and
two-dimensional electron gases in quantum-well structures,22,23

graphene-based devices have higher carrier mobilities at room
temperature with an electrically tunable carrier density.
Despite the broadly tunable carrier density, the extinction ratio

that can be obtained for THz wave modulations with single-layer
graphene (SLG) is limited due to its one-atomic-layer thickness
and the nonresonant nature of the intraband absorption in the
THz region. Recently, efforts to enhance the SLG absorption in
the THz region have been reported, including exciting plasmonic
resonances in graphene,9 integrating graphene with photonic
cavities,13,14 and integrating graphene with metamaterials.15,24

However, no devices demonstrated to date have a combination
of a large modulation depth, a high speed, and a designable
resonance frequency, which we report in this paper.
The extraordinary optical transmission (EOT) effect18−21 of

subwavelength apertures in a metallic film has been used to
enhance THz absorption in various materials such as vanadium
dioxide (VO2).

18,20,21 In particular, we previously showed that

ring-shaped apertures have a strong polarization-insensitive EOT
effect, which allowed us to achieve THz transmission suppression
by 18 dB with a thin layer of carriers in a silicon substrate
underneath the apertures.25 Here, we use ring-shaped apertures
in a metallic film to enhance the extinction ratio of a graphene-
based THz modulator. We show that apertures resonating at
∼0.44 THz enhance the intraband absorption in SLG under-
neath the apertures by ∼675%, which leads to a modulation
depth of ∼50% when the carrier density in SLG is tuned using a
back-gating scheme. The modulator has a transmission peak with
a bandwidth of ∼0.25 THz, which can suppress any off-
resonance background signals. By scaling the circumference of
the apertures, the operation frequency can be tuned for different
applications. In addition, the small gated area and high
conductivity of graphene makes high speed and low-energy
consumption possible since the aperture-to-area ratio (the ratio
of the aperture area to the total metal area) of the EOT structure
is only ∼1%, and the graphene layer only needs to be present in
the area underneath the apertures. These results suggest that
complementary metal−oxide−semiconductor (CMOS) com-
patible THz modulators with tailored operation frequencies,
large on/off ratios, and high speeds can be built, which will find a
diverse range of applications, including THz communications,
imaging, and sensing.26,27

Results. The graphene-based THz modulator structure is
schematically shown in Figure 1a and b. The EOT THz
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resonator, consisting of an array of ring apertures, is placed on
top of the graphene layer, which sits above the dielectric material
(SiO2). EOT is a phenomenon in which a structure containing
subwavelength apertures in a metallic film transmits more light
than that expected on the basis of ray optics due to a significantly
enhanced electric field inside and around the apertures. In the
present experiment, a linearly polarized THz wave, normal
incident on the ring aperture, excites a bright dipole mode (the
TE11 mode when the ring aperture is viewed as a coaxial
waveguide). At the resonance frequency f 0 = c/(2πrneff), where r
is the ring radius and neff is the effective index of the mode, the
phase of the radial electric field component Er of the mode varies
by 2π over the circumference of the ring, resulting in a resonant
EOT effect; the transmission spectrum of the structure shows a
peak at f 0. The electric-field distribution at resonance is shown in
Figure 1c, which is a simulation made through the 3D finite
difference time domain (FDTD) method using commercial
software from Lumerical (see Methods). The near-field
enhancement due to EOT will increase the SLG absorption;
the absorption enhancement factor N( f), defined by the ratio
between the absorption with and without the EOT structure, is
proportional to the field intensity near the graphene layer. Since
graphene is only a small perturbation for the electrical field, the
field distribution in the EOT structure with graphene is assumed
to be the same as that of the EOT structure without graphene.
Thus, by taking the surface integral of the field intensity over the
graphene area, we can obtain the enhancement factor. The
largest absorption enhancement factor happens at the resonance
frequency f 0 with N( f 0) ∼ 20, as shown in Figure 1d.
To fabricate the structure illustrated in Figure 1a, we first

transferred chemical vapor deposition (CVD) grown graphene
from the copper foil onto a SiO2/Si substrate using standard
transfer techniques. The transferred graphene layer was typically
p-doped (see Methods).5,28 The thickness of the SiO2 layer was
chosen to be 90 nm for clear observation29 of transferred
graphene. The silicon substrate as the bottom electrode was
lightly doped with a resistivity of ∼1−10 Ω·cm. On top of the

transferred graphene layer, the EOT structure was made using
electron-beam lithography (see Methods). We used a relatively
large array size (5 × 5 mm2) so that a focused THz beam can fit.
The scanning electron microscopy (SEM) images of the
fabricated device are shown in Figure 2a, where the bright
region is the gold EOT structure and the dark region is graphene
underneath. The graphene layer was characterized using Raman
spectroscopy, as shown in Figure 2b. The location of the G and
2D peaks (∼1590 cm−1 and ∼2688 cm−1), the single Lorentzian
shape of the 2D peak, the 2D/G intensity ratio (>4.0), and the
near absence of D peaks all indicate a high-quality SLG sample
after the transfer and EOT fabrication processes.30 The inset of
Figure 2a shows one element aperture of the EOT array. The ring
diameter is ∼96.4 μm, and the aperture width is ∼1 μm.
We took THz transmission spectra of the devices using a THz

time-domain spectroscopy (THz-TDS) system. Transmission
spectra, Tsp, for the EOT graphene-based THz modulator under
different gate voltages, Vg, from −20 to +20 V were normalized
by the reference transmission spectrum, Tref, for the same EOT
structure without graphene underneath. The transmission
spectra were polarization insensitive, as expected from the
structural symmetry. As shown in Figure 2c and d, the peak
transmission varied with the gate voltage, while the central
frequency remained almost the same at different gate voltages.
The transmission change is due to the change in carrier density in
graphene as the Fermi level shifts with the gate voltage.12 We
measured a reference device with the samemetallic structure on a
silicon substrate, but without any graphene underneath. That
device showed no obvious change in transmission spectra under
different gate voltages, which confirms that any gate-induced
effect in the substrate can be neglected. A large modulation depth
of ∼50% was observed, as shown in Figure 2e, where ΔT is
defined as T(Vg) − T(−20V), and it is normalized to the peak of
T(−20V) at the center frequency. The corresponding trans-
mission phase spectra are plotted in Figure 2f, which indicate that
the amount of gate-induced phase modulation is not very large.

Figure 1. (a) Schematic diagram of the EOT graphene-based THzmodulator. (b) Cross section of the EOT graphene-based THzmodulator. Graphene
is placed on a SiO2/Si substrate, and the EOT structure is fabricated on top of graphene. The gate voltage is applied between the bottom silicon substrate
and the top EOT structure to change the carrier density in graphene. (c) Simulated cross section field distribution of the fabricated gold EOT structure.
(d) Absorption enhancement factor N( f) as a function of frequency; at resonance, the enhancement is largest, ∼20.
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The Drude-like absorption in SLG has been previously
investigated from the THz to the mid-infrared region.12,31 In

comparison, the absorption, which is proportional to the real part
of the complex conductivity (in units of σ0 = e2/4ℏ), observed at

Figure 2. (a) Scanning electron microscopy image of the fabricated EOT-graphene-based THz modulator on the SiO2/Si substrate. The dark region is
graphene underneath. The scale bar is 1 mm. The inset is one EOT ring aperture element of the array. (b) Raman spectrum of graphene underneath the
EOT structure. (c) Transmission spectra for the EOT graphene-based THz modulator under different gate voltages between −20 V and +20 V. The
peak transmission changes more than a factor of 2. (d) The transmission spectra versus gate voltage plotted in a 2D color map. (e) The transmission
change at different gate voltages. A large modulation depth of ∼50% is obtained. (f) The transmission phase spectra at different gate voltages.

Figure 3. (a) Real part of the conductivity with the EOT structure (red line) at the resonance frequency compared with that of SLG without EOT
structure (blue line) and the enhancement factor (black line) as a function of gate voltage. The largest enhancement factor is ∼7. (b) Fermi level of
graphene as a function of gate voltage estimated using two different methods. The blue solid line is from SLG THz absorption measurement,12 and the
cyan dashed line is from calculation using eq 1.
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the resonance frequency in our experiment is about seven times
stronger, as shown in Figure 3a. This enhancement is mainly due
to the strong near-field enhancement near the ring apertures,
which strengthens the interaction between the THz field and
SLG (see Methods). The enhancement is not as high as that
expected from the simulation shown in Figure 1d; the possible
reasons include imperfection of fabrication that may lead to
partial closing of the ring aperture, absorption loss from residual
resist, and nonuniformity of graphene carrier distribution over
the large area.32

As the gate voltage approaches the largest reverse bias voltage
of −20 V limited by the breakdown of the SiO2 layer, the THz
absorption by the SLG approaches a nonzero value, as the red
line in Figure 3a shows. This implies that there will still be a finite
THz conductivity in SLG even when the Fermi level approaches
the Dirac point. We believe that this is due to the nonuniformity
in the Fermi level in large-area graphene. Since the entire area
cannot reach the Dirac point at the same bias voltage, there are
always residual carriers in the film that induces residual THz
loss.12

The average carrier density in large-area SLGwithout the EOT
structure can be extracted by fitting the measured transmission
spectrum with the Drude model (seeMethods).12 When the gate
voltage is swept from −20 to +20 V, the Fermi level in SLG
without EOT structure is expected to change by a factor of 2, as
shown by the blue solid line in Figure 3b. The Fermi level of
graphene can be estimated using the parallel capacitor model as12

πα| | = ℏ | − |E V v V V( )f g f c g CNP (1)

where Ef(Vg) is the Fermi level at gate voltage Vg,ℏ is the reduced
Planck constant, vf is the Fermi velocity (∼106 m/s), αc is a
capacitor constant (= 2.4 × 1011 cm−2 V−1 in our case), and VCNP
is taken as∼−14 V (see Methods). The calculated Fermi level is
shown by the cyan dashed line in Figure 3b. However, compared
with theoretical calculation, the Fermi level should come to the
Dirac point at the charge neutral point (i.e., CNP, which is the
voltage shifting the graphene Fermi level to the Dirac point),
while in our case there are always residual carriers and strong
asymmetry between holes and electrons in SLG as shown by the
blue solid line in Figure 3b. Possible reasons include the
nonuniform carrier distribution due to defects in the substrate or
grain boundaries of polycrystalline graphene32,33 and hole-rich

puddles34 from the transfer and fabrication processes (see
Methods).
In the EOT-graphene structure, graphene can be viewed as an

electrically controlled decay channel in an EOT resonant cavity.
The transmission spectrum can be fit using a Lorentzian function
inferred from coupled mode theory35 as

=
− + Γ

T f
A

f f
( )

( )0
2 2

(2)

where f 0 is the resonance frequency, A is the amplitude, and Γ is
the line width taking into account the combined losses from the
metal and graphene, which can be expressed as α Im(εgra) + β
Im(εgold), where εgra and εgold are the graphene and gold dielectric
functions, respectively, α and β are scaling factors; we assume
that the graphene term changes with the gate voltage while the
gold term remains constant.36 The two dielectric functions can
be expressed using the Drude model. Specifically, εgra = 1 + iσgra/
ωε0tgra, where σgra is the SLG Drude conductivity (see Methods)
and tgra is the graphene thickness (taken as 0.34 nm for SLG)
while εgold = 1 − (ωp

2/ω(ω + iγgold)), where ωp/2π is the plasma
frequency of gold (taken as 2180 THz37) and γgold/2π is the
scattering rate of gold (taken as 6.45 THz37). The spectrum
shown in Figure 2c can be well fit by eq 2, as shown in Figure 4a.
A slight discrepancy between themeasured and the fitting spectra
is attributed to imperfect fabrication of the EOT structure. The
quality factor (Q-factor) extracted from the fitted spectrum in
Figure 4a decreases as the carrier density increases in graphene,
which introduces a higher loss in the EOT resonator. Compared
to the reference structure that was built without graphene
(shown by the black dashed line in Figure 4b), the Q-factor
decreases due to the graphene insertion loss caused by the
residual carriers.
Our EOT-graphene-based THz modulator can potentially

operate with speeds on the order of hundreds of MHz, primarily
due to the small aperture-to-area ratio of the EOT structure. In
this structure, graphene only needs to be present in the aperture
to have an effect. If we assume that the beam size of the THz wave
is∼1 mm2 and the aperture-to-area ratio is∼1%, the total area of
graphene, Agra, needed for effective amplitude modulation is
∼0.01 mm2. Here we can estimate the potential speed of our
device structure. The modulation speed is limited by the RC of
the circuit, where R (C) is the resistance (capacitance). In our
back-gating scheme, the fundamental limitation of the device

Figure 4. (a) Normalized transmission spectra at different gate voltages, each spectrum is fitted with eq 2. The black line represents the reference
structure. (b) Quality factor versus gate voltage obtained through fitting shown in (a). The black dashed line is the Q-factor of the reference sample.
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capacitance is attributed to the graphene area, which can be
calculated as C = ε0εdAgra/d ≈ 3.8 pF, where εd (= 3.9) is the
relative permittivity of silicon oxide, ε0 is the vacuum
permittivity, and d (= 90 nm) is the thickness of silicon oxide.
The parasitic capacitance from the metal film can be significantly
reduced by placing it much farther away from the silicon layer, for
example, by placing a thicker dielectric layer (such as SiO2)
underneath the metal. The resistance mainly comes from the
graphene resistance and the contact resistance; the former is
typically several kilo-ohms in our devices and the latter is several
ohms. However, in highly doped graphene, the resistance can be
as low as∼125Ω/sq, which will reduce the resistance involved in
the device.7,36 Thus, the speed, taken as 1/2πRC, can be as large
as ∼0.2 GHz by taking R ∼ 200 Ω.
In conclusion, we have demonstrated a new type of active

transmissive THz modulator based on graphene. Because of the
near-field enhancement of THz absorption in graphene due to
EOT through metallic ring apertures placed right above the
graphene layer, a strong amplitude modulation with a depth as
large as∼50% was achieved. Its operation speed is expected to be
up to hundreds of MHz, and its modulation depth can be further
improved by better device fabrication and higher graphene
quality. Furthermore, the EOT array can be scaled to have
resonance frequencies over a wide THz range; it can also be
pixelated to have independently controllable subarrays, which
will enable a high-speed on-chip THz spatial light modulator
with low bias voltage at room temperature. Our results thus
suggest that a room temperature, CMOS-compatible THz
modulator with a large on/off ratio, high speed, and tailored
working frequency can be developed with future application in
THz communications, imaging, and sensing.
Methods. Device Fabrication. The graphene layer was

grown by chemical vapor deposition (CVD) on copper foil and
then transferred onto a SiO2/Si substrate using a poly(methyl
methacrylate) (PMMA) assisted wet-transfer technique.5,28 In
this transfer process, first a PMMA layer was spin-coated on
graphene on the copper foil, and the copper foil was then etched
away in 10% nitric acid overnight. The PMMA-graphene film
floating on the etchant was moved to distilled water several times
to rinse the etchant residue and then scooped by the substrate.
The chip was dried in air overnight, and the PMMAwas removed
by acetone, and the whole chip was cleaned by isopropyl alcohol
(IPA). The EOT array was then defined on top of the graphene
layer using electron beam lithography (JEOL-6500) with double
layer resists facilitating the lift-off process. The first layer was
water-soluble OmniCoat coated on the transferred graphene
substrate, and then SU-8 was spin-coated over OmniCoat. After
developing the top SU-8 layer using the SU-8 developer, the
OmniCoat was developed by a wet etching method using MF-
319 with carefully controlled time. Finally, 3-nm-thick titanium
and 97-nm-thick gold were successively evaporated using
electron beam evaporator, and the metal layers were lifted off
using PG remover. The lift-off process was not completely
successful, and there was still some metal covering the top and
sidewall of the aperture. However, the sidewall was not fully
covered by gold, and the EOT effect through such structures still
gave a clear resonance in transmission spectra, as shown in Figure
2c.
3D FDTD Simulation. We performed a 3D finite-difference-

time-domain (FDTD) simulation using Lumerical FDTD
software. The simulated structure consisted of ring aperture
arrays in a gold film with a thickness of h = 100 nm on an intrinsic
silicon substrate, which is excited by a normal-incident

broadband THz wave polarized along the horizontal direction,
as shown in Figure 1c. The ring apertures have a radius of r = 50
μm and a width of w = 1 μm. The periodic boundary conditions
were used, assuming a square-lattice array with the lattice
constant p = 150 μm. Considering the imperfection of the
fabricated device having the metal on top of resist SU8 due to the
imperfect lift-off process, in the simulations we added a 500-nm-
thick dielectric layer with a refractive index of 1.46 inside the ring
aperture, with another 100-nm-thick gold layer on top.

SLG Drude Conductivity. Transmission spectra of bare SLG
without the EOT structure normalized to bare SiO2/Si wafer
from the THz to the mid-infrared can be used to extract the
Fermi level as the following12

πα σ σ
=

+ +
T

n E
1

{1 [ /(1 )][ ( )/ ]}sub f 0
2

(3)

where α is the fine structure constant, nsub (= 3.42) is the
refractive index of the substrate, σ0 = e2/4ℏ is the universal
optical conductivity in graphene, σ(Ef) is the real part of
graphene conductivity from the Drude model, σg(ω,) = ie2Ef/
πℏ2(ω + i/τ), where e is the electronic charge, Ef is the Fermi
level, and τ is the carrier scattering time of carriers. The large-area
graphene Fermi level under different voltages was retrieved from
ref 12 and scaled to 90 nm silicon oxide dielectrics. Similarly, the
transmission peak change of SLG with EOT structure
normalized to the EOT structure without graphene as dashed
line in Figure 2c can be used to extract the equivalent graphene
conductivity with strong-field enhancement by EOT structure,
and the ratio of these two conductivity (with and without
structure) will be the enhancement factor. The charge neutrality
point of graphene is estimated around −14 V from typical field
effect transistor (FET) measurements and transmission
spectrum fitting of intrinsically doped graphene without any
bias using eq 3.

Statistic Model of Large-Area SLG Nonuniformity. Possible
reasons for residual THz absorption for SLG is the
nonuniformity of large area graphene CNP, which may be
from defects in substrates, polycrystalline graphene character-
istics, and fabrication process; thus the nominal Fermi level
extracted from the Drude model fitting absorption is the average
response over the large area of several millimeters of the THz
beam spot. Here we model this nonuniformity by assuming a
statistic normal distribution of CNP34 over the large area to get
the average carrier density, that is, the nominal Fermi level (see
Methods) as

πα| | = ℏ | − ̃ |E V v V V( )f g f c g CNP (4)

where the charge neutral point ṼCNP follows the normal
distribution ṼCNP ∼ N(μ,σ). The nominal Fermi level can be
obtained by taking the average of Fermi level when CNP changes
statistically according to normal distribution using the Monte
Carlo method. In our case, the expectation μ is chosen as −14 V
and the deviation σ is fitted∼8.5 V, corresponding to a CNP shift
of ∼0.166 eV by fitting the blue solid line in Figure 3b, which
indicates that the large-area graphene has significant nonun-
iformity compared with small-area graphene.34 The relationship
between the average Fermi level and gate voltage is shown as the
red solid line in Figure 5, which matches well with the SLG Fermi
level from the Drude model fitting as the blue solid line in Figure
5.
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