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ABSTRACT: We propose an hybrid graphene/metamaterial
device based on terahertz electronic split-ring resonators directly
evaporated on top of a large-area single-layer CVD graphene.
Room temperature time-domain spectroscopy measurements in
the frequency range from 250 GHz to 2.75 THz show that the
presence of the graphene strongly changes the THz metamaterial
transmittance on the whole frequency range. The graphene gating
allows active control of such interaction, showing a modulation
depth of 11.5% with an applied bias of 10.6 V. Analytical
modeling of the device provides a very good qualitative and
quantitative agreement with the measured device behavior. The presented system shows potential as a THz modulator and can
be relevant for strong light−matter coupling experiments.
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The terahertz (THz) region of the electromagnetic
spectrum, lying between 100 GHz and 10 THz, has

attracted increasing attention in the last few decades for its
technological potential.1 In fact, since several solid-state
systems have characteristic dynamics belonging to the THz
frequency region, THz technology is important for spectros-
copy and investigation of molecular bonds, material structures
and carrier dynamics.2 On the other hand the THz region is of
fundamental scientific importance, acting as a bridge between
optics and electronics.
Graphene, a single-layer of hexagonally arranged carbon

atoms,3 is one of the most studied electronic systems for almost
a decade because of its high charge carrier mobility of up to
200 000 cm2/(V s) at room temperature4 and a peculiar band
structure with linear dispersion near the so-called Dirac or
charge-neutrality point (CNP).5 More recently, studies on the
plasmonic and optical properties of graphene are being
pursued.6,7 The linear dispersion relation near the CNP with
the absence of a sizable band gap gives rise to a scenario
different from the case of usual semiconductors, concerning
optical transitions. When considering interband transitions, a
cutoff energy of twice the Fermi energy applies, with EF

typically of some hundreds of meV (infrared spectral region),
letting therefore intraband transitions become dominant at
THz frequencies. Such electro-optic characteristics reveal
graphene as a promising material for optoelectronic and
plasmonic applications.8 In the THz frequency range, useful

applications of graphene reside particularly in detectors9 and
modulators,10,11 but also sources have been foreseen.12−14

In the THz spectral region the most common semi-
conductors are transparent, and it is therefore difficult to
manipulate the radiation efficiently. Metamaterials represent in
this case a powerful option.15−17 The metamaterial unit cell is
usually constituted by a metallic split-ring-resonator (SRR) that
can be thought of as an RLC-series circuit whose resonance
provides the desired variation in the effective permittivity and
permeability εeff and μeff.

18,19 A second fundamental property of
metamaterials is the ability of confining electromagnetic fields
into highly subwavelength volumes, increasing in such a way
the strength of interaction between field and material. This is of
great importance when dealing with graphene at THz
frequencies where radiation with wavelength of 30 μm to 1
mm interacts with a nominally 0.334 nm thick layer. The 2D
character of the metasurface integrates then naturally with the
perfect bidimensionality of the graphene, allowing the final
hybrid device to have subwavelength thickness. These facts are
key factors for entering the field of quantum electrodynamics,
where strong light−matter interaction is needed to access the
(ultra)strong coupling regime.20,21

In the present Letter, we report on THz light modulation via
an hybrid graphene/metamaterial device. The metamaterial
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resonances define the main absorption window in intensity and
bandwidth that can then be modulated by tuning the graphene
conductivity via back-gating of the carbon layer. An analytical
model based on transmission-line approach is along used to
calculate the response of the whole device. Similar devices are
being studied by several groups in the whole electromagnetic
frequency spectrum, from visible22,23 to near-infrared24 to
THz.11,25

Materials and Sample. Monolayer graphene was grown
with the chemical vapor deposition (CVD) technique from a
mixture of H2/CH4 on commercial Cu-foil. The graphene was
then poly(methyl methacrylate)-transferred onto silicon oxide-
covered Si substrate, after wet etching of the Cu-foil.26,27

Confirmation of dealing with monolayer was obtained by
Raman spectroscopy showing a rather uniform 2D peak (cf.
map in Figure 1a) and a low intensity D peak (D/G ≈ 0.10)
across the surface28 (details in the Supporting Information).
The transferred CVD graphene layer had dimensions of about 1
× 1 cm2.
The THz-metamaterial is constituted by a two-dimensional

(planar) array of electric split-ring resonators (SRR)29,30 such
as the one shown in Figure 1b,31 with a periodicity of 50 μm in
the two orthogonal directions and covering a squared area of
2.5 × 2.5 mm2. Such an array was defined directly onto the
transferred CVD graphene via standard photolithographic
technique and produced by e-beam evaporation of Ti/Au
with a thickness of 4/200 nm in a UHV-chamber. In such a
way, the SRRs are in electrical contact with the graphene, and
the coupling is not capacitive as in refs 11, 22, and 23. Source
and drain (S/D) ohmic contacts were also defined onto the
sample at the opposite sides of the metamaterial field.
Standard field-effect-transistor type of characterization of the

CVD graphene allowed us to retrieve the graphene square
resistance plotted in Figure 2 (black solid curve). The square
resistance displays a clear maximum, situated at back-gate
voltage VG

CNP = 10.6 V, that constitutes the charge neutrality
point (CNP) of the investigated CVD graphene layer in the
device, revealing its natural p-doping. The linear fit of the p-side
gives a hole mobility of about 2050 cm2/(V s) (additional
details in the Supporting Information).
The standard parallel-plate capacitor model allows us to

estimate the initial p-doping of the graphene to be p ≈ 8 × 1011

cm−2, corresponding to a zero-bias Fermi level of EF ≈ −104
meV, using a Fermi velocity of vF = 106 m/s and a SiO2
permittivity of εr = 3.85.
In Figure 1c and d the simulations (CST microwave studio)

of the in-plane electric field amplitude distribution at resonance
when exciting the resonators with THz-waves with polarization
in the y-direction are shown. The perpendicular electric field

will not be considered in the discussion, since it is not
significantly interacting with the graphene layer32 (further
discussion and measurements in the Supporting Information).
For the monopolar or LC mode of the resonator,17 the THz-
electric field gets therefore concentrated into the SRR gaps with
a fringing field extending into the surrounding materials for few
micrometers, hence fully overlapping with the graphene layer
underneath. It has to be noticed that the electric field with a
wavelength of 0.5 mm gets confined into a maximum volume of
8 × 2 × 4 μm3, that is, by a factor 106. This corresponds to a
confinement along the beam direction of λ/125, deep into the
subdiffraction region and about 60 times more than in photonic
cavities (e.g., Fabry−Perot) which are diffraction-limited to λ/2.
It is therefore possible to argue that only the graphene residing
within the SRR gaps is effectively taking part in the interaction.

Transmission Measurements. The spectral response of
the THz-metamaterial in the investigated range of 0.25−2.75
THz is constituted by two resonances, as shown by the black
curve in Figure 3a that was measured on a reference sample
without graphene but with the THz-metamaterial directly
evaporated onto a Silicon substrate. The main resonance takes
place at 608 GHz with a quality factor of 4.75 and corresponds
to the monopolar mode concentrated within the SRR-
capacitors due to counter-propagating currents into the
inductive part.31,33 The second, much broader, resonance has
instead its minimum at about 2.35 THz and corresponds to the
mode living at the edges of the SRR with a λ/2 kind of
resonance. Because of such peculiarities the two modes are also

Figure 1. (a) Raman map of the 2D-peak intensity across one metamaterial unit cell. (b) Split ring resonator constituting the unit cell of the two-
dimensional THz-metamaterial,31 optical micrograph of a. (c) Finite-element simulation of the in-plane electric field amplitude at resonance. The
exciting wave is linearly polarized in the y-direction. The dashed line indicates the xz-plane shown in d, which shows the high field concentration
within the SRR gaps.

Figure 2. Square resistance of the CVD graphene layer (black curve,
left axis) and Q-factor of the LC-resonance (red points, right axis).
The horizontal axis expresses the voltage difference from the CNP,
ΔVCNP = VG − VG

CNP = VG − 10.6 V for VG = (0, 2, 4, 6, 8, 10, 11, 12,
13, 14) V. The square resistance is obtained from the S/D current with
VSD = 10 mV (contact resistance not taken into account). The curve
was measured with the sample in nitrogen-purged environment and
does not change under THz irradiation or for a longer nitrogen
exposure time.
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termed LC- and dipolar resonances, respectively.34 Since only
the LC-resonance corresponds to the field-concentrated mode
pattern and allows for a direct connection with the RLC-circuit
model of the SRR,17 in the following discussion the attention
will be mainly focused onto the spectral region 0.25÷1.75 THz.
Room-temperature transmission measurements were per-

formed with a THz-time domain spectroscopy (TDS) setup
where a Ti/Sapphire laser (Spectra Physics MaiTai) produces
75 fs wide pulses at 800 nm with repetition rate of 80 MHz that
impinge onto an interdigitated switch (TERASED, Gigaoptics)
at an average power of 250 mW. The switch is biased at 16 V
with 50% duty cycle at 15.5 kHz and produces the THz pulse
that travels in a nitrogen-purged environment through the
sample in confocal geometry. THz probe detection is
performed via electro-optic sampling using a ZnTe crystal.20

The setup has a maximum beam waist on the sample surface of
about 2.5 mm and a frequency resolution of 80 GHz.
Transmission spectra measured at different VG values and

normalized to the substrate are presented in Figure 3a, the
curves from green to blue corresponding to increasing back-
gate voltage. The oscillations above 2 THz stem from the
normalization of a low intensity signal, whereas the overall

wiggling is due to the Fourier transformation of a signal with a
finite extension in the time domain. In the measured spectra,
the presence of the graphene strongly affects the whole system
response: the overall transmittance is decreased, whereas the
two metamaterial resonances are still present but with different
characteristics. The transmission through the unbiased sample
(VG = 0 V, green spectrum at lowest bias) reveals an increased
transmission at the now broader resonances, accounting to 9.9
and 4.5 dB, respectively. For the LC mode a frequency red-shift
of about 45 GHz is also present. Such behavior seems not
present, or in any case not as strongly, for the dipolar mode.
Such difference between the two modes resides in their

nature. Graphene is a (bad) conductor that electrically connects
the capacitor plates and changes the resonance of the LC
circuit. As a result it almost does not affect the dipolar
resonance position that depends on the size of the SRRs edge.
Its dimension is not very influenced by the graphene, whereas
the change in intensity is due to the degree of screening.
The measured behavior is in agreement with results on

similar systems published in the past few years.11,22−25,32

Analysis and Calculations. The gating of the graphene
layer, by increasing VG toward the CNP, tends then to deepen

Figure 3. (a) Room temperature transmittance spectra of the gated CVD graphene/THz-metamaterial device for back-gate voltages VG = (0, 2, 4, 6,
8, 10, 11, 12, 13, 14) V, from green to blue, with ΔVCNP = VG − VCNP. Compare with Figure 2 to relate ΔVCNP to the variation in the graphene
square resistance. The reference spectrum of the THz metamaterial directly evaporated onto the substrate without the graphene is shown in black.
All spectra are normalized to the bare substrate. (b) Calculations performed with the transmission line model,30 modeling the system with the
lumped-element RLC-series circuit shown in the inset. The black curve is obtained from the basic RLC-series circuit by adjusting R, L, and C to best
agreement with the reference spectrum in a. The values for the LC (dipolar) mode are given in the figure. The green-to-blue spectra were calculated
with the circuit in the inset for decreasing values of ΔVCNP, in good agreement with the measurements. (c) Relative transmittance normalized to the
value near the CNP for a selection of spectra. Maximum modulation depths of −11.4% and 11.5% at −10.6 V from the CNP are derived at the LC-
resonance (608 GHz) and for the region 0.8−1.75 THz, respectively. In correspondence to the dipolar resonance (gray-shaded region) the
difference between the spectra is too small to give a meaningful normalized value, still showing similar behavior as for the LC mode. (d) Imaginary
part of the extracted effective conductivity. At the crossing with the horizontal axis, the graphene−metamaterial system is impedance-matched to the
substrate. The oscillations in a, c, and d stem from the Fourier transformation of a signal with a finite extent in the time domain.
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and sharpen the resonances. Concurrently, the transmittance in
the frequency range in-between the two resonances increases.
At higher voltages than the CNP the quite flat square-resistance
of the graphene (cf. with Figure 2) results in almost no change
in the spectra beyond that point. These effects are better seen
in Figure 3c plotting the normalized transmission difference
with respect to its value near the CNP where the resonance is
the sharpest. At resonance the transmission linearly decreases
for increasing negative gate voltage, that is, for increasing hole
carrier density. Entering the n-doped region the transmission
stays almost constant due to the asymmetry in the square-
resistance curve of Figure 2. The gating results in a maximum
modulation depth at the resonance of −11.4% at −10.6 V from
the CNP and in a similar modulation depth magnitude of
11.5% in the region 0.8−1.75 THz. The modulatory behavior is
related to the nature of the LC mode as will be better analyzed
in the coming paragraphs. These two regions are separated by a
point in the spectra where all the measured curves pass. This
corresponds to the flex of the resonant curves, and it stays fixed
while scanning the back-gate voltage. From the extracted
effective conductivity of the hybrid graphene/metamaterial
system, whose imaginary part is plotted in Figure 3d, one can
see that this point corresponds to the local maximum. Its
spectral position coincides with the point of maximum
dispersion of the effective material, that therefore stays fixed
in frequency. The sign of the modulation is then directly related
to the sign of the first derivative of the curves in Figure 3d. A
narrow-band beam can therefore be modulated in the two
different directions according to its spectral frequency.
These modulation intensities have to be compared with

recently published results in conceptually similar systems with
CVD graphene embedded in different kind of cavities. In the
first device,25,35 the graphene was placed onto a standard
thermal-oxide-covered 500 μm thick silicon substrate whose
other side was metallized. It therefore constitutes a photonic
Fabry−Perot cavity of thickness λ/2 in the beam-propagation
direction. The highest modulation shown with such system
amounts to 64% for an applied bias of 30 V. A second article11

reported on a device that sandwiched the graphene within a
multilayered gates/polymer/metamaterial structure. Two kinds
of SRR were used displaying dipolar and quadrupolar
resonances: the graphene was transferred on top of the metallic
metasurface, resulting in being capacitively coupled to the
resonators. With such device a modulation of 90% was achieved
at the cost of a back-gate potential drop as high as 850 V. Our
device displays a few advantages. First, it is completely planar,
and being the mode confinement λ/125 in the beam direction,
it can in principle be reduced to a thickness of few micrometers.
Second, we show a modulation of 15% at an applied bias of
10.6 V, that together with an easy, Si-based semiconductor
processing, assures the robustness of the device for eventual
applications. This much lower voltage with respect to ref 11 is
mainly due to the characteristics of the used gate-dielectric
(refractive index, thickness) and to the electronic nature of the
monopolar resonance that has a stronger E-field confinement
than diffraction-limited cavities and contributes to a bigger
modulation.
By retrieving the quality (Q) factor of the LC-resonance (red

points in Figure 2) it is evident that it meets its minimum value
deep into the p-doped region. The Q-factor then improves by
gating the graphene toward the CNP, showing the same
qualitative behavior as the square resistance, changing more
than 35% with respect to its maximum value. The minimum of

the LC resonance, initially red-shifted from the bare
metamaterial value (608 GHz) because of the presence of the
graphene by 45 GHz, also presents a small blue-shift of 4.6
GHz.
To get more insight into the device properties, a simple

transmission-line model based on an electrical lumped-element
circuit, sketched in the inset in Figure 3b), can be used. Taking
advantage of the calculations in ref 30. the transmission of the
device can be written in terms of the materials’ impedances as

ω
ω

ω
=

+
+

t
Z

Z Z
Z Z

Z
( )

2 ( )
( ) 2meta
meta

meta 0

subst 0

subst (1)

where Z0 = 377 Ω and Zsubst = Z0/nsubst are the vacuum and
substrate impedances and Zmeta(ω) is the complex impedance
of the graphene/metamaterial layer. In general any metamate-
rial unit, and therefore also the used SRR of Figure 1, can be
thought of as an RLC-series electrical circuit;19 the bare
metamaterial impedance for a single resonance can then be
directly written with the physics-textbook formula Z(ω) = R +
iωL + 1/(iωC).
Since the used metamaterial has two resonances, two RLC-

series circuits can be considered in the lumped-element model,
in parallel to one another. Inserting the corresponding formula
as Zmeta(ω) into eq 1, the bare metamaterial transmittance
(black curve in Figure 3a) can be calculated by adjusting the R,
L, and C values. These effective values for both modes are
reported in Figure 3b and agree with what was reported in the
literature30 from similar fittings and from finite-element
simulations of the used gold structure (resonator).
For the LC mode the in-plane electric field is concentrated

within the gaps, as expected for a proper capacitor. Thus, the
fictitious capacitance used in the model can indeed be related to
the physical capacitor. The presence of the graphene can then
be accounted for by introducing in the model its impedance in
parallel to the capacitance of the bare metamaterial.36 As the
graphene is within the capacitor’s expansions, the new complex
capacitance Cg results to be Cg = C + σ/(iω)W/L, where C is
the capacitance retrieved from the bare metamaterial, σ the
graphene sheet-conductivity, and W/L the effective aspect ratio
of the conducting graphene. For the used geometry, numerical
simulations yield W/L = 7.45 (see the Supporting Information
for details).
The AC-conductivity of graphene can be written using the

Kubo formula:37 this is usually presented with two terms,
separating the intra- and interband transitions. In the present
situation, the cutoff energy for interband transitions is set by a
Fermi energy of |EF| = 104 meV, leaving only intraband
transitions relevant in the investigated energy range. In such a
case the graphene AC conductivity can be written as in eq 2

σ ω τ

π ω τ
= −

ℏ −
× + +−

⎛
⎝⎜

⎞
⎠⎟

E T

i
q k T

i
E

k T
e

( , , , )

( / )
2 ln( 1)E k T

intra F
2

B
2

F

B

/F B

(2)

where kBT indicates the thermal energy of 26 meV, being the
measurements performed at room temperature, q indicates the
electron charge, ℏ the reduced Planck constant, and τ the
carrier scattering time.
The first term of eq 2 represents the so-called Drude-like

conductivity, accounting the second one for the nonzero
conductivity at the CNP.38
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The only experimentally tunable parameter of the formula,
working at fixed room-temperature, is the graphene Fermi level
EF that gets modified by the applied back-gate voltage as in the
following equation39

πΔ = ℏ ΔE V v a V( )F CNP F CNP (3)

where ΔVCNP = V − VCNP is the voltage distance from the
CNP, vF = 106 m/s is the Fermi velocity, and a = 7.56 × 1014/
m2V is the capacitance per unit area per charge of the SiO2
oxide. Substituting eq 3 into eq 2, it is possible to calculate the
graphene intraband conductivity as a function of ω, with the
applied voltage and the scattering time as free parameters. This
is a complex value that, once inserted into the impedance
formula, will modify both its real and imaginary part, that is,
affecting both resistance and reactance of the system.
Putting together eq 1−3 from the presented lumped-element

circuit, it is possible to calculate the transmittance of the sample
using the transmission line model: the series of calculated
spectra is shown in Figure 3b and obtained with the following
procedure. At first a bare RLC-series circuit was considered and
used to extract the effective resistance, inductance, and
capacitance values from the bare metamaterial resonances by
comparison of the calculated transmittance (black curve in the
calculated series) with the reference spectrum in Figure 3a.
These effective values are given within Figure 3b and are in very
good agreement with what is reported in the literature for both
fits and numerical calculations of the real metallic resonator.30

These values were then kept fixed while introducing the
graphene conductivity into the capacitance, and the parameter τ
was varied until the best match to the measured spectra was
obtained. The scattering rate τ can here be considered as an
average scattering rate resulting from all of the graphene-
material within the gaps of all resonators into the measurement
beam. The best value was found to be τ ≈ 15 fs, in very good
agreement with what reported in the literature.11,40−42 Keeping
all previous numerical values fixed, the transmittance can be
calculated with the used model and sweeping ΔVCNP between 0
and −5 V in steps of 0.5 V results in the curve series of Figure
3b, from blue to green. Only negative gate voltages are
reported, since the used formulas are symmetric in ΔVCNP, not
taking therefore into account the different behavior of the
square-resistance in the n-doped region.
The used model is in good agreement with the measure-

ments, reproducing most of the relevant characteristics of the
transmittance, qualitatively and mostly also quantitatively. The
transmitted intensity is correctly predicted over the whole
frequency range with a calculated modulation of about 16% for
both the LC mode and the intraresonances region. An initial
LC mode shift of about 22 GHz is predicted, close to the
measured 45 GHz. The gating also red-shifts the resonance and
broadens its shape but with much stronger effects than
measured: in the calculated voltage range the gate-induced
shift is bigger than 60 GHz (vs 4.6 GHz) and the Q-factor stays
below 2 (vs a minimum of 2.6). Finally, the calculated dipolar
mode is being predicted with a close absolute intensity and
similar modulation, although a blue-shift is present. This
different behavior can be attributed to the fact that the
calculation considers also this mode as an RLC-resonance, for
analytical purposes. For the LC mode there is a concrete
physical counterpart of the model; instead for the dipolar mode
there is no real capacitor and the physical effect of the graphene

might reside more in the resistive term rather than into the
reactive.
In conclusion, a hybrid CVD graphene/metamaterial device

that allows electrical control of the transmission of THz waves
was presented. The modulation depth amounts to ±11.5% at a
bias of 10.6 V. The metasurface constituted of electric SRRs
was evaporated directly onto the CVD graphene, allowing easy
fabrication and better electrical contact. Analytical calculations
based on lumped-element circuits and transmission line model
showed a good agreement with the measurements. With the
presented model it was also possible to extract graphene-
physical parameters as the scattering time.
Furthermore, the very same sample arrangement, with the

graphene substituted by an high-mobility 2-dimensional
electron gas (2DEG), was used to demonstrate ultrastrong
coupling between the metamaterial photonic modes and the
cyclotron transition in the 2DEG.20 Following in this line
recent theoretical proposals and calculations,43 the present
system candidates naturally for studying the ultrastrong-
coupling regime, possibly revealing new effects due to the
peculiar graphene band structure.

■ ASSOCIATED CONTENT
*S Supporting Information
Details about the graphene growth and characterization, the
simulated SRR-electric field distribution, and the derivation of
the equivalent capacitance. This material is available free of
charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: valmorrf@ethz.ch; scalari@phys.ethz.ch.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The “Graphene team” of the Nanophysics group as well as the
clean-room facility FIRST at ETH Zurich are thankfully
acknowledged. Financial support by NCCR-QSIT, SNSF, and
the FP7-EU project GOSFEL is also acknowledged.

■ REFERENCES
(1) Chamberlain, J. M. Philos. Trans., Ser. A 2004, 362, 199−211 ;
discussion 212−3.
(2) Nuss, M. C.; Orenstein, J. In Millimiter and Submillimiter Wave
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