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ABSTRACT
Terahertz (THz) near-field microscopy is used to investigate the underlying physics that leads to diffraction enhanced transparency (DET)
in a periodic array of detuned metallic rods. At the transparency frequency, the system is highly dispersive and THz radiation is delayed for
several tens of picoseconds before being re-emitted into the forward direction. Using polarization sensitive measurements of the electric THz
near-field spectrum, we demonstrate that an out-of-phase field distribution is formed in the unit cell leading to a reduced coupling to the far-
field. This quadrupolar field distribution originates from the excitation and interference of surface lattice modes produced by the enhanced
radiative coupling through the lattice of localized resonances in the metallic rods. These results represent the first experimental near-field
investigation of DET, shedding light onto this phenomenon and providing important information for its further development. Implementing
DET in applications requires control over the transparency window. We demonstrate that adding a monolayer of graphene, absorbing at
THz frequencies, is sufficient to fully suppress the DET despite its monoatomic thickness. This efficient suppression is due to the diffractive
wave character of DET and a metal insulator metal resonance formed between the localized resonance of the gold resonator and the extended
graphene layer. The possibility to exert control over the transparency window by changing the conductivity of graphene by altering the Fermi
level opens the possibility of active THz devices.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5080390

I. INTRODUCTION

The large scattering cross sections of conducting resonant
structures leads to field localization1,2 and can be exploited to
manipulate electromagnetic radiation. Designed arrangements of
these structures on a surface leads to scattering and interference
that enables wavefront shaping.3 Active control of near-fields and
wavefronts has fueled the research field of metasurfaces, open-
ing interesting perspectives for applications at terahertz (THz) fre-
quencies.4–7 One of the most interesting phenomena that has been
reported with resonant scatterers on structured surfaces is analo-
gous to electromagnetically induced transparency (EIT).8 EIT refers
to the quantum interference of two optical fields interacting with
quantum states in an absorbing material. Within the so-called
“transparency window,” this interference will render the material

transparent, while still being at resonance with the incident light
field.9 The interest in EIT resides in the strong dispersion in the
transparency window that will significantly delay the wave prop-
agation,10 finding applications in THz communication and sens-
ing.11,12 The recent analogy of EIT with a classical model of cou-
pled oscillators has sparked a large interest in the realization of this
phenomenon in resonant systems across the electromagnetic spec-
trum.13–15 One of the most severe limitations of EIT in a set of
coupled oscillators is the requirement of efficient coupling, which
has limited most of the studies to near-field coupling.8,16–18 How-
ever, near-field coupling requires the resonators to be positioned
with a spatial precision much smaller than the wavelength of radi-
ation, which limits the tolerance in the fabrication and the real-
ization of EIT metasurfaces. Therefore, the recent suggestion that
radiative coupling of detuned resonators can lead to EIT,19,20 and

APL Photon. 4, 036104 (2019); doi: 10.1063/1.5080390 4, 036104-1

© Author(s) 2019

https://scitation.org/journal/app
https://doi.org/10.1063/1.5080390
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5080390
https://crossmark.crossref.org/dialog/?doi=10.1063/1.5080390&domain=aip.scitation.org&date_stamp=2019-March-27
https://doi.org/10.1063/1.5080390
https://orcid.org/0000-0002-2562-3189
https://orcid.org/0000-0002-6835-2323
https://orcid.org/0000-0002-1259-6265
https://orcid.org/0000-0002-2625-8718
https://orcid.org/0000-0002-8038-0968
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/1.5080390


APL Photonics ARTICLE scitation.org/journal/app

the demonstration that this effect can be significantly improved
by exploiting the radiation enhanced coupling through in-plane
diffraction, will enable new designs of metasurfaces with improved
performance.21–23 However, for applications such as high data
rate communication, sensing, and non-linear optics, one still needs
active control over the frequency response, which can be acquired
when combining a static EIT surface, built on quartz and resonant
conducting structures, with a tunable material system.

The unique properties of two-dimensional (2D) materials, such
as high electron mobility and electrical tunability of graphene,
have driven the scientific community to produce and investigate
these materials eagerly.24,25 Free electrons in graphene follow a
Drude-like behavior with significant absorption at THz frequen-
cies even though it consists of only a single atomic layer.26,27 The
linear electronic band diagram of graphene enables the contin-
uous tuning of the carrier density, that consequently, alters the
response of graphene to THz radiation. Many promising metasur-
faces solely based on patterned graphene have been predicted.28–30

However, experimental realization has proven difficult as the qual-
ity of graphene has to be exceptional.31,32 Therefore, the resonant
response of graphene based structures at THz frequencies is cur-
rently achieved in hybrid structures in which graphene is com-
bined with metalic resonators and metasurfaces. With these com-
binations, it is possible to exploit the tunability of the response of
graphene with the large scattering cross sections of resonant metallic
structures.32–38

In this manuscript, we demonstrate a metal-graphene hybrid
metasurface with a tunable transparency window at THz frequen-
cies consisting of a periodic pattern of gold particles. When a single
gold particle of appropriately chosen dimensions is aligned with the
polarization of THz radiation, it will exhibit a (dipolar-like) λ/2 res-
onance. These localized resonances are spectrally broad, but can be
enhanced by arranging the resonators in an array. Diffraction in
the plane of the array through the so-called Rayleigh Anomalies
(RAs) leads to an enhanced radiative coupling of localized reso-
nances when they are frequency matched.39–41 These resonances
are called surface lattice resonances (SLRs) and have sharp spec-
tral features in the vicinity of the RA. The metasurface described
in this manuscript is designed to exhibit a transparency window
arising from the interference of two SLRs,23 and this phenomenon
is known as lattice- or diffraction-enhanced transparency (DET).
DET does not rely on near-field coupling of nearby resonators but
is achieved by creating an array with two frequency detuned res-
onators per unit cell. The resonators are spread out symmetrically
such that the distance to the next neighbor is half of the unit cell
size. The different resonance frequencies are achieved by varying
the lengths of the resonators. As we will show, the coupling and
interference between SLRs leads to a frequency window in which
the transmittance approaches unity, while the electric field close to
the resonators is enhanced significantly. To unravel the underlying
dynamics of DET, we have measured the associated THz electric
near-field amplitude and phase. These measurements show how the
two SLRs couple to form an out-of-phase field distribution that sup-
presses the coupling to far-field radiation at the resonant frequency
and results in a sharp transparency window. Bringing a monolayer of
graphene in close proximity to the array reduces the field enhance-
ment around the resonant structures by an order of magnitude and
fully suppresses DET. This remarkable response is caused by the

surface character of the SLRs and by the confinement of the THz
field between graphene and gold particles, which forms a metal-
insulator-metal (MIM) structure. Furthermore, changing the Fermi
level of graphene by ambient doping modifies the THz field dis-
tribution around the detuned resonators, which enables the tuning
of DET.

II. RESULTS
A. Sample fabrication

The array was fabricated using optical lithography, metal depo-
sition, and lift-off techniques. It consists of a 2 × 2 cm2 2D square
lattice of gold rods with a lattice constant of 300 µm. The parti-
cles in the unit cell are formed by two 100 nm thick gold rods
with different lateral dimensions. The “long” rod has a length and
a width of 200 µm and 40 µm, respectively; while the “short” rod
is 125 µm long and 60 µm wide. The difference in length of the
two rods will lead to different natural frequencies when illuminated
with polarized THz radiation along their long axes. The widths of
the two types of rods are different to ensure that the volume and
surface coverage are the same, making their off-resonance polar-
izability in first approximation similar. The λ/2 resonances of the
long and short resonators are designed to be frequency detuned
and resonant at approximately 0.4 and 0.5 THz, respectively, when
deposited on a medium of refractive index 2.1 (i.e., quartz). The
center-to-center distance between rods is 150 µm, making the array
highly symmetrical. This sample design was based on a previous
study.23

For our experiments, graphene has been grown using chemical
vapor deposition (CVD)42 and transferred onto the array of detuned
resonators with a 300 nm thick PMMA substrate.43 The transfer is
carried out such that the PMMA is located between the gold rods and
the graphene, acting as an insulating layer. The layer of PMMA on
its own has no significant effect on the THz transmission. A dark-
field optical microscope image of the sample is shown in Fig. 1.

FIG. 1. Dark-field microscope image of an array of detuned resonators of which the
right half is covered by a monolayer of graphene. A single unit cell is graphically
illustrated and labeled with dimensions.
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This image shows the edge between the bare (left) and graphene
covered (right) part of the array. The edge between the covered and
uncovered parts of the sample is defined by the transfer process and
was created on purpose to enable reference measurements with and
without graphene on the same sample. The PMMA layer with the
graphene monolayer on top shows a high density of cracks close to
the edges, as can be appreciated by the turbid image in Fig. 1. This
optical contrast is caused by the thicker PMMA at the edges leading
to the formation of these cracks. Further away from the edge, the
image is more clear and the graphene is uniform, showing no signs
of cracks. The measurements shown in this manuscript have been
obtained at least 15 unit cells away from the graphene edges.

B. Far-field transmittance
The far-field transmittance spectra of the samples were mea-

sured with a THz time-domain spectrometer that records the THz
transient as it passes through the sample and is Fourier transformed
to get transmission spectra. The setup consists of a photoconduc-
tive antenna and a photoconductive switch separated by lenses in
a 4-f configuration (see the inset of Fig. 2). The polarization of the
incident THz radiation is oriented along the long axis of the res-
onators (vertical in Fig. 1). These measurements are shown in Fig. 2
for the bare (blue curve) and graphene covered (red curve) arrays of
detuned resonators. The far-field measurements are referenced to a
quartz substrate to obtain the transmittance.

The bare array shows a minimum in transmittance at 0.4 THz,
followed by a peak in transmittance at 0.45 THz, after which the
transmission drops again at 0.5 THz. At 0.4 THz, the transmittance
vanishes because predominantly the long rods are resonant with the
incident THz field, as will be illustrated later by near-field measure-
ments. At this frequency, the radiation is efficiently scattered by
the long rods into the array, exciting a SLR. Similarly, at 0.5 THz,
the short rods are predominately resonant with the incident radia-
tion, thus exciting a SLR through the short rods. At 0.45 THz, both
long and short rods react to the incident field but are out-of-phase,
creating a mode that is weakly coupled to the far field resulting

FIG. 2. Far-field THz transmittance spectra of the bare (blue curve) and graphene
covered (red curve) array of detuned resonators, normalized to the THz transmis-
sion through a quartz substrate. The inset schematically shows a top-down view
of the 4-f THz-TDS setup that was used, where Tx is the transmitter and Rx is the
receiver.

in a high transmittance. This transmission spectrum, with a sharp
and pronounced transparency window at 0.45 THz, in which the
transmission reaches almost unity, is produced by the interference
between these two SLRs, generated by the short and long rods cou-
pling to each other through the in-plane diffraction supported by
the array.23 Transmission through the constituent parts of the array
are included in the supplementary material, as shown in Fig. SI.1. It
is important to stress that the transparency window at 0.45 THz is
generated while the structure is still resonant with the incident field;
therefore, this phenomenon is known as diffraction enhanced trans-
parency (DET). DET induces a significant group delay as the THz
wave at this frequency is scattered in the plane of the array before
coupling out into the forward direction.23,44

A monolayer of CVD grown graphene on its own shows a
strong response to THz radiation, reducing the transmitted intensity
by ∼30%.45 We can leverage the scattering properties of the array by
placing graphene on top of the array of detuned resonators. The THz
field of SLRs will have a significant spatial overlap with graphene as
both the surface modes and the graphene monolayer extend over
the plane of the array. The measured transmittance spectrum of the
graphene covered array is shown in Fig. SI.2 (red curve). The min-
imum of transmittance at 0.4 THz is increased sixfold, while the
transmittance at the DET window is reduced by 50%. These changes
are larger than the incoherent sum of the graphene and array mea-
sured separately and thus infers the coupling of graphene with the
surface lattice resonances forming hybrid gold-graphene THz meta-
surface; see Fig. SI.2 in the supplementary material. We will further
evaluate the sample using near-field microscopy at three different
frequencies, namely, 0.4, 0.45, and 0.5 THz, to identify the coupling
of SLRs in the formation of DET and to show how SLRs and DET
are affected by graphene.

C. Near-field microscopy
Studying the interaction of THz radiation with sub-diffraction

structures requires near-field measurements. The THz near-field
microscope used for our measurements has been described previ-
ously,46,47 where THz microprobes (Protemics GmbH) are used to
detect the polarization dependent electric near-field at a distance
of 0.5 µm above the sample. The spatially and temporally resolved
near-fields are collected by raster scanning the sample through the
optical axis defined by the incident THz beam and the near-field
microprobe. Fourier analysis of the measured THz transients allows
for the generation of 2D spectral maps. Spatially dependent polariza-
tion sensitive measurements carry information about the near-field
enhancement in proximity of the resonators. By measuring both
the out-of-plane (Ez) and cross-polarized (Ex) components of the
electric field with respect to the polarized illumination along the
y-direction, we obtain information about the local field enhance-
ments and visualize the diffractive nature of the SLRs.

Before presenting the full 2D spectral maps, we first discuss a
single transient. Figure 3 shows the Ez component of the electric field
at the edge of a long rod, both on the bare (blue curve) and graphene
covered (red curve) array of detuned resonators. We observe that
the electric field on the bare array oscillates for more than 25 ps,
while the oscillations in the graphene covered array are quenched
within 7 ps. The first field oscillation through the graphene cov-
ered array (centered at t = 0) has a reduction in an amplitude of
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FIG. 3. Out-of-plane electric near-field component (Ez) measured at the edge of
a long rod as a function of time. The blue curve corresponds to the bare array of
detuned resonators and the red curve to the same array covered by graphene.
The inset schematically shows a top-down view of the near-field THz-TDS setup
that was used, where Tx is the transmitter and NF-Rx is the near-field receiver.

16%, in agreement with the direct absorption by the graphene layer.
However, consecutive field oscillations get attenuated more severely
as the THz field would normally be diffracted into the plane and
propagate along the surface, but this is inhibited by the presence
of graphene. This reduction makes the system more interesting as
the monolayer of graphene acts on both the incident and scattered
THz fields. We can create 2D spectral maps for independently mea-
sured polarizations, by Fourier transforming the spatially resolved
transients, such as the one shown in Fig. 3, these will be discussed
next.

The 2D spectral maps of the out-of-plane electric near-field
amplitude (Ez) have been plotted for the three frequencies of interest
discussed before, i.e., 0.4, 0.45, and 0.5 THz. These measurements are
shown across a single unit cell in Figs. 4(a)–4(c), respectively, where

the THz amplitude maps are normalized to the maximum near-field
amplitudes obtained at 0.45 THz. The electric near-field is localized
on the long rod at 0.4 THz [Fig. 4(a)], and it is in-phase with the
applied electric field. The short rod shows no significant enhance-
ment as its fundamental resonance lies at a higher frequency. At 0.5
THz, the response of the long and short rods is reversed, as can be
seen in Fig. 4(c) where the near-field localization is mainly on the
short rod. However, the long rod exhibits a near-field enhancement
as well, as it has a finite polarizability at this frequency.

Figure 4(b) shows the electric near-field at the frequency of the
diffraction enhanced transparency. Both rods display a large field
enhancement while being opposite in the phase. The near-field close
to the long rod has reversed its polarity with respect to the incident
THz field. As 0.45 THz is above the natural frequency of the long
rods resonance, their phase is reversed. This out-of-phase behavior
of the long rods versus the short rods leads to destructive interfer-
ence in the far-field and manifests as a quadrupolar field pattern in
the near-field. This mode has a reduced net dipole moment, which
in turn means negligible radiative losses.23

The diffractive and thus extended character of the SLRs can
be detected by measuring the in-plane cross-polarized component
(along x) of the electric near-field, Ex. Figures 4(d)–4(f) show these
spectral maps for the same three frequencies as for Ez , i.e., 0.4,
0.45, and 0.5 THz. For a direct comparison, all amplitudes are
normalized by the maximum absolute amplitude measured at 0.45
THz. In Fig. 4(d), we see the near-field enhancement of the Ex com-
ponent around the long rod. The scattered field couples to neighbor-
ing unit cells through the (1, 0) and (−1, 0) diffractive orders. This
diffraction enhanced coupling of localized resonances is the origin
of the collective behavior of SLRs.41,48,49

A similar behavior as for the long rods is observed at 0.5 THz
for the short rods in Fig. 4(f). However, the Ex near-field component
is more complex to interpret as the long rod shows a field enhance-
ment as well. The near-field amplitude at the transparency window,
i.e., 0.45 THz, is shown in Fig. 4(e), where both rods display a strong

FIG. 4. Near-field THz amplitude maps of a single unit cell
in a bare array of detuned resonators, showing the electric
field enhancement: out-of-plane (or z) near-field component
at (a) 0.4, (b) 0.45, and (c) 0.5 THz, and in-plane (or x)
near-field component at (d) 0.4, (e) 0.45, and (f) 0.5 THz.
These measurements are normalized to the maximum field
intensity, which for both Ez and Ex occurs at the DET fre-
quency of 0.45 THz, (b) and (e), respectively. The shaded
gray areas indicate the location of the gold rods.
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scattering of the incident radiation. Furthermore, at this frequency,
the scattered fields couple with each other, across the unit cell and
beyond, directly visualizing the interference between the two SLRs
and the extension of the field beyond the single unit cell.

The THz amplitude maps of the array covered with graphene
are shown in Figs. 5(a)–5(f). The near-fields have been recorded for
the same electric field components and frequencies as for the bare
array. In order to quantitatively show the effect of graphene on both
Ez and Ex, all amplitudes are normalized to the maximum ampli-
tude of the bare array of detuned resonators. From the scale bar in
the figure, it is already evident that the amplitude of the near-field is
significantly reduced. Figures 5(a) and 5(c) show the Ez component
of the near-fields at 0.4 and 0.5 THz, respectively. The field ampli-
tudes are both reduced by half with respect to the bare array. At
0.4 THz, we can observe near-field enhancement of both the long
and short rod, in contrast to the measurements on the bare array
where the enhancement was observed only near the long rod. This
observation indicates that the resonances have broadened and have
a response that is no longer limited to their λ/2 natural resonant
frequency.50

At the transparency window (0.45 THz), the near-field
enhancement is reduced by a factor 10 at the long rod and by a
factor 2 at the short rod, as can been seen in Fig. 5(b). Further-
more, the near-field amplitude also shows a depolarization field
for the long rod that is created by charge carriers in the graphene
layer. This depolarization field has the opposite phase with respect
to the long rod, reducing its net dipole moment. This effect can
be observed more clearly in the simulations shown in Fig. SI.5 in
the supplementary material. Figure 5(d) shows the Ex component of
the near-field at 0.4 THz. The field pattern is noticeably different to
the one measured for the bare array in Fig. 4(d). Both rods show a
near-field enhancement in-phase with the incident field, so the scat-
tered radiation in the plane will interfere destructively. The in-plane
near-field at the transparency window, i.e., at 0.45 THz, is shown in
Fig. 5(e), where the field profile looks similar to Fig. 4(e). However,

the amplitude is reduced by a factor 4, resulting in a reduction of the
interference between SLRs and suppression of the transparency win-
dow. The near-field at 0.5 THz [Fig. 5(f)] is similar to that at 0.4 THz,
being in-phase with the incident field. The sensitivity of the array to
the presence of graphene opens the possibility to actively modulate
the transparency window by changing the properties of the graphene
layer, results of which will be presented in Sec. II D.

D. Modulation of the transparency window
The response of graphene to THz radiation can be modeled as

an infinitely thin sheet with an in-plane conductivity that is governed
by the carrier scattering time and the Fermi level (EF).51 While the
scattering time mainly depends on the quality of graphene, EF can
be modified by doping,52–54 gating,32 or by controlling the medium
surrounding graphene.55 The modification of EF will exert control
over the THz transparency window. As a proof of concept, we have
modified the properties of graphene by annealing the sample in an
argon flushed oven at 150 ○C for 10 h. Annealing removes impurities
adsorbed at the surface, such as water vapor, that accumulate over
time by exposure to ambient conditions. The removal of these impu-
rities decreases EF , bringing graphene close to the Dirac point.56

From the moment the sample is taken out of the oven, molecules
start adsorbing onto the graphene, slowly increasing EF . Figure 6
shows the transmittance for the sample right after annealing and two
spectra after exposure to ambient conditions. These spectra are nor-
malized to the transmittance at the DET frequency (0.45 THz) of the
sample measured right after annealing the graphene.

The Fermi level was determined by comparing the far-field
spectra with simulated transmittance spectra. These simulations
where carried out using a Finite Difference Time Domain (FDTD)
software package (Lumerical) and are shown in Fig. 6 as solid
curves. For more information regarding the simulations, see Fig.
SI.3 in the supplementary material. The graphene layer is modeled
to have a constant scattering rate of 5 meV, while varying EF in the

FIG. 5. Near-field THz amplitude maps of a single unit cell in
an array of detuned resonators covered by graphene: out-
of-plane (or z) component at (a) 0.4, (b) 0.45, and (c) 0.5
THz, and near-field in-plane (or x) component at (d) 0.4,
(e) 0.45, and (f) 0.5 THz. These measurements are normal-
ized to the same maximum values (z and x components)
from Fig. 4 to highlight the suppression of the field ampli-
tude induced by the graphene layer. The shaded gray areas
indicate the location of the gold rods.

APL Photon. 4, 036104 (2019); doi: 10.1063/1.5080390 4, 036104-5

© Author(s) 2019

https://scitation.org/journal/app
ftp://ftp.aip.org/epaps/apl_photonics/E-APPHD2-4-010903
ftp://ftp.aip.org/epaps/apl_photonics/E-APPHD2-4-010903


APL Photonics ARTICLE scitation.org/journal/app

FIG. 6. Modulation of the relative transmittance by the array of detuned res-
onators covered with graphene of different EF , showing a comparison between
measured (dots) and simulated (curves) transmittance through the gold-graphene
hybrid structure. The sample was first annealed in an argon atmosphere at 150 ○C
resulting in an EF ≈ 10 meV. The other measurements where taken several hours
after, when the adsorption of water molecules had gradually doped the graphene,
increasing EF . The transmittance at 0.48 THz for EF = 10 meV was used to nor-
malize the spectra for an easier comparison of the results. The spectra normalized
to the quartz substrate are shown in Fig. SI. 3.

simulations. The three spectra shown in Fig. 6 where found to
closely resemble the relative transmittance with graphene for Fermi
levels of 10, 50, and 100 meV. A partial recovery of the trans-
parency window can be observed for the annealed sample with EF
≈ 10 meV. As more ambient molecules adsorb onto graphene EF
rises, leading to more free carrier absorption and the suppression
of the transparency window. This modulation of EF provides an
accurate control over DET. The addition of graphene on top of
the array attenuates the field enhancement and thus quenches the
DET. A simple explanation for this reduction would be the enhanced
THz absorption of SLRs by the monolayer of graphene on the sur-
face. As we show in Sec. II E, the explanation is more subtle as it
involves the excitation of a metal-insulator-metal (MIM) resonance
that is confined to the space between the gold rods and the graphene
layer.

E. Hybrid gap plasmons
To better understand the mechanisms leading to the reduction

in DET, we have simulated the electric field distribution between the
gold rods and graphene. We have analyzed the near-field distribu-
tion around the gold-graphene structure in the absence and presence
of graphene, as shown in Figs. 7(a) and 7(b), respectively. These fig-
ures show a side view of the field magnitude |E| as a function of
positions Y and Z simulated at the edge of the 200 µm long rod. The
simulation is preformed at 0.4 THz, i.e., at the frequency at which
the λ/2 resonance of the long rod dominates the near-field response.
For clarity, the rod of gold and the position of the graphene layer are
highlighted in Fig. 7. The field concentrates in the high index quartz
substrate in the absence of graphene, forming the SLRs that give rise
to DET; see Fig. 7(a). The presence of the monolayer of graphene
gives rise to a very different near-field distribution: instead of the
field extending in the quartz substrate, it is now confined between
the gold rods and graphene.

This near-field distribution resembles that of Metal-Insulator-
Metal (MIM) structures supporting gap plasmons.57 These struc-
tures consist of two metal layers separated by a thin dielectric gap.
A variant of MIM structures are the so-called particles on a mir-
ror or patch antennas, in which a resonant conducting structure is
placed on top of a metallic surface.58 A mirror charge is generated
by the metallic surface when driving the particle on resonance, which
produces a very large field enhancement and confinement if the dis-
tance of the particle to the surface is small. This concept is similar
to microstrip patch antennas at low frequencies using perfect con-
ductors.59 Extreme field confinement was demonstrated recently at
mid-IR frequencies using gold resonant particles on a conducting
graphene layer separated by a monoatomic layer of boron nitride.60

In this system, the electromagnetic field is confined in the boron
nitride layer by the excitation of low loss gap plasmons. In our case,
a similar sample geometry is realized, consisting of a resonant metal-
lic particle separated by a dielectric layer from a graphene sheet. The
high field enhancement in this dielectric spacer suggests that the sup-
pression of DET is due to the excitation of this gap plasmon mode.
As the field is now more localized and gets absorbed by graphene,
it can not propagate and interfere to generate DET, which leads to
damping in the hybrid gold-graphene structure.

FIG. 7. Electric field enhancement |E| at 0.4 THz normal-
ized to the incident field, recorded in the Y-Z plane that cuts
through the 200 µm long rod of a gold-graphene metasur-
face. The simulation was conducted without (a) and with (b)
graphene (EF = 10 meV) on top. A PMMA insulating layer
was present in both simulations.
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III. CONCLUSION
We have investigated the formation and suppression of DET

at THz frequencies in arrays of detuned resonators formed by gold
rods of different dimensions by directly measuring the near-field
distribution. DET originates from the interference of two SLRs in
the array excited by frequency detuned rods. The fact that these
SLRs are of similar amplitude but opposite in phase is responsi-
ble for the DET and manifests itself as a quadrupolar field pattern
in the near-field at the transparency frequency. DET can be sup-
pressed with a monoatomic layer of graphene on top of the array.
This suppression is mediated both by absorption, as well as by the
efficient excitation of gap plasmons in the hybrid metal-insulator-
metal structure defined by the conducting graphene layer and the
gold rods. The transmission at the transparency frequency is mod-
ified by controlling the Fermi level in the graphene layer through
doping from molecular adsorption. Hybrid graphene-metal struc-
tures with properties as the ones demonstrated in this manuscript,
namely, nearly full transmission at a resonance frequency, extreme
field confinement in deep subwavelength layers, and active control of
the THz response in a large scale device represents a very interesting
metamaterial platform for the manipulation of THz radiation.

SUPPLEMENTARY MATERIAL

In the supplementary material, we have included transmittance
spectra of the individual components that make up the array. A
comparison is shown between the simulated and measured trans-
mittance through the graphene covered array, to quantify the Fermi
level by ambient doping. It also includes detailed simulations of the
near-field distribution in a single unit cell with and without graphene
on top.
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