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Abstract: Taking advantage of the tunable conductivity of graphene under high terahertz
(THz) electric field, a graphene-metal hybrid metamaterial consisting of an array of three
adjoined orthogonally oriented split-ring resonators (SRRs) is proposed and experimentally
demonstrated to show a maximum modulation depth of 23% in transmission when the THz
peak field reaches 305 kV/cm. The transmission of the sample is dominated by the
antisymmetric and symmetric resonant modes originating from the strong magneto-inductive
and conductive coupling among the three SRRs, respectively. Numerical simulations and
model calculations based on a coupled oscillator theory were performed to explain the
modulation process. It is found that the graphene coating impairs the resonances by increasing
the damping of the modes and decreasing the coupling between the SRRs whereas the strong
THz field restores the resonances by decreasing the conductivity of graphene.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Metamaterials offer unprecedented ways to manipulate light [1,2]. Owing to the conveniently
long wavelength, functional metamaterials have been extensively studied and utilized in the
terahertz (THz) band [3,4]. The coupling between the structural units of metamaterials play a
key role in determining their properties and performance [5,6]. One example is
electromagnetically induced transparency (EIT), realized by the coupling between the bright
mode and the dark mode in metamaterials [7-10]. Moreover, mode coupling between
metamaterials and natural materials is possible [11,12] and metamaterials usually are
sensitive to their surroundings [13,14]. This opens a way to design active metamaterials,
advantageous for many practical applications. Metamaterials integrated with semiconductor,
superconductor and phase changing materials have been demonstrated to have a good
tunability [15-22]. Recently, the remarkable photoconductivity of organic—inorganic lead
halide perovskites was exploited to realize extremely low power photoswitching of the
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metamaterial resonances in the THz band [23]. Mode coupling due to the interaction of the
Fano resonance with the optically active phonon mode of the perovskite sample was
observed. By pumping a similar asymmetric split ring array with a 310 nm thick germanium
coating at 1200 mW, an ultrafast all-optical switching was demonstrated to show a resonant
transmission modulation depth of 90% and a full recovery time of 17 ps [24]. Another
approach to manipulate mode coupling and obtain good modulation is micro/nano
electromechanical systems (MEMS/NEMS) metamaterials. Manjappa and coauthors
demonstrated a reconfigurable MEMS Fano metasurface with multiple-input—output states for
logic operations at terahertz frequencies [25]. By controlling the released heights of two split
ring resonators cantilever arms independently, the out-of-plane structural asymmetry is tuned
to modify the near-field coupling of the resonators directly. A change of 61% in transmittance
at 0.56 THz was demonstrated at the maximum out-of-plane structural.

Graphene is a two-dimensional material and its conductivity can easily be tuned by
electric gating and optical doping. Good modulation of transmission and reflection has been
achieved by graphene on substrate [26-28]. Though significant efforts have been devoted to
various designs of graphene-based metamaterials utilizing the tuning of the conductivity of
graphene by electric gating [29,30], only a few experiments have been reported in the THz
band [31-34]. Kim and coauthors demonstrated an electrically tunable graphene EIT
metamaterial and achieved a very large group delay modulation up to 3.3 ps with low gate
voltage [35]. The electric control of EIT effect is realized by tuning the damping rate of the
dark resonance by varying the optical conductivity of the graphene layer. Using a similar
strategy but with a patterned graphene covering the gap of C-shaped metal resonator,
Kindness and coauthors presented an active EIT metamaterial which can readily be
implemented as an electronic tunable band pass/reject filter with a tuning range of ~100 GHz
operating at 1.5 THz [36]. In addition to the interplay between graphene and coupled
resonator arrays, graphene can create electrical interconnections between metallic unit
structures of metamaterials. Jung and coauthors reported that the resonance frequency of the
terahertz metamaterials can be tuned as a function of the number of connected units [37]. The
voltage-controlled connections allow delicate control over the phase shift of the transmitted
THz field, without changing the high transmission. Until now, most of the designs and
experiments about graphene-metal hybrid metamaterials were carried out in the frame of
linear interaction with THz waves, i.e. working under low THz electric field. Under high THz
electric field, the conductivity of graphene can be tuned [38—40], which gives another
opportunity to design active metamaterials.

In this work, we present a study of a THz electric field dependent nonlinear metamaterials
consisting of an array of three adjoined orthogonally oriented split resonant rings (SRRs)
coated with monolayer graphene. A maximum modulation depth of 23% in transmission has
been experimentally achieved with up to 305 kV/cm THz peak field. Simulations and model
calculations have been performed and it is found that the mechanism behind the modulation is
the graphene tuned coupling and damping of the modes in the metamaterials under different
THz electric field strength. Our study can be useful for future designs of graphene hybrid
metamaterials working under high THz electric field.

2. Experimental results and discussion

A graphene-metal hybrid metamaterial has been fabricated, where the transmission is
dominated by the strong electromagnetic coupling. As shown in Fig. 1(a), it contains a
periodic metal pattern on top of a 450 pm thick sapphire. The size of the unit cell (P) is 100
pm by 100 pm and the size of the whole sample is 1 cm by 1 cm. Each unit cell contains a
three-split-ring structure made of aluminum. The left and right SRRs are rotated in opposite
directions by 90° with respect to the middle one. One side of each SRR is shared with its
neighbor. The side length of the individual rings is L = 28 um, the strip width is w = 3 um,
and the split gap is d = 4 pm wide. The thickness of the metal pattern layer is 200 nm. Finally,
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a monolayer graphene has been transferred on top of the metal pattern layer using wet-
transferring methods [41]. Raman spectra were measured with a 633 nm pump
photoexcitation to characterize the graphene layer in the gaps and other areas around the
SRRs in the metamaterial. A typical Raman spectrum is illustrated in Fig. 1(b). The
experimental data (dashed lines) are fitted with Lorentz curves (solid lines). The peak
positions of the G and G’ modes, the spectral width of the G* mode and the peak intensity
ratio of G” mode to G mode agree with the study by Liu et al. [42]. The spectral width of the
G mode in our experiment was about 10.8 cm™ which is smaller than 15 cm™ reported in
literature [42]. This deviation may come from the hole doping [43]. The Raman spectrum
clearly shows that the monolayer graphene could be transferred to the metamaterial surface.

The linear THz transmission spectrum of the sample before and after transferring of the
monolayer graphene were measured using a commercial time-domain THz spectrometer
(Menlo Systems). For characterizing the THz field strength dependent transmission of the
sample, a home-built strong-field THz spectrometer, available at University of Pécs, has been
used. Intense THz pulses have been generated in a LiNbO; crystal using tilted-pulse-front
pumping [44]. Pump pulses of 1030 nm central wavelength, 200 fs pulse duration, and 1 kHz
repetition rate have been used. A reflective grating and an achromatic lens were used to
generate the required pulse front tilt of 63° in the crystal [45]. The emitted THz pulses were
collimated and focused by a 4-inch focal length 90° off-axis parabolic (OAP) mirror and a 2-
inch focal length OAP mirror, respectively. In the focal plane, a THz spot with a spot size of
1.84 mm by 1.58 mm and energy of 4.65 uJ was obtained when the LiNbO; crystal was
pumped by 3.2 mJ laser pulses. The sample was placed in the focal plane to facilitate
interaction with the highest THz field strength. The modulated THz pulses, transmitted
through the sample, were collimated by a 3-inch focal length OAP mirror and focused to the
ZnTe detector crystal by a 4-inch focal length OAP mirror. The ZnTe detector crystal
consisted of an <110>-cut effective layer of 0.1 mm thickness, and a 2 mm thick ineffective
<100>-cut ZnTe substrate. Based on the measured THz spot size, pulse energy, and
waveform, the peak electric field at the sample position was estimated to be 305 kV/cm [46].
The polarization of the THz electric field incident on the sample was fixed to be along the
long side of the three adjoined SRRs and the field strength was varied by two wire-grid
polarizers placed between the first and second OAP mirrors.
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Fig. 1. (a) Schematic of the graphene-metal hybrid metamaterial, with geometric parameters P
=100 pm, L =28 ym, w = 3 pum, and d = 4 um. (b) Measured Raman spectrum of monolayer
graphene around the SRRs on the sapphire substrate. (c) Measured transmission spectra of the
sample with and without graphene coating under different THz field strengths.

Figure 1(c) shows the THz transmission of the sample under different conditions. As
shown by the black line, the uncoated metamaterial sample exhibits two resonances at 0.45
THz and 0.7 THz, respectively. When coated by the monolayer graphene, both resonances
become weak; the transmission at 0.45 THz and 0.7 THz increases from 0.38 to 0.55 and
from 0.57 to 0.7, respectively. The high-transmission window between the two resonances
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shows a transmission decrease from 0.92 to 0.71 at around 0.6 THz. The weakening of the
resonances is caused by the increased damping of the resonant modes and the reduced
coupling between the three SRRs. The middle SRR can be excited by the external E-field
directly and then transfer energy to the left and right SRRs. As will be shown in more detail
in Section 3, the two resonances, corresponding to antisymmetric and symmetric modes, arise
from the magneto-inductive and the conductive coupling between the three SRRs,
respectively [47,48]. The resonances of the two outer SRRs can couple back to the middle
SRR. SRRs can be very sensitive to the graphene coating because the graphene can shortcut
the gap and decrease the resonator’s Q factor [13]. In addition, the weaker response of the
middle SRR to the external THz field and the increased damping of the resonances in the
three SRRs impairs the coupling between them. However, when increasing the THz electric
field, the observed transmission gradually approached that of the uncoated sample, as clearly
shown by the spectra measured at 61 kV/cm, 165 kV/cm, and 305 kV/cm in Fig. 1(c). The
restoring of the resonances is due to the lower conductivity of graphene under higher THz
electric field, thus having less effect on the resonances.
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Fig. 2. (a) Measured THz transmission of monolayer graphene on the sapphire substrate at
different THz field strengths. (b) Real part of the conductivity of graphene, obtained from the
transmission measurements in (a).

In order to support this explanation in experiment, the THz transmission of the sapphire
substrate coated by monolayer graphene has also been measured at various THz electric field
strengths. The bare sapphire substrate was used as reference. As shown in Fig. 2(a), about 4%
increase in the transmission was observed when the THz field increased from a low value to
305 kV/em. The observed trend agrees with those reported in the literature [38—40]. The
transmission of graphene can be described by the formulaz=(1+n, )/ (1+n,, +Z0,),

wheret,n, . Z,, 0, are the THz transmission of graphene, the refractive index of the sapphire

sapp

substrate, the wave impedance in free space, and the sheet conductivity of monolayer
graphene, respectively [49]. Figure 2(b) shows the real part of the conductivity of graphene,
extracted from the transmission spectra. It clearly shows the decreasing conductivity of
graphene as the THz field strength increases.

3. Simulation and model analysis

To understand the magneto-inductive coupling and the conductive coupling in the three
SRRs, the transmissions of single SRRs, double SRRs and three SRRs were simulated using
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the software CST Microwave Studio. As shown in Fig. 3, the single SRR structure exhibits a
single resonance at 0.7 THz. When a 90°-rotated second SRR was attached, to form a double
SRR, two resonant modes appear. The circular currents excited in each of the two joint SRRs
oscillate out-of-phase and in-phase at the low-frequency mode and the high-frequency mode,
respectively. Consequently, the magnetic dipole moments of the constituent rings are aligned
antiparallel and parallel to each other, respectively, which is also obvious from the
distribution of the magnetic field component perpendicular to the plane of the structure. For
three SRRs, the magnetic field distribution in the left and right SRRs are symmetric to the
middle SRR and exhibit common resonance behavior, which helps to enhance the coupling
between the middle SRR. This strong coupling leads to a red-shift of the low-frequency mode
and the increase of the resonance strengths of both modes. For the high-frequency mode,
because the currents from the connecting part contribute oppositely for the three SRRs, no
significant shift of the resonance frequency occurs [47,48].
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Fig. 3. Simulated THz transmission of uncoated metamaterials with single SRR, double SRRs,
and three adjoined SRRs in the unit cell, along with current directions and normal magnetic
field component distributions at resonances.

To study the THz-field dependent effect of graphene on the coupling in the three SRRs,
the THz transmissions, surface currents, and electric field distributions have been simulated
assuming different values for graphene conductivity. As shown in Fig. 4(a), with decreasing
conductivity of graphene by decreasing scattering time, the resonances of the two modes are
enhanced and the transmission spectra evolve towards the one without graphene coating. The
simulated transmission spectra agree with the experimental results qualitatively. The
corresponding conductivity of graphene used in the simulation is shown in Fig. 4(b). In the
simulation, it is assumed that the scattering time t = 25 fs at low THz field, which is a
reasonable value regarding to the reported values in literature [34,35,50,51]. T decreases with

the increase of the THz field strength, which is consistent with the arguments in literature
[39,52]
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Fig. 4. (a) Simulated THz transmissions of the sample without and with graphene coating. The
conductivity of graphene is tuned by varying the scattering time. (b) The real part of
conductivity of graphene used in the simulation.

Figure 5(a) shows the typical surface currents for the low-frequency mode (mode 1), the
transmission window (0.6 THz), and the high-frequency mode (mode 2) for uncoated sample.
For the transmission window at 0.6 THz, the surface current is weak as compared to those for
the two modes. Therefore, the resonances in the three SRRs are weak and lead to a high
transmission. At this transmission window, there is a phase retardation of the surface currents
in the left and right SRRs with respect to the middle SRR. Thus, during one period, the
magnetic dipole moment of each SRR can be opposite to the one that is beside it at one time
and all the magnetic dipole moments have the same orientation at the other time. This
phenomenon demonstrates that hybridization or interference between the low-frequency
mode and high-frequency mode occurs in the transmission window. The root-mean-squared
electric field amplitude distribution at the low-frequency mode, 0.6 THz, and high-frequency
mode near the three SRRs are shown in Fig. 5(b). Without graphene on the SRRs, strong
localized electric fields are observed in the gaps of the SRRs. Once the graphene was coated,
the localized electric fields become weak, as shown in the column corresponding to Er = 0.15
eV and t© = 25 fs. This is due to the fact that graphene with high conductivity in the gaps tend
to shortcut the SRRs circuit and increase the damping of the resonant modes. When graphene
is interacted with high THz electric field, its conductivity is decreased and the shorting effect
weakens. The localized electric fields in the gaps increase as shown in the column
corresponding to Er = 0.15 eV and T =9.13 fs.

(a) H (b) coated structure, low THz field coated structure, high THz field
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Alm ]
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Fig. 5. (a) Surface currents at the two resonances and in the transmission window (0.6 THz) of
the sample without graphene coating. (b) Corresponding distributions of the root-mean-
squared electric field amplitudes of the metamaterial without graphene coating and coated with
graphene with different conductivity.
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To further study the effect of graphene on the coupling and damping rate of resonant
modes, an analytical model based on the coupled oscillator theory is used to describe the
transmission spectra obtained in the experiment. Equations (1) and 2 describe the oscillations
of the middle ring and the two side rings, respectively [7].

. . 2
X +NX @ X Ky, = gXE, )]
X, + 1%, +a)22x2 +K,x =0. (@)

The parameters y, and @ are the damping rates and the eigen frequencies (i = 1,2),
respectively. The parameter k;, is introduced to describe the coupling between the two
oscillators and the parameter g defines the coupling between the external THz electric field

and the middle ring. Because the unit cell is much smaller than the resonant THz wavelength,
we can consider the metamaterial layer as an effective medium. The susceptibility y, of each

unit can be expressed as [19]:

X (-’ +iy,0+m})

= . 3
¢ (@ +ipo+ o)X (& +iy,0+0,") - K, @
The transmission of the metamaterial layer can be described by the formula:
c(l+n
T= —( sar) @

eQtng ) -ix.|

where c is the light velocity in vacuum and ng,,, = 3.08 is the refractive index of the sapphire
substrate [19]. The calculation results, shown in Fig. 6(a), are in good agreement with the
experiment data. From the fitting parameters (see Fig. 6(b)), one can see the coupling
coefficient decreases and the damping rates of both oscillators increase when graphene is
coated. This implies that graphene impairs the coupling among the SRRs and decreases the Q
factor of the resonance. When the graphene conductivity is decreased due to the intense THz
field, increasing of the coupling coefficient and decreasing of damping rates are observed,
leading to enhanced resonances.
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Fig. 6. (a) Calculated THz transmission spectra of the sample without graphene coating and
with graphene coating under different THz field strengths. (b) The fitting parameters used in
the corresponding calculations.
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4. Conclusion

THz field induced transmission modulation of a graphene-metal hybrid metamaterial has been
experimentally demonstrated. A modulation depth of 23% has been achieved at the
transmission window (0.6 THz) when the THz field strength reached 305 kV/cm. This is
much larger than the 4% transmission modulation observed for monolayer graphene on
sapphire substrate. Simulations and mode analysis show that magneto-inductive and
conductive couplings give rise to antisymmetric and symmetric modes in the graphene-metal
hybrid metamaterial. The graphene coating with high conductivity impairs the two modes by
weakening the coupling between them and increasing their damping rates. The high-field THz
pulse leads to a decrease in graphene conductivity and helps to restore the strong resonance of
the modes. Our study paves the way towards the design of tunable functional metamaterials
integrated with graphene.
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