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carrier concentration of graphene provides a platform where the resonance of the SRRs fab-
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ricated on graphene can be tuned. The reflectivity spectra of SRR arrays shift by applying
gate voltage, which modulates the sheet carrier concentration, and thereby the optical conductivity of monolayer graphene. We experimentally and numerically demonstrated that
the tuning range can be increased by tailoring the effective mode area of the SRR and
enhancing the interaction with graphene. The tuning capability is one of the important features of graphene based tunable sensors, optical switches, and modulator applications.
 2014 Elsevier Ltd. All rights reserved.

1.

Introduction

Nanophotonics is a growing research field, which leads to
potential optical devices that can control and manipulate light
on the nanometer scale [1]. The strong interaction of light with
metallic nanostructures and their optical response have been
studied and have led to numerous applications [2]. An important class of metallic nanostructures is the split ring resonator
(SRR), which was originally proposed by Pendry et al. in order
to create the desired susceptibility [3]. SRRs can produce an
effect of being electrically smaller when responding to an
oscillating electromagnetic field and support resonance wavelengths much smaller than their physical sizes. Therefore,
they are able to concentrate the electric field in a small volume
and, furthermore, enhance the electric field [4,5].
Recently, graphene has attracted a great deal of attention
due to its two-dimensional monolayer structure and uncon-

ventional electrical [6], and plasmonic properties [7–9]. Graphene has been a very promising material for photonic devices
such as photodetectors [10,11], polarizers [12], and tunable
optical antennas [13,14]. Papasimakis et al. experimentally
showed the optical response due to graphene on metamaterial [15] and later Zou et al. demonstrated the electromagnetic
interaction between graphene and metamaterials theoretically [16]. One of the most interesting optical properties of
graphene for nanophotonic applications is the tunability of
optical conductivity, which depends on both interband and
intraband transitions [17]. Intraband transitions are sensitive
to the change in Fermi energy, EF, which is controlled via electrostatic doping, and intraband transitions dominate, when
2EF > hx, where hx is the photon energy. Since the optical
conductivity of graphene can be changed by electrostatic doping, graphene is a strong candidate for tunable plasmonic
devices [13,18]. However, it is a challenge to use graphene in

* Corresponding author at: Nanotechnology Research Center, Bilkent University, 06800 Ankara, Turkey.
E-mail address: semihc@bilkent.edu.tr (S. Cakmakyapan).
http://dx.doi.org/10.1016/j.carbon.2014.08.073
0008-6223/ 2014 Elsevier Ltd. All rights reserved.

352

CARBON

8 0 ( 2 0 1 4 ) 3 5 1 –3 5 5

optoelectronic devices due to its weak interaction with light.
In spite of its electrically tunable nature, the modulation of
the optical response can be limited [19,20]. This problem
can be overcome by introducing metallic nanostructures,
which enhance light-graphene interactions within larger
interaction volumes [21,22].
In this paper, we have experimentally and numerically
shown that the tunability range of SRRs on graphene is
enhanced by increasing the interaction volume between
graphene and the localized electric field inside the gap region.
By designing SRRs that operate at mid-infrared wavelengths
with different effective mode areas, we have shown that the
reflection spectra of these resonators can be shifted with
applied voltage. Moreover, the light–graphene interaction
determines the tunability range, and it can be tailored by
increasing the effective mode area.

2.

Methods

In this study, CVD grown monolayer graphene on SiO2 deposited silicon substrate is used, which is provided from the
Graphene Supermarket. A schematic of the device is shown
in Fig. 1(a). SRRs are fabricated on the graphene (shown in
purple) sample by electron beam lithography. The metal
thickness of the gold SRRs is 50 nm. The devices on the sample are isolated from each other by etching the graphene with
oxygen plasma. Later, large contact pad pairs are fabricated
by photolithography, and 20/200 nm Ti/Au metals, which
function as source and drain contacts, are evaporated for
probing and bonding during the measurements. Finally, a
Ti/Au metal pair is evaporated on the backside of the sample
in order to be used as a back-gate. Gate voltage is applied
between graphene and p-type silicon substrate, which are
separated by 285 nm thick SiO2 (shown in blue). Two different
types of resonators, SRR-1 and SRR-2 are studied. Their
dimensions and SEM images are shown in Fig. 1(b) and (c).
The only difference between the two structures is that SRR2 has a larger gap area. The dimensions of the SRRs are
w = 70 nm, u = 400 nm, g = 40 nm, and h = 120 nm; and the
period of the arrays is 600 nm in both directions.

The current–voltage (I–V) characteristics of graphene
devices are given in Fig. 2. Fig. 2(a) shows that the current
flowing on graphene is modulated by varying the gate voltage.
The charge neutrality point of graphene is measured as
VCNP = 130 V. I–V measurements between the source and drain
contacts are performed. The results in Fig. 2(b) show good
ohmic characteristics with a constant resistance around
1.2 kX, which is a typical value for graphene samples [23].
Additionally, the mobility and the sheet carrier concentration
of graphene are l = 2153 cm2/Vs and N = 5.6 · 1012 cm2,
respectively, which are obtained by performing Hall measurements. Capacitance per unit area of the devices can be calculated by C = Ne/V [24], which results as C = 69aF/lm2.
Finite-difference time domain (FDTD) simulations are carried out using the commercially available software package
Lumerical FDTD Solutions. Graphene is introduced as a
1 nm thick dispersive material by using the optical conductivity formula given in Eq. (1) [25,26], where kB is the Boltzmann
constant, T is the temperature, x is the frequency, EF is the
Fermi energy, and s is the carrier relaxation lifetime.
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The carrier relaxation lifetime, s, is calculated by using Eq.
(2). Here r ¼ nel is semi-classical diffusive conductivity for 2D
graphene, and gs ¼ gv ¼ 2 are the spin and valley degeneracy
factors [27].
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The optical conductivity of graphene depends on Fermi
pﬃﬃﬃﬃﬃﬃ
energy, EF ¼ hmF pn, which is a function of the sheet carrier
concentration. Fermi energy, and thereby the sheet carrier
concentration, can be changed by applying gate voltage,
which is linearly proportional to the sheet carrier concentration [24,28]. As a result, the optical conductivity of graphene

Fig. 1 – (a) Cross-section view of the tunable SRR device; schematics and SEM image of (b) SRR-1, and (c) SRR-2 structures, scale
bar is 100 nm. w = 70 nm, u = 400 nm, g = 40 nm, and h = 120 nm. (A color version of this figure can be viewed online.)
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Fig. 2 – DC-IV measurements: (a) current between drain and source under applied gate voltage, (b) current vs. voltage
dependence and resistance of graphene. (A color version of this figure can be viewed online.)

can be tuned at different gate voltages. Permittivity of graphene can be obtained for all Fermi energy values by implementing Eq. (3).
eðxÞ ¼ 1 þ

3.
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Results and discussion

The measured and calculated reflectivity results for SRR-1 are
demonstrated in Fig. 3(a) and (b). The reflectivity measurements are taken by using Fourier transform infrared (FTIR)
spectroscopy at different gate voltages in order to investigate
the resonance behavior for different sheet carrier concentrations. Here the voltage difference, DV, is defined by DV =
Vg  VCNP, where Vg is the gate voltage, and VCNP = 130 V is
the voltage at the charge neutrality point, as shown in
Fig. 2(a). DV = 170 V corresponds to the highest doped case,
and hence the highest Fermi energy for graphene. Since the
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
refractive index of the graphene layer, n ¼ eðxÞ, changes
for each different gate voltage according to Eq. (3), the reflectivity spectrum shifts when the gate voltage is varied. It is
seen in both experiment and simulation results that the resonance peak shifts to longer wavelengths as the doping and
thus the Fermi energy of the graphene decreases. 62 nm red
shift is measured, as the gate voltage approaches the charge
neutrality point, DV = 0 V. The corresponding simulation
results show that this shift is 130 nm, as shown in Fig. 3(b).
Fig. 4 shows the reflectivity spectra for SRR-2 array. In this
case, 95 nm red-shift in experiments, and 160 nm shift in
simulations are obtained. In addition to resonance peaks,

curves shift asymmetrically, where the reflection curve at
the charge neutrality point becomes the broadest one with
the lowest quality factor. The reason is that the optical conductivity of graphene is more sensitive at longer wavelengths,
where the intraband transitions dominate. Simulation results
show larger wavelength shifts than the experiment results for
both structures, as demonstrated in Figs. 3 and 4(b). The possible reasons of this discrepancy can be due to the fabrication
imperfections, the defects, and grain boundaries on
graphene.
Moreover, resonance peaks at each gate voltage is investigated, and the results for SRR-1 and SRR-2 structures are
demonstrated in Fig. 5(a) and (b), respectively, where the
peak-to-peak difference keeps increasing as the doping of
the graphene is increased. The results show that SRR-2 exhibits a larger tunability range in reflection spectra compared to
SRR-1. Electric field distributions at the resonance wavelengths for SRR-1 and SRR-2 are demonstrated in Fig. 5(c)
and (d). It is clearly seen that the field is highly localized at
the gap region for the polarization indicated in the figures,
since the gap of these SRR structures can be excited with xpolarized light.
The gap region plays an important role, since the field is
localized inside the gap at the resonance wavelength. Increasing the light–graphene interaction area, as in the case for the
SRR-2 structure, results in larger shifts, since the effective
mode area is larger compared to SRR-1. For further investigation, effective mode area inside the gap region is calculated
for both of the structures. The effective mode area is the ratio
between the total energy density per unit length and the peak
energy density of the mode. According to this calculation, the

Fig. 3 – Reflectivity spectra of SRR-1 structure (a) experiment, (b) simulation results. The resonance peak shifts to longer
wavelengths. (A color version of this figure can be viewed online.)
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Fig. 4 – Reflectivity spectra of SRR-2 structure (a) experiment, (b) simulation results. The resonance wavelength shifted 95 nm.
(A color version of this figure can be viewed online.)

Fig. 5 – Resonance wavelength shift with respect to the reflectivity measurement taken at the charge neutrality point for (a)
SRR-1, and (b) SRR-2; kres represents the resonance wavelength, and k0 is the resonance wavelength at the charge neutrality
point, DV = 0 V, so that the difference jkres  k0 j gives the shift with respect to the undoped graphene. Electric field distributions
at resonance frequencies for (c) SRR-1 at 3.5 lm, (d) SRR-2 at 3.9 lm; the maximum of the color bar is set to the same value in
both figures for comparison, and the electric field is in the x-direction. (A color version of this figure can be viewed online.)
effective mode area of SRR-1 is 1100 nm2, whereas the effective mode area for SRR-2 is 2010 nm2.

4.

Conclusion

In conclusion, we demonstrated that the optical response of
split ring resonators on graphene can be tuned with a transistor-like device, where the optical conductivity of graphene is
modulated by varying the gate voltage. Furthermore, the tuning range can be increased by designing the structures such
that the effective mode area between graphene and the

localized field becomes larger. The experiment and the simulation results showed a good agreement. It can be foreseen that
the shift at the resonance can be increased with a structure
having an effective mode area larger than our proposed SRRs.
In addition, the structures can be optimized to operate at even
longer wavelengths by scaling up. It is possible to use such
devices as tunable sensors, optical switches and modulators.
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