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Abstract. The integration of quantum cascade lasers with devices capable of efficiently manipulating terahertz
light represents a fundamental step for many different applications. Split-ring resonators, subwavelength metamaterial elements exhibiting broad resonances that are easily tuned lithographically, represent the ideal route to
achieve such optical control of the incident light. We have realized a design based on the interplay between
metallic split rings and the electronic properties of a graphene monolayer integrated into a single device. By
acting on the doping level of graphene, an active modulation of the optical intensity was achieved in the
frequency range between 2.2 and 3.1 THz, with a maximum modulation depth of 18%. © 2014 Society of PhotoOptical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.53.5.057108]
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1 Introduction
Active optical modulators working in the terahertz (THz)
region of the electromagnetic spectrum represent a key
element for many applications that are continuously developing in this frequency range, such as sensing, optical
communications, and security scanning.1,2 Moreover, the
integration of quantum cascade lasers (QCLs) with devices
capable of efficiently manipulating THz light represents
a fundamental step in many research fields. Split-ring
resonators (SRR), subwavelength metamaterial elements,
exhibiting broad resonances that are easily tuned lithographically, have already been employed to control the electromagnetic properties of different materials.3,4 Lately, there has
been a huge interest in the realization of optoelectronic devices based on the interplay between split-ring resonances and
the electronic properties of a monolayer graphene sheet due
to its remarkable optical properties, such as the high mode
concentration obtained in the plasmonic resonances,5 and
due to its electronic properties6,7 such as the easier modulation doping with respect to other conventional materials.
These peculiar features make graphene the key element
for a new generation of optoelectronic devices.8–11 By acting
on the doping level of graphene along the Dirac cone, it
could be possible to achieve an active control of the optical
intensity and phase of the incident light. In a recent experiment,12 a high modulation depth (up to 64%) was achieved in
the THz frequency range by acting on the reflectivity of a
graphene sheet by gating and confining the THz light into a
standing wave with the bottom metallic surface. This
approach, however, requires a high-bias voltage, 30 V, and
prevents the implementation of multiple resonant frequencies integrated in a single device due to a substrate thickness
dependent design. Conversely, by implementing metamaterial
*Address all correspondence to: Riccardo Degl’Innocenti, E-mail:rd448@cam
.ac.uk
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elements as resonant elements, it could be possible not only
to enhance the interaction between the graphene layer but
also the incident THz light to integrate multiple independent
resonances in the same device, yielding a bi-dimensional
architecture. A similar concept, based on the interaction
between SRRs and graphene, has been recently13 realized,
reporting a modulation depth of 11.5% corresponding to an
applied bias of 10.6 V, at a frequency of 0.6 THz.
Our approach14 exploited this concept further by integrating multiple resonances explicitly designed to target the “frequency sweet spot” for QCLs between 2 and 3 THz and,
more importantly, realizing a flexible and efficient architecture. In fact, our device allowed for active control of the graphene monolayer by using both the standard back-gate, and
the SRRs themselves. As a result, a higher maximum modulation depth was measured, 18%, with respect to what was
reported previously, and most noticeably, with a much
reduced bias voltage, as low as 0.5 V. Finally, in order to
model our physical system, a full finite element method was
implemented and reproduced the experimental data with a
good degree of accuracy.
2 Sample Fabrication
The monolayer graphene was grown by chemical vapor deposition (CVD) on Cu foils (25-μm thick, Alfa Aesar purity
99.999%) using C6 H6 as the precursor. Post CVD, the graphene was transferred to Si∕SiO2 (300 nm) wafers using a
PMMA support layer (poly-methy-methacrylate 495 diluted
to 2% in Anisole) and FeCl3 to etch the Cu, as described in
more detail elsewhere.15,16 An array of 2 × 2 squares, each
having an area of 1 mm2 , was defined using optical lithography and oxygen dry etching. A successive step of lithography, Ti/Au evaporation (10∕80 nm) and liftoff, was needed
in order to realize source and drain metallic contacts. The
0091-3286/2014/$25.00 © 2014 SPIE
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SiO2 buffering layer, separating the graphene monolayer
from the metal SRRs, was obtained by spinning hydrogen
silsesquioxane HSQ resin from Dow Corning (London,
United Kingdom) mixed with methyl-isobutyl keton in equal
parts on the whole surface. Thermal curing at 350°C
in a N2 atmosphere yielded a 35-nm-thick oxide layer.
The removal of the oxide layer above the source and drain
pads was required in order to bond wires to them. We
achieved this by optical lithography and hydrofluoric (HF)
acid wet etching. A 2 × 2 split-ring array, positioned on top
of the four graphene areas, was realized via e-beam lithography, Ti/Au (10∕80) metal deposition, and liftoff. The
SRRs, all connected between themselves, have different
dimensions in each array, thus yielding resonances at different frequencies. A picture of a single item of the array,
showing the source and drain metal areas and the connected
multiple identical SRR, is presented in Fig. 1(a). Particularly, the size of the SRR was varied such that it could
be possible to almost cover the frequency range between
2 and 3 THz. Details of the SRR dimensions presented

in Fig. 1(b), and the relative observed resonances are
reported in Table 1.
3 Measurements
3.1 Optical Characterization
The device was tested at room temperature and presented
reproducible results over many months. The system used
to characterize the THz frequency responses is a commercially available THz-pulsed imaging system Imaga 2000
from Teraview (Cambridge, United Kingdom) based on
biased photoconductive antennas17 capable of focusing the
incident light to a spot size of about 200 μm2 with an incidence angle of 30 deg to the sample’s normal. The sample
was always maintained in the focus of the system and the
reflected light from the split-ring array was acquired with
both polarizations perpendicular and parallel with respect
to the capacitor gap, with a step size of 100 μm, thus yielding
a map of the reflected THz field over the entire sample. It is
possible to infer from the reflected E-field maximum

Fig. 1 (a) Scanning electron microscope picture representative of a single pattern in the 2 × 2 array. The
source and drain pads are in contact with a square monolayer graphene and the SiO2 substrate below.
The top gate consisting of split-ring resonators (SRRs) is realized on top of a 35-nm oxide buffering layer.
The resonators are all connected between themselves through the top contact and have the same dimensions, as reported in Table 1. (b) Image taken with an optical microscope picture of a single SRR. The
metal width ratio to SRR side length a was kept fixed to 0.1; the d ∕a, c∕a, and b∕a ratios were 1.75, 0.36,
and 0.10, respectively. The side a varied among the different arrays, assuming the values of 20, 22, 24,
and 26 μm. (c) Maximum terahertz (THz) E-field reflected from the sample, at different positions, with a
step size of 100 μm. (d) Typical THz pulse reflected from the sample and corresponding to each single
point in (c). The reference pulse, needed in order to normalize the response from the SRR/graphene
system, was normally taken from the metallic features.
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Table 1 Split-ring dimensions, as presented in Fig. 1(b), and the corresponding observed resonant frequencies.
a (μm)

b (μm)

c (μm)

d (μm)

Frequency (THz)

20

6.2

7.2

35

3.1

22

6.8

7.9

38.5

2.7

24

7.4

8,6

42

2.5

26

8

9.3

45.5

2.2

intensity registered at different positions, as shown in
Fig. 1(c), that the various elements of the device are clearly
distinguishable, such as the source and drain metallic pads
and the graphene area covered by the SRRs. Furthermore,
each pixel in such a plot corresponds to a time pulse waveform, similar to the one presented in Fig. 1(d) that contains
the frequency response of the illuminated area. By performing a fast Fourier transform of the pulses similar to the ones
presented in Fig. 1(d), normalized to the signal reflected
from a metallic feature, it was possible to obtain the THz
frequency response of the sample. The results, shown in
Fig. 2 for the SRR array with a ¼ 24 μm, are strongly
dependent on the polarization of the incident E-field.
A clear peak, centered around 2.5 THz, is present when
the polarization of the E-field is directed along the capacitor
gap, and it disappears when the incident polarization is
rotated by 90 deg. We consider that the biasing lines have
a negligible effect on the overall optical response of the
SRR, according to what was reported in Ref. 3. Similar
peaks, with a full width at half maximum (FWHM) of
about 500 GHz, were calculated in correspondence with
the other patterns in the array with the frequencies shifted
as reported in Table 1 because of the different dimensions
of the resonators. These resonances were identified with
the so-called inductance-capacitance (LC) resonances,

Fig. 2 Fast Fourier transform of the reflected THz pulses similar to the
one showed in Fig 1(d), normalized to a metal feature, from the pattern
identified by a SRR length side a of 24 μm (the details are presented in
Table 1). When the polarization is along the gap of the capacitor, a
clear peak appears, centered at a frequency around 2.5 THz.
Conversely, by rotating the polarization of 90 deg, the frequency
response of the device is flat, thus confirming the inductance-capacitance (LC) nature of the resonance observed.

Optical Engineering

such as the analogy with the electronic circuit, arising
from the cancellation of the currents flowing in opposite
directions in the arms of the ring, and were characterized
by having the maximum of the E-field, concentrated in
the center of the split-ring, between the equivalent of the
capacitor plates. The other characteristic resonance, the
so-called dipole resonance, which could be excited by
both polarizations, cannot be covered by the frequency contents of the incident pulses. It is important to stress that a
single pattern of SRRs yields multiple independent pulses
as the one presented in Fig. 1(d) since the incident spot
size is smaller than the total SRR area (∼1 mm2 ). All the
pulses in a single pattern of the array present an identical
frequency response within 100 GHz.
The time-domain spectroscopy system employed in these
experiments operates only in reflection. However, it temporally resolves the reflection from the first surface of the sample, thus allowing the system, by performing a careful
truncation of the waveform, to get rid of the effects of interference and multiple scattering. For completeness, the values
obtained from the reflection of the back surface, which are
proportional to the transmission, are reported in Ref. 14,
showing that our device is capable of operating efficiently
also in transmission, and that we are only limited by the
experimental equipment available.
3.2 Modulation Experiments
The first mandatory step consisted of the investigation of the
graphene doping in our sample. This was accomplished by
identifying the Dirac point, which was inferred by monitoring the current passing through the source and drain at different back-gate bias voltages for each pattern of the array. The
back-gate measurements were required since they provided
us with uniform global information on the whole graphene
area different from the measurements obtained by biasing the
SRRs/top-gate, which yielded the local modifications of the
graphene carrier concentrations. The Fermi energy as a function of the back-gate voltage applied is given by Eq. (1):
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(1)
EF ¼ ℏvF πaΔV Dirac ;
where vF is the Fermi velocity (106 m∕s), a is the capacitance per unit area per charge of SiO2 (Ref. 13)
(7 × 1014 ∕m2 V), and ΔV Dirac represents the voltage applied
to the bottom gate, relative to the Dirac point. The Fermi
energy as a function of the voltage applied to the bottom
gate revealed the n-doped nature of the monolayer graphene
in our samples, differently from the p-doping expected from
the CVD growth. In fact, the Dirac point was found to vary
between −4 and −7 V in the different patterns of the array.
This was mainly attributed to the effect of the top oxide
layer.18 The inset of Fig. 3 reports the calculated Fermi
energy EF as a function of the bias voltage applied to the
back gate for the pattern centered around 2.7 THz. In the
modulation experiments, the bias was applied directly to
the SRRs themselves, while keeping the back-gate, source
and drain contact pads grounded. When the bias was applied
through the top-gate, the oxide layer between the graphene
and the SRRs was approximately 10 times thinner, 35 nm,
with respect to the 300-nm-thick SiO2 separating the pdoped Si substrate used as back-gate, and the graphene.
Therefore, the Dirac point, corresponding to the maximum
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implies a modification of the sheet conductivity σ s of the
graphene monolayer, which in turns translates itself into a
damping of the optical resonance. The calculation of the
sheet conductivity is obtained by using the Kubo formula,
restricted to the THz frequency range, so as to include
only the intraband contribution. This presented in Eq. (2):13


k e2 T
EF
þ 2 lnðe−EF ∕kB T þ 1Þ ; (2)
σ intra ¼ −i 2 B
πℏ ðω − i∕τÞ kB T

Fig. 3 Fast Fourier transform of the reflected THz pulses at different
top-gate voltages for the pattern exhibiting resonance centered at
2.7 THz. The maximum reflected power is obtained when the topgate bias was at −0.5 V with respect to the grounded graphene monolayer. This valued is in agreement with the Dirac point observed in the
same patterns when biasing the graphene through a back-gate, and
shown in the inset. The maximum modulation depth achieved is about
18% for p-doping values (red line).

depletion of charges achievable, and yielding the maximum
peak amplitude, should be observed at about −0.5 V. This
was experimentally observed when monitoring the reflected
power at different biases of the SRR with respect to graphene, while keeping the back-gate grounded, as shown
in Fig. 3. A maximum modulation depth of 18% was
achieved for the pattern having SRRs resonance at 2.7 THz
for p-doping. It is interesting to notice how in Fig. 3, the
black line corresponding to the SRRs’ reflection at
the Dirac point is maximal at resonance, but lies below
the red trace elsewhere. This is easily explained by the
fact that an increase of the carrier concentration in graphene
damped the LC resonance of the SRR, but enhanced the
reflectivity of the sample at different frequencies. In the
other patterns, similar results were observed but presented
reduced modulation depths of about 10% due, in our opinion, to the lower quality of the graphene in different regions
of the array. In fact, by calculating the Fermi energy as a
function of the back-gate voltages for the other patterns of
the array, similar Dirac points were found, but characterized
by lower energy contrast and wider peak features, attributed
to the lower uniformity and thus responsivity of the graphene
material below.
4 Theoretical Modeling
Since the SRR are not directly in contact with the graphene,
it could not be possible to perform an analysis similar to the
one carried out in Ref. 13 by using the analogy with the
transmission line. The physical system here is more complex
since it relies on the overlap between the plasmonic modes in
the SRR and the graphene monolayer. Therefore, a complete
and correct analysis requires a finite element model of the
whole graphene/SRR system.
Changing the major carrier concentration of graphene
along the Dirac cone and depleting the charges below the
split-rings, indirectly acts on the intensity of the resonance.
In fact, because of the overlap between the plasmonic resonance excited in the SRR and the graphene layer beneath, a
voltage driven modification of the carrier concentrations
Optical Engineering

where ω represents the incident frequency, kB represents the
Boltzmann constant, T represents the experimental temperature condition, τ represents the scattering time kept fixed to
value of 15 fs,19 and finally, EF is the Fermi energy already
calculated by using Eq. (1). The sheet conductivities σ s , due
to the intraband contribution only, calculated at Dirac point
and with the unbiased sample, are σ s ¼ 6.67 × 10−6 S and
σ s ¼ 5 × 10−5 S, respectively, for the SRR presented in
Fig. 3 (similar values were also calculated for the other patterns). A commercial software, Comsol Multiphysics version
4.3, based on the finite element method, was used in order to
better model our experimental results. The reflected energy
from a single resonator was monitored at different polarizations, incident frequencies, and conductivities of the graphene layer, and integrated over a volume above the SRR
itself. The monolayer graphene has been artificially
expanded to an arbitrary thickness of 10 nm in order to
obtain a bulk conductivity. The dielectric constant of
graphene εgraph was approximated by
εgraph ¼ 1 þ

iσ s
;
ε0 Δω

(3)

where Δ is the artificial graphene thickness, and ε0 is the
vacuum dielectric permittivity. A clear resonance, having,
as expected, the maximum increase of the E-field between
the capacitor plate characteristic of the LC resonance, was
observed at 2.5 THz, redshifted by 200 GHz with respect
to the value observed experimentally, and presenting a similar FWHM of about 500 GHz. When the conductivity was
varied, as is shown in Fig. 4, the resonance is damped and the
E-field in the gap is less intense. The integrated energy density over the spit-ring yielded a modulation contrast of ∼12%
when performing a parametric frequency scan and inserting
the two conductivity values, in good agreement with the
measured values. The underestimation of the contrast

Fig. 4 E-field intensity calculated for a single SRR, on resonance, calculated for two different sheet conductivities of the graphene, corresponding to the maximum modulation contrast achievable. The
resonant frequency calculated was centered around 2.5 THz, in
good agreement with the experimental observation of 2.7 THz. The
E-field enhancement between the equivalent plates of the capacitor
in the SRR is damped for sheet conductivity different from 0.
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could be due to the limited mesh of the graphene layer, and
consequently to the underestimation of the damping contrast
which is a critical factor in the modeling. The maximum
modulation depth, given by the simulations performed,
substituting for the sheet conductivity the values σ s ¼
5 × 10−5 S and σ s ¼ 0, was calculated to be about 30%.
5 Conclusion
In conclusion, we have presented the realization of a lithographically tunable optical modulator operating in the THz
frequency region based on SRR arrays and graphene. The
device is driven with the ultralow bias of <0.5 V, more than
1 order of magnitude lower than what was reported in the
literature and yields a maximum modulation depth of 18%.
The modulation depth achieved could be further improved,
i.e., by multiple monolayer graphene depositions, thus lowering the operation bias required. The split-ring resonances
have been clearly identified by reflection measurements by
using time domain spectroscopy techniques. Furthermore,
our integrated device consisting of different independently
integrated arrays, completely covers the frequency region
between 2 and 3 THz, which is where the QCLs strongly
emit, thus being ready to be implemented with such sources
for external amplitude/phase modulation experiments.
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