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Optoelectronic terahertz modulators, operating by actively tuning metamaterial, plasmonic
resonator structures, have helped to unlock a myriad of terahertz applications, ranging from
spectroscopy and imaging to communications. At the same time, due to the inherently versatile
dispersion properties of metamaterials, they offer unique platforms for studying intriguing
phenomena such as negative refractive index and slow light. Active resonance frequency tuning
of a metamaterial working in the terahertz regime is achieved by integrating metal coupled
resonator arrays with electrically tunable graphene. This metamaterial device exploits coupled
plasmonic resonators to exhibit an electromagnetically induced transparency analog, resulting
in the splitting of the resonance into coupled hybrid optical modes. By variably dampening one
of the resonators using graphene, the coupling condition is electrically modulated and

continuous tuning of the metamaterial resonance frequency is achieved. This device, operating
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at room temperature, can readily be implemented as a fast, optoelectronic, tunable band
pass/reject filter with a tuning range of ~100 GHz operating at 1.5 THz. The reconfigurable
dispersion properties of this device can also be implemented for modulation of the group delay

for slow light applications.

1. Introduction

Terahertz (THz) research has led to many exciting applications in imaging, spectroscopy, and
communications,™™ particularly due to the development of detectors and sources such as the
quantum cascade laser (QCL),% and broadband fs-pulse based time-domain spectroscopic
systems (THz-TDS).[*51 However, for the full exploitation of these applications, it is necessary
to have fast, active control of the THz properties, such as the frequency, amplitude, and phase.
For this purpose, room temperature, fast, external modulators are required to work in
conjunction with standardized sources and detectors. Metamaterial-based devices provide a
unique, versatile and efficient approach for the realization of THz modulators; their artificial
optical resonances, which are subwavelength in nature, lead to high optical field concentrations,

enhancing the light-matter interaction.!7]

To achieve active tuning of metamaterial devices, materials with variable conductivity are
integrated into the metamaterial structure to dampen or fundamentally change the optical
response, for example, photoactive silicon,’®* or graphene.[*?16] The conductivity of silicon
can be modified by using an infrared source with photon energy above the band gap to excite
charge carriers, allowing for tunable current paths in the metamaterial structure. However, this
approach requires an additional optical set-up for active control, strongly limiting its
applicability out of the laboratory environment. Graphene is an ideal material for modulation
as it can be easily integrated into the metamaterial fabrication process and possesses a large

conductivity range which can be electrically tuned at high speeds. "1 A few theoretical and
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experimental approaches have been exploited in order to achieve THz tunability based on
graphene resonant features.[*®21 Impressive progress has recently been made, however, the
difficulty in realizing a high Q factor device which is not based on optical pumping, limits the

applicability of these schemes.

Active amplitude and frequency modulators, based on metal plasmonic resonators integrated
with graphene, have been demonstrated in the infrared frequency region.*?*4 Similar
amplitude modulators have been extended into the THz region,*>! demonstrating modulation
speeds >100 MHz,[*®1 and achieving 100% modulation depths when integrated with an external
cavity QCL in reflection mode,?? and for the active amplitude stabilization of QCLs.[*®! The
engineering of resonant frequency tunable devices is inherently more challenging than
amplitude modulation and the approach in this paper is based on a more complex, coupled
resonator design which produces optical characteristics reminiscent of electromagnetically
induced transparency (EIT). EIT traditionally refers to quantum destructive interference
between excitation states in atomic systems, leading to a narrow transmission window, however,
this effect has been shown to have classical analogs using coupled bright and dark plasmonic
resonators.[?42%1 Such metamaterial structures are of interest as EIT produces an extreme
modification of the dispersion properties, with many interesting applications for slow light,[°-

331 enhanced non-linear effects,*42% and ultra-sensitive bio-sensing.[627]

The devices described in this paper utilize a coupled resonator array which is similar in shape
to previously reported static coupled resonator designs.l?”* To convert the static coupled
resonator array into an active, electrically tunable device, chemical vapor deposition (CVD)
grown graphene is implemented into the structure to variable dampen one of the resonators.
This allows for continuous tuning of the resonance frequency of the metal resonators by

electrostatically back gating the graphene and hence modulating its conductivity and
3
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dampening properties. An advantage of this technique is that it does not require high graphene
mobilities to be effective, unlike for other metal/graphene hybrid designs which work by acting
on the dispersive properties of graphene itself.2%%1 As the loss in the graphene dampened
resonator is increased, the resonance condition is changed from a strongly coupled system to a
single resonator system. This results in a continuous tuning of the bonding resonance peak
frequency by up to 100 GHz whilst having only a minor effect on the Q factor of the resonance
throughout this transition. Similar coupled resonator techniques have been used in the GHz
region, where one of the coupled resonators exhibiting an EIT analogue is electrically modified,
resulting in a tuning of the resonance frequency of coupled resonators.[**? The device
architecture presented in this paper has the potential to be used as a continuously tunable fast
band pass filter in the THz when used in reflection mode or as a band-stop filter in transmission
working in the THz range. It can also be used as a frequency modulator for THz
communications protocols such as frequency shift-keying. This device, due to its inherent
reconfigurable dispersion, can also be used to modify the group delay, which could have

important slow light applications for optoelectronic devices.
2. Device design and simulation
2.1. Design principle of the coupled resonator device

A representative unit cell of the device design is illustrated in Figure 1a. The C shaped metal
resonator on the left acts as a super-radiant resonator which strongly couples with THz radiation
polarized along the y-axis. The resonator on the right, with a small capacitive gap, is a sub-
radiant resonator which only weakly interacts with the incident THz radiation due to the short
length parallel to the incident electric field. It is strongly excited, however, by the near-field
capacitive coupling with the super-radiant resonator. These two resonators are labeled ‘bright’

and ‘dark’ respectively, due to their relative interaction with the incident radiation, and when
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no coupling is present will independently support localized surface plasmon (LSP) resonances

at frequencies faright and fpark respectively.

(c)
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Graphene Dampening

Frequency
Figure 1. (a) Representation of coupled resonator structure. The arrows indicate the direction
of current flow for the bonding mode. (b) SEM image of resonator array. (c) Schematic
illustration of the resonance frequency position of feright and fpark. Showing how the resonance
frequency of feonding IS blue-shifted as the graphene dampening is increased and the resonance
at fanti-Bonding 1S dampened. (d) 3D representation of the overall device architecture with back

gating. Ground is connected to the gold bond pads in this configuratoin.

The near-field capacitive coupling induces a splitting of the standard LSP resonances into two
hybridized modes, with a low frequency ‘bonding’ resonance at fgonding @nd high frequency
‘anti-bonding’ resonance at fanti-nonding. Figure 1a also describes the current in the resonators
when THz radiation with a frequency of feonding iS incident. A scanning electron microscope
(SEM) image of the device surface is shown in Figure 1b showing the repetition of the basic

unit cell with graphene patches shorting the capacitive cap in the dark resonators.

The operating principle of this device as a frequency tunable filter is illustrated in Figure 1c.
The dampening of the dark resonator is increased as the conductivity of the graphene patch
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increases via electrostatic back gating, switching the metamaterial from a coupled resonator
system, with a resonance at fgonding, t0 a single resonator LSP system, with a resonance at fgrignt.
For continuous tuning of the resonance frequency, the difference in frequency between fgonding
and faright is designed to be small, which is achieved by lithographically designing the resonators
such that faright < foark. AS a result, fgonding is continuously blue shifted towards fgrignt as the
graphene conductivity is increased, with only a minor impact on the Q factor. At the same time,
the Q factor of the resonance at fanti-nonding IS quickly reduced as the graphene dampening

increases.

2.2. Device fabrication
The full device structure is illustrated in Figure 1d. Two separate devices, device 1 and device

2, are fabricated with different lithographic tunings. These devices have a bright resonator with
total round-trip length of 38 um and a dark resonator with round-trip length of 40.4 um and
42.4 um for device 1 and device 2 respectively. This was done to investigate how the relative
sizes and LSP resonances (faright and fpark) of the bright and dark resonators will influence the
coupling and tuning range of the device. Detailed device parameters are described in the
supplementary information SI.1. These devices are fabricated on a boron p-doped silicon
substrate with a 300 nm insulating layer of SiO- to realize the electrostatic back gate. The total
metamaterial area for these devices is 1.7 mm x 1.7 mm, containing 28 x 43 individual unit
cells. Photolithography is first used to define the bond pads, with thermal evaporation used to
deposit 10/100 nm of Ti/Au. The coupled metal resonator arrays are then fabricated using e-
beam lithography, with the thermal evaporation of 10/70 nm of Ti/Au and lift-off. Graphene is
grown by using chemical vapor deposition (CVD) on Cu catalyst,[**l and subsequently
transferred on top of the gold resonator arrays using a sacrificial polymer layer.[* It is then
patterned into patches using e-beam lithography, and an RF oxygen plasma asher is used to etch

away the unwanted graphene areas. The sample is mounted and wire-bonded for electrical
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biasing on a chip carrier configured to allow transmission measurements, with silver paste
electrically contacting the p-doped silicon substrate to complete the back gate. A 1.2 mm x 1
mm adjacent graphene patch is shaped next to the device array on the same substrate for the
electrical characterization of the graphene conductivity in the device as a function of back gate
voltage. The same conductivity range measured from the uniform area has been assigned to the
graphene arrays in the metamaterial devices, since the graphene growth and transfer, as well
the processing have been carried out at the same time. This electrical characterization method

is described in the supplementary information SI.2.

2.3. Electromagnetic finite element simulation

To lithographically design the device structure to exhibit tunable resonances at 1.5 THz, the RF
module of COMSOL Multiphysics 5.3a © is used. A base unit cell is defined as shown in Figure
2a with Floquet boundary conditions used to simulate a continuous metamaterial array. The
incoming THz radiation was simulated with a top port emitting plane waves towards the device
strucutre, polarized in the y-direction, with a nominal power of 1 W across the unit cell. The
simulation uses the Drude model for complex conductivity to describe both the conductivity of
graphene and gold, however for simplicity, only the DC conductivity for graphene is quoted in
the following simulation figures when describing various graphene conductivities. The specific

parameters are described in more detail in the supplementary information SI.3.
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Figure 2. Simulation results for device 1. (a) Representation of cross section of unit cell and
polarization of incident THz radiation. (b) and (c) describes the E; field from the charge
carriers induced by the incident field on the bright resonator and dark resonator when they are
not coupled. E; field in the (d) bonding mode, (e) anti-bonding mode with graphene DC
conductivity set to 0.3 mS. (f) The single resonator LSP is retrieved when the graphene
conductivity is set to 1.6 mS. The red arrows indicated the direction of current flow in each
resonator. (g) COMSOL simulation of transmission through device 1 for different graphene

conductivities.

The resonance condition for this coupled resonator structure is simulated using the same
lithographic design parameters as device 1. Figure 2b and 2c describe the resonance conditions
of the individual bright and dark resonators for device 1 when simulated separately. As
discussed in the previous section, the dark resonator is designed to have a higher resonance
frequency, 1.74 THz, than the bright resonator, 1.49 THz. This ensures that when these
resonators are coupled together, the resultant bonding resonance at 1.41 THz is close enough to
the bare bright resonator resonance, to allow for this resonance to be continuously tuned, as the
coupled resonator system is changed to a single resonator system. The electric field in the Z
direction, E;, 20 nm above the metal surface is shown to describe the buildup and polarity of

charges on the resonators at the resonance frequency, describing conventional LSP resonances.
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The current induced in the bright resonator is 3 times higher than the dark resonator for the

same incident power.

Figure 2d and 2e describe the electric field present for the hybridized bonding and anti-bonding
resonances respectively when the resonators are capacitively coupled together and the DC
graphene conductivity is set to 0.3 mS (a typical value for the graphene conductivity in these
devices at the Dirac point)?? with graphene induced losses at a minimum. The electric field is
concentrated in the bright and dark resonators, despite the introduction of the thin metal biasing
lines, confirming they are having a negligible effect on the resonance condition. The biasing
lines do display a resonance at around 0.8 THz as shown in the supplementary information SI.5.,
however this is significantly far from the region of interest. For the bonding mode, the current
in each resonator is rotating clockwise, whereas, for the anti-bonding mode, the current in the
dark resonator is now rotating anti-clockwise. Figure 2f describes the resultant resonance
condition at faright when the DC graphene conductivity is at 1.6 mS (upper range of conductivity
achievable for the graphene in the device when biased away from the Dirac point) and the
graphene induced dark resonator losses are high. There is a strong LSP resonance in the bright
resonator which is similar to the isolated bright resonator case in Figure 2b and the electric field
in the dark resonator is now an order of magnitude smaller, confirming that the coupling system

has been transformed into a single resonator system.

The resultant transmission through the coupled resonator device, as a function of frequency and
graphene conductivity, is shown in Figure 2g. This figure describes the transmission through
the sample, with the resonance frequencies corresponding to dips in transmission. This
simulation configuration was used as it is easier to compare with the experimental transmission
TDS measurements discussed later in the paper. For low graphene conductivities, resonance

modes are present at 1.41 THz (feonding) and 1.85 THz (fanti-bonding) indicated by a minimum in
9
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transmission. As the graphene conductivity increases the anti-bonding resonance reduces
quickly. The bonding resonance, however, being closer in frequency to ferignt, is continuously
blue shifted until the single resonator resonance at faright takes over. The Q factor (defined in
this case as the resonance width at transmission 0.35 divided by the center frequency) reduction
throughout this process is minimal, which is an important feature for the utilization of these
devices for practical applications, starting at ~10 for 0.3 mS and reducing to ~7 at 1.6 mS as
the single resonator system dominates. From this simulation data, we would expect a continuous
frequency tuning range of around 80 GHz for device 1 for a graphene conductivity tuning range

of 0.3 mS to 1.6 mS.

3. Results
3.1. Transmission TDS

The frequency dependent transmission through device 1 is now measured using a time domain
spectroscopy (TDS) Menlo K15 system and compared with the simulation data. The whole set-
up is nitrogen purged to remove potential losses due to water absorption and is normalized with
respect to transmission through free space for comparison with the COMSOL simulation results.
A time window of ~20 ps is used to select the first transmitted peak and to remove the Fabry-

Perot effect arising from multiple reflections from the substrate.
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Figure 3. Transmission data using TDS system for (a) device 1 and (b) device 2 at different
back gate voltages. L1 = 18 pm and L2 = 17 pm.

Figure 3a shows the measured transmission curves through device 1 for different back gate
voltages. From the electrical measurement of the DC graphene conductivity, the Dirac point
was determined to be at ~60 V corresponding to a conductivity of 0.6 mS and with -125 V
giving a maximum conductivity of 1.5 mS. When the graphene is most conductive, strongly
dampening the dark resonator, the bright resonator frequency at 1.48 THz dominates. As the
back gate voltage is increased towards the Dirac point, the conductivity reduces and the bonding
resonance now becomes more pronounced, shifting the peak resonance frequency to ~1.42 THz.
Throughout this transition, the Q factor remains above 7 and a total continuous frequency shift
of ~60 GHz is observed. This experimental data for device 1 is in good agreement with the
simulation data in Figure 2g with the resonance peaks accurate within 5 GHz and a similar

tuning range achieved despite a smaller experimental graphene tuning range.

The same measurement was now performed on device 2 which has a unit cell with an identical
sized bright resonator but a longer dark resonator, 18 pum instead of 17 um. The dark resonator
for device 2 supports a lower frequency LSP resonance than the dark resonator in device 1,
1.675 THz instead of 1.74 THz, according to simulation. This results in fpark being closer in
value to feright which is 1.49 THz for both devices, and therefore a stronger coupling between
the resonators is achieved. The transmission measurement for device 2 for different back gate
voltages is shown in Figure 3b. The Dirac point for device 2 is around 100 V with the graphene
conductivity measured to be 0.4 mS. The maximum graphene DC conductivity for this device
is measured to be 1.4 mS at -125 V. A similar variation in Dirac point positions between
multiple devices has been observed and reported in other publications.l*® The available

graphene conductivity for each device is not identical, which is expected due to the difficulty
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in predicting precisely a priori the tuning range for the graphene due to small inconsistencies in

preparation and fabrication.

The resonance frequency tuning range for device 2 is larger, displaying a frequency tuning
range in the region of 120 GHz. The transmission through the device shows the resonance peak
shifting from 1.38 THz to 1.50 THz as the voltage is swept from 100 V to -125 V. The stronger
coupling between the two resonators, which are more matched in size, compared to device 1,
results in feonding being further from faright and hence a larger shift in resonance frequency is
observed as the graphene conductivity is changed. However, this does not translate into a
continuous frequency shift of the resonance, with the Q-factor changing much more than for
device 1. There is, therefore, a trade-off between the overall tuning range and the smoothness
of the transition between the bonding resonance and single LSP bright resonance illustrated by

these two devices.

3.2 Equivalent circuit model

To further investigate the resonance condition of the coupled resonators as a function of
frequency and graphene dampening, an equivalent lumped element circuit model is used. The
individual resonators in isolation can be described as antennas which have a frequency
dependent impedance described by an LCR electrical circuit as shown in Figure 4a. The
coupling of the resonators is described by the two circuits connected via a parallel coupling
capacitor as shown in Figure 4b. The AC voltage sources labeled V1 and V2 describe the
electromotive force from the incident THz radiation on the electrons in the bright and dark
resonators respectively. To account for the smaller coupling with the incident field for the dark

resonator, as measured in the COMSOL simulation, V> is scaled to be 3 times smaller than V1.
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Figure 4. (a) Representation of two resonators as LCR circuits. (b) Resultant equivalent circuit
model of the coupled resonators.

The capacitors, Ciand Co, represent the energy stored in the electric field due to the buildup of
charges at each end of the resonators, for the bright and dark resonator respectively. The
inductance values L1 and L describe the magnetic energy stored in the induced current in each
resonator with R; and R describing the loss in the resonators. Extra induced loss by the
graphene patch in the dark resonator is described by an added variable resistor in series, Rpamp.
The inductive qualities of graphene due to the complex impedance in the THz are negligible
compared to the resonator inductance values and therefore it is sufficient only to consider the
resistive loss of the graphene in the circuit model. The graphene patch will dissipate power and

hence dampen the dark resonator according to the following equation. !

Poiss = [ Ecapl| (1)

The power dissipated, Pp;s, in the graphene because of the induced current is dependent on the
electric field across the capacitive gap from the gold resonator, Eg,p,, and the conductivity of
the graphene patch, o,. This frequency dependent conductivity is determined using a Drude

like model as discussed in the supplementary information SI.3.146]
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As the dominant coupling effect comes from the electric field of charges in close proximity
between the two resonators, the coupling is described as a parallel capacitive coupling, Cc. The
power drawn, Py, from voltage sources V1 and V2 was calculated in order to retrieve the
transmission, T, through the metamaterial device as this is proportional to the extinction
coefficient and hence is proportional to |1-T|.[4”1 To estimate the power drawn, the current from
each of the voltage sources as a function of angular frequency, w, is first derived from the

following equations.

i - V;
()=@ (%) @
) C1+C¢ 1
_ Ry +jliw + jwCy Ce jwCe 3
Z= 1 Co+Ce ( )

Ry + Rpgmp +jLow +

jwC, JwCzCc

The current drawn from the voltage sources can be used to determine the time averaged power

drawn as follows:

Pprawn = 1/2Re(V1i1* + VZiZ*) (4)

In this equation, i; " and i, " describe the complex conjugate of the current induced in the bright
and dark resonator respectively. Quantitative values for the circuit model parameters for device
1 and device 2 are derived from the COMSOL simulations and discussed in more detail in the
supplementary information SI.4. Graphs of the power sourced from the circuit, noarmalized to
incident power, as a function of frequency for different graphene sheet conductivities are shown

in Figure 5.
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Figure 5. Power drawn from the voltage sources for different graphene conductivity values
using lumped element parameters derived for (a) device 1 and (b) device 2. The frequency of
the coupling resonance as a function of back gate voltage for (c) device 1 and (d) device 2 (red
points) in comparison with the frequency predicted using the lumped element model (red line).
The measured conductivity as a function of back gate voltage is shown in black.

The model yields two coupled resonances, originating from the destructive interference
between i, and i,, in very good agreement with the COMSOL simulations and TDS results.
The circuit model for device 1 accurately predicts the evolution of the coupled system into a
single resonator system with a ~80 GHz blue shift of fsonding towards feright Which is
commensurate with the TDS data. The circuit model for device 2 shows a large binary shift of
~120 GHz fgonding and feright and a 300 GHz shift between fanti-bonding and farighe. This larger tuning
range is due to the stronger coupling of the resonators due to them having a more closely
matched LSP resonant frequencies as discussed in the previous section. This results in a more
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symmetrical hybridization of the coupled resonances with fsonding and faright further apart in

frequency.

The TDS measured bonding resonance frequency, as a function of back gate voltage, is plotted
alongside the predicted values from the corresponding circuit models in Figure 5c¢ and 5d. The
electrical measurements are also shown, describing the graphene conductivity as a function of
back gate voltage. Despite the simplicity of the circuit model, the TDS data lines up well,
particularly for device 1 which has well-defined resonance positions for the full range of back
gate voltages. The model also predicts the increased tuning range for device 2 as the resonators
are more closely matched in resonant frequency. This circuit model technique could, therefore,

be a useful design tool for future devices and for further optimization of the device structure.

3.3 Group delay measurement

The EIT phenomena present in these devices is accompanied by an extreme modification of the
dispersion properties which leads to the slow light effect due to an alteration of the group
velocity through the device. The ability to actively control slow light through a device could
have implications for fundamental scientific research as well as the implementation of optical
techniques such as slow light buffers. To quantify this phenomenon in these devices, the group
delay, At,, described as the time delay of a THz wave packet through the sample in comparison
to air, is determined by the following equation:

do
Aty = o

()

The phase of the transmission through device 1, @, for different back gate voltages, is
determined using the TDS measurement, and then its differential as a function of angular

frequency, w, is performed to determine the group delay with the result shown in Figure 6a.
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The experimental data using device 1 is accompanied by data using an identical device with no

graphene present to determine the group delay when there is no graphene dampening.
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Figure 6. (a) Measurement of group delay through device 1 using phase data from TDS for
different back gate voltages. (b) Simulation of Group delay using COMSOL simulation for
different graphene conductivities.

This is compared to the group delay determined using the transmission COMSOL simulation
for device 1 in Figure 6b. Both of these figures display the same features with a maximum
negative group delay at around 1.4 THz and 1.85 THz. The region of interest for slow light is
in between these frequencies when the group delay is positive. The maximum positive group
delay when no graphene dampening is present is 0.7 ps at 1.45 THz according to simulation.
The TDS measurement gives a maximum value of 0.2 ps, with this discrepancy due, in part, to
the limit of the frequency resolution for the phase results of around 50 GHz when the TDS time
window is 20 ps. As a result, the phase features are measured to be less sharp than they really
are and hence the group delay values are underestimated. The overall shape, however, of the
group delay is consistent between experiment and simulation with the positive group delay
reducing as the graphene dampening increases. Despite this device being configured for
resonance frequency tuning, it is also effective as a slow light modulator, and could be

lithographically optimized to increase the group delay modulation range.
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4. Conclusion
In conclusion, EIT active devices, based on the interplay between graphene and coupled

resonator metamaterial arrays, have been successfully demonstrated for operation in the THz
frequency range. Two different designs have been realized and fully characterized via a THz-
TDS system, showing a frequency tuning of the resonance by 60 GHz and 120 GHz
respectively. The former device would be particularly useful as a fast, continuously tunable,
frequency band reject filter in the THz region with the later device, better suited as a binary
switchable frequency filter. Due to the reconfigurable dispersion properties of these devices,
they could also be implemented for group delay tuning for slow light applications. The group
delay values are commensurate with other proposed EIT metamaterial designs which use photo-
active modulation components,“® however, the design in this paper has the advantage of being
electrically switchable. For implementation with THz QCLs, these devices can be scaled down
in size to work above 2 THz and can readily be used in an external cavity in an experimental
configuration similar to reference [22], opening up a range of applications for spectroscopy and

communications.

Supporting Information Supporting Information is available from the Wiley Online Library
or from the author.
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