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Electrically tuneable terahertz metasurface enabled
by a graphene/gold bilayer structure

Andrew D. Squires 1®, Xiang Gao1'2, Jia Du1, Zhaojun Han1, Dong Han Seo1'3, James S. Cooper1,
Adrian T. Murdock!, Simon K. H. Lam', Ting Zhang"* & Tim van der Laan® '™

Reconfigurable terahertz electronics devices with high tuneability are pivotal for next-
generation high speed wireless communication and sensing technologies. Significant chal-
lenges exist for realizing these devices, particularly on the design of smart metastructures
that can manipulate electromagnetic radiation at the terahertz frequencies and the fabrication
of devices with effective tuneability and reconfigurability. Here, we incorporate graphene into
a graphene/gold bilayer superimposed metamaterial structure, which enables efficient
electrical tuning of terahertz waves. A 0.2 THz frequency-selective absorber is designed and
experimentally developed using this graphene/gold bilayer metamaterial approach. The
device demonstrates 16 dB amplitude tuning at 0.2 THz resonance and over 95% broadband
modulation at just 6V bias voltage while maintaining a benchmark high-quality factor
resonance performance. The design and fabrication methods presented can be readily applied
to produce a myriad of tuneable terahertz devices required for high-speed, reconfigurable

THz wireless communication and sensing technologies.
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communications and super-resolution imaging have

pushed carrier frequencies of wireless systems towards
higher spectral regions, millimeter wave (mmW) and terahertz
(THz) bands!. In the THz region (0.1-3 THz), ultra-high band-
widths facilitate high-speed communications at data rates up to
terabits per second?, making it ideal for next-generation wireless
networks, e.g., 6G telecommunications. The development of THz
wireless communication technologies, however, has been ham-
pered by a lack of materials and devices that can perform beyond
the limits of current electronic and photonic frequencies.
Therefore, new materials, such as two-dimensional (2D) materials
like graphene, and device configurations that feature ultrafast
charge carrier dynamics and required functionalities (e.g.,
reconfigurability and tuneability) are in high demand to realize
electronic and photonic devices operating at THz frequencies.

Electronic systems at THz frequency bands are usually
accompanied by relatively high spurious tones and parasitic
intermodulation due to frequency multiplication, heterodyne
mixing, and amplification networks3. Frequency-selective
absorbers* are required for eliminating undesirable inter-
ferences. Practical devices require electrical tuning of absorption
amplitudes, and/or frequency, as parasitic interferences are
usually highly sensitive’. These absorptions/resonances are
characterized by their quality factor (Q-factor), defined as the
resonant frequency divided by its full width at half maximum
(FWHM). Electrically tuneable, frequency-selective THz absor-
bers with high Q-factor resonances are in high demand for
designing THz systems, yet remain elusive.

Metamaterials or metasurfaces consist of periodic arrays of
subwavelength unit cells, which exhibit properties unattainable
from natural materials by imitating the periodicity of the crystal
lattice®. These structures allow the control and manipulation of the
amplitude, polarization, and phase of electromagnetic waves,
including THz waves’. However, a lack of tuneable devices in the
THz region has led to a growing interest in 2D materials and
metamaterials to enable tuneable, reconfigurable, and program-
mable properties for THz applications®. These metamaterial devices
are essential for high-value, emerging applications, including target
tracking, THz communications, THz sensing, and THz imaging’.

Graphene-based metamaterials have attracted significant atten-
tion for THz devices®. This attention is due to its unique electrical
properties, including (i) high charge carrier mobility allowing
ultrafast (THz) responses to electromagnetic fields; (ii) an elec-
tronic band structure featuring linear dispersion where charge
transport is dominated by massless Dirac Fermions; and (iii)
electric field-tuneable electrical conductivity. Proof-of-concept
studies have confirmed the control of THz electromagnetic radia-
tion with field-tuneable graphene films!0. These have been adapted
into fundamental components, such as modulators!1~13, as well
as stacked sandwich structures!'4. These studies instigated a ple-
thora of theoretical studies investigating graphene-coupled
THz metamaterial device designs, including (but not limited to)
modulators!®, absorbers!®17, filters!8, switches!®, sensors?0,
amplifiers?!, and antennas?2. However, the experimental realiza-
tion of these theoretical devices is still in its infancy. This is due to
difficulties in handling, fabrication, micro- and nano-patterning,
and integration of graphene thin films into functional devices
without significantly affecting the corresponding electrical prop-
erties. Further constraints are observed in producing reliable,
uniform, and high-quality large-area graphene thin films.

Fabrication of graphene into practical, scalable, and functional
electronic devices remains one of the most challenging parts of
developing graphene-based electronics?. The limited experimental

Rapidly increasing demands for high data-rate wireless

graphene-based THz metamaterial devices reported to date use
either an unpatterned graphene sheet hybridized with a patterned
metal structure or simple graphene patches/geometries overlayed
on sections of more complicated metal metastructures. Conse-
quently, the reported graphene-based tuneable THz metamaterial
devices often suffer low Q-factor resonances, poor tuneability, or
have to operate at impractical high bias voltages. New metamaterial
structures and fabrication methods are needed to advance the state-
of-the-art graphene-based tunable metamaterial devices.

In this work, we present a graphene and gold bilayer metama-
terial structure to address the lack of tunability of gold metasurfaces
and the poor performance of graphene metasurfaces. A highly
tuneable THz frequency-selective absorber is designed and
experimentally developed to demonstrate the superiority of this
bilayer approach. To the best of our knowledge, this is the first
graphene metamaterial-based device reported operating in the
0.1-1 THz communications window, where graphene itself is pat-
terned into the entire complex metasurface structure, producing a
benchmark high-quality resonance (Q-factor up to 19) with large
amplitude tuning (16 dB) at low bias (6 V). The design theory,
simulation, and experimental results are presented; and the tuning
mechanism is discussed. The device is built on a flexible, high-
frequency laminate circuit board widely used in wireless commu-
nications components. The fabrication method is scalable and
readily adapted to a wide range of THz devices that, currently, have
only been theoretically modeled. This paves a way for developing
the next generation of advanced metamaterial-based reconfigurable
THz devices for wireless communication and sensing technologies.

Results and discussion
Metadevice design and modeling. The schematic design of the
THz metasurface absorber is detailed in Fig. 1a-c and a fabricated
device image is shown in Fig. 1d. The device is a sandwich
structure implemented on a 20 mm x 20 mm flexible, 0.254 mm
thick glass-filled PTFE substrate (Rogers5880 Duroid). The top
layer is comprised of a graphene thin film transferred onto a gold
thin film (200 nm), deposited on the substrate, forming the gra-
phene/gold bilayer. The bilayer is patterned and etched together
so that the gold metasurface and graphene metasurface super-
imposes (highlighted by the dashed box in Fig. 1b). The bottom of
the sandwich consists of a gold thin film (200 nm, on the back of
the substrate) forming a radio-frequency (RF) ground. The
metasurface design features a large array of Jerusalem-cross slots
with unit cell dimensions of 450 pm X 450 um. A Jerusalem-cross-
slot structure is chosen to achieve a high Q-factor (high-fre-
quency selectivity). This structure features long resonant paths for
electric currents, which leads to smaller unit size and a more
compact layout. The cross slots are also advantageous in mini-
mizing the device sensitivity to the incident angle of the THz
radiation. The image in Fig. 1d clearly shows a high-quality
patterned graphene/gold bilayer device with well-defined features.
The metasurface absorber is modeled as an equivalent
resistance, inductance, capacitance (RLC) resonant circuit, where
the incident THz radiation is generated from an equivalent source
circuit as shown in Fig. 2a. The equivalent inductance, L, and
capacitance, C,, is extracted from the metasurface structure with
the resistance, R, extracted from the conductivity of the
graphene/gold Dbilayer and dissipation properties of the
Rogers5880 substrate. The source impedance, Zgs corresponds
to the wave impedance of the THz radiation. For an angular
frequency, w, the input impedance of the equivalent load circuit is

Zin =Ry +jwly —j €Y

wCy
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Fig. 1 Summary of the graphene/gold bilayer metasurface incorporated into a 0.2 THz frequency-selective absorber. a Jerusalem-cross-slot unit cell
dimensions and array structure. b Cross section of the graphene/gold bilayer superimposed metasurface structure indicated from the intersecting black
plane in (c). ¢ Schematic of the 0.2 THz frequency-selective absorber device. d Fabricated bilayer device with an enlarged optical image showing well-

defined metasurface structure.

The reflection coefficient, S;;, can be described as
Zin - ZS
Z. + Zg

m

S;1 =20log,, )

Here, Sy; refers to the power ratio of electromagnetic radiation
(THz) incident on the device to that reflected by the device. As
such, the absorber is treated as a single-port device which can be
directly compared to an experimental THz time-domain spectro-
scopy (TDS) measurement (see Methods). At the resonant
frequency, Z;, has a real value and is equal to Ra. According to
Eq. (2), the lowest reflection occurs where the resonant resistance
R, is well-matched with Zg, which leads to a maximum power
absorption of the metasurface absorber

To investigate the electromagnetic behavior of the frequency-
selective metasurface absorber and optimize its overall perfor-
mance, detailed three-dimensional full-wave modeling and
simulations are carried out by using the software CST Microwave
Studio. Figure 2b-e shows the simulated electric field and current
distributions within a unit cell of the bilayer metasurface
absorber. As shown in Fig. 2b, ¢, the electric fields mainly
concentrate near the horizontal slots and are much weaker
elsewhere in the Jerusalem-cross-slot structure. This is because
the incident THz radiation is vertically polarized, which can
excite a strong electric field within the horizontal slot with a
length similar to the resonant wavelength. Figure 2d, e show the
vector and magnitude of the electric current distributions,
respectively. Stronger electric currents concentrate near the two
loaded slots at the end of the horizontal slot. This phenomenon
can be readily understood by considering a position where the
electric field achieves minimum, the electric current achieves
maximum for the resonant mode.

When a THz wave propagates towards the absorber, it excites a
resonant field mode within the 3D structure consisting of the
metasurface and ground layer sandwiched by a Rogers substrate.
At resonance, the THz power is well-absorbed due to the limited
conductivity of the bilayer and dissipation properties of the
Rogers5880 substrate. In this case, there is very little power
reflected back towards the incident direction. Hence, the
presented metasurface absorber exhibits good resonant absorp-
tion performance. The graphene/gold bilayer structure produces a
strong resonance at 0.192 THz. The tuneable conductivity of the
graphene in the bilayer implies the resistive component of the

circuit model is now adjustable, as shown in Eq. 3, which permits
tuning of the output resonance.

RA(VA) = RGold + RGraphene + ARGraphene(VA) (3)

Where ARGraphene corresponds to the change in graphene’s
resistance introduced by an applied voltage, V.

Figure 3 shows the simulation results, where the resonant
amplitude can be theoretically tuned by 17 dB for a graphene
conductivity range of 40-250 mS. Here, 40 mS corresponds to the
unbiased case and was chosen from the experimental conductivity
obtained for our unbiased graphene film through THz time-
domain spectroscopy (see Supplementary Fig. 1). This result
suggests that exceptionally efficient tuning can be obtained by
implementing the graphene/gold bilayer approach.

Fabrication of the metasurface device. Prior to generating the
graphene/gold bilayer concept, gold-only metasurface and
graphene-only metasurface devices of the same design have been
experimentally developed and characterized. A gold-only meta-
surface was simulated, fabricated, and measured to verify the
device's theoretical design. Good agreement was found between
experiment and simulation, as shown in Fig. 4 (red curves), thus
validating the metadevice design theory. The measured experi-
mental resonance, however, is slightly wider and stronger than in
the simulation, which is likely due to minor fabrication imper-
fections and slightly higher conductive/substrate losses than those
used in the model due to the natural variation of the products
from the manufacturer's specifications. The full response over a
wider 0.1-1 THz range, including other non-targeted resonances,
is also supplied in Supplementary Fig. 2.

A simple approach to add tuneability to the gold-only
metasurface device was to transfer an unpatterned graphene film
over the top of the fabricated metasurface. This, however, led to
the complete suppression of resonant behavior (see Supplemen-
tary Fig. 3). Graphene provides conduction pathways across the
cross-slot gaps as well as partially blocking the THz waves
transmitting into the array, likely causing this suppression.
Another approach to introduce tuning to the device was to
directly pattern the metasurface into graphene. A graphene-only
metasurface device of the same design was fabricated and found
to not possess observable resonant behavior up to 50 V applied
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Fig. 2 Modeling and simulation of the Jerusalem-cross-slot metasurface. a Equivalent circuit model. b The vector of the electric field. ¢ The magnitude of
the electric field. d The vector of electric current. e The magnitude of electric current.
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range of graphene conductivities from 40 to 250 mS.
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voltage (see Supplementary Fig. 3). This was likely due to high
losses in the graphene film, which damps away the resonance (i.e.,
very poor Q-factor). This result is consistent with those reported
in literature where graphene significantly deteriorates the device
performance (indicated by low Q-factors).

To solve the problems described above, a bilayer configuration
was subsequently developed in this work. The bilayer approach
takes advantage of the gold and graphene material properties
collectively: a high-quality, low loss resonance from the patterned
gold structure and a voltage-controlled tuneability from the
graphene. In addition, the bilayer provides a simpler method for
electrostatic tuning as the bilayer itself can be formed as one of
the biasing electrodes.

To achieve the bilayer tuneable device, several challenges had
to be addressed. This included developing (i) a suitable, large area,
uniform graphene film, (ii) a graphene transfer method, which
provides good adhesion to both gold and the dielectric substrate
with minimal transfer residues, and (iii) a patterning method,
which etches both the graphene and gold together in the bilayer.
Any sample where the graphene was not sufficiently uniform
(patchy flakes or containing microholes), or the transfer process
introduced large wrinkles/delamination would result in a failed
device.

The bilayer device was fabricated on a flexible commercial
0.254 mm thick Rogers 5880LZ laminate substrate. The RF
ground was prepared with 220 nm of the sputtered gold film. The
obverse side received the same gold deposition with a hard mask
to define the metasurface area and contact regions. Chemical
vapor deposition (CVD) graphene thin films on Nickel?# (cut to
25 mm x 25 mm) were transferred onto the pre-prepared Rogers
laminate using standard wet transfer techniques. More informa-
tion about graphene synthesis and transfer is provided in the
Methods section. The graphene/gold bilayer metasurface pattern
was subsequently produced using a photolithography procedure,
that is, spin-coating photoresist, ultraviolet light exposure, and
photoresist development. The device chip with the photomask
protection layer was etched using a reactive ion etching in
alternative gases. Firstly, an O, plasma to remove the unprotected
graphene, followed by etching in Ar (a chemically inert gas) to
remove the unprotected gold layer, and finally, a short, final O,
plasma etching was applied to clean the device. Electrical
connection to external wires was made using silver epoxy on
gold contacts in the device chip.

Through optimizing the graphene production, transfer, and
device patterning (including etching), we have successfully
established a process capable of reproducing well-defined micro-
patterned graphene/gold bilayer metasurfaces as depicted in Fig. 1d.
There is good agreement between simulation and experiment
(Fig. 4 blue curves) for the bilayer metasurface, with a slightly
higher resonant amplitude and bandwidth in the fabricated device.
The strong agreement between simulation and measured responses
for both the gold-only and graphene/gold metasurfaces suggests
our model provides a valid prediction of the bilayer device
performance. This also suggests a tuning functionality can be
realized in gold-only THz metasurfaces by replacing the gold
metasurface with a graphene/gold bilayer. Further device develop-
ment, scanning electron microscopy (SEM) images and Raman
mapping can be found in Supplementary Figs. 4-6.

Tuneable performance at 0.2 THz. THz time-domain spectro-
scopy (THz-TDS) is used to study the performance of the
metasurface absorber (the measurement setup is shown and
described in the Methods section). For the THz power spectrum,
the scattering parameter, S;; is defined as S;; = 10log(Ref(w)),
where Ref(w) is the reflectance obtained directly from the THz-

TDS measurement. The S;; parameter allows the measured per-
formance of the device to be compared to the modeled response.

Figure 5a shows the S;; parameter for the graphene/gold
bilayer absorber at the designed 0.2 THz resonance with an
applied voltage ranging from 0 to 6 V. Very efficient amplitude
tuning is obtained when the voltage is changed. There is a 16 dB
change of the signal at 0.2 THz for a low bias voltage of 6 V. This
amplitude tuning is notably stronger than previously reported
electrostatically tuned graphene THz metamaterials (below
3 dB)25-29,

The Q-factor, which is an important parameter for practical
THz resonator absorbers, is 19 (at 6 V) for the measured bilayer
resonance structure. This is significantly higher than other
reported graphene THz metamaterial designs (all below
7)25-28,30-32 This is important as low Q-factors have limited
the applicability of electrically tuneable THz devices based on
graphene?’. Tt is noted that the previous devices often employ a
continuous graphene sheet or patches over the metasurface,
which, as we also found, dampens the resonant behavior.

Interestingly, the voltage dependence of the device tuneability
(Fig. 5c-f) has two distinct regions. In the low voltage window
from 0 to 3V, little change is observed. However, in the 3 to 6 V
window, the changes are more profound and linear. The fitted
resonance amplitude increases from around —18 to —25dB and
shifts from 0.192 to 0.187 THz. The Q-factor follows a similar
trend, rising from 12 to 19, as reflected in the FWHM being
reduced by 41%. A large amplitude tuning of the bilayer
metasurface absorber is achieved with a low voltage range
(3-6 V) and is reversible. This is a significant achievement as
weaker tuning has been previously demonstrated using graphene,
with higher bias voltages!®:11:14:25.27.32,33 o1 chemical doping?2.

It is known that at THz frequencies, graphene’s conductivity
follows a Drude-like behavior, dominated by intraband
transitions!?, An applied voltage can be used to alter the Fermi
level and, therefore, the intraband conductivity of the graphene.
This cannot occur within the gold layer, suggesting that graphene
is responsible for all tuning mechanisms. Altering the graphene
conductivity in the bilayer results in two tuning effects. The first
effect arises from the equivalent resistance (R,) of the RLC
resonant circuit model. The change of the conductivity in the
voltage-biased graphene/gold bilayer (upper electrode) varies the
impedance matching of the resonant structure to the wave
impedance of the THz radiation. This alters the resonant
amplitude, as predicted by the RLC resonant circuit model. The
second effect is an enhanced graphene intraband conductivity
absorption of the THz wave and this effect is broadband.
Changing graphene’s intraband conductivity alters the absorption
of the THz radiation. This occurs across the whole measured THz
range (0.1-1 THz), including resonant and non-resonant regions.
The observed device tuning of the resonant amplitude (16 dB) is a
superposition of these two effects.

The experimental data agrees well with the simulation results
shown in Fig. 3. The simulated peak amplitude changes from —17
to —22dB corresponding to a graphene conductance varying
from 40 to 100 mS. These are close to the experimentally observed
values of —18dB unbiased and —25dB at 6V bias resonant
amplitudes. We approximate that the total experimental tuning
range of the graphene conductivity in the bilayer is in the order of
60-75mS for the 6V applied voltage. This is significant as a
similarly biased standalone graphene film (not in a bilayer)
showed 5 mS tuning for 24 V applied (see Supplementary Fig. 1b).
This suggests that the bilayer configuration enhances the
achievable graphene conductivity tuning range. It should be
noted that the comparison is made with the numerically fitted
peaks (as in Fig. 5¢-f), which accounts for the changing baseline
from the broadband graphene absorption.
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Fig. 5 Experimental tuning performance of the graphene/gold bilayer metasurface device at 0.2 THz. a, b S;; parameter (power ratio) of the 0.2 THz
resonance under varying bias voltage, showing clear frequency and amplitude tuning. In (b), the voltage polarity is reversed with respect to (a). c-f Voltage
dependence of the (€) Resonance amplitude (+0.3 dB), (d) resonant frequency (2 x10=4 THz), (e) FWHM (£3 x10~4 THz), and (f) Q-factor (+0.5)

showing a flat response up to 3 V with observed linear behavior in the region above an applied voltage of 3 V. Parameters in (c-f) are obtained from peak

fitting of the data in (a).

It is noted that the device also demonstrated up to 5GHz
frequency tunability with a bias of 6 V, which suggests the bilayer
approach can also be leveraged to produce frequency tunable
devices. In the simulation, the RLC model only considered
changes to the real part of the variable graphene conductivity.
That is, the real resistive component (R,) is altered from the real
part of the graphene conductivity (i.e., the real conductivity as
shown in Supplementary Fig. 1a). A higher R, from the tuned
graphene in the bilayer produces a slightly higher resonant
frequency in the simulation, as observed in Fig. 3. Experimental
THz-TDS measurements of graphene’s complex conductivity at a
24V bias condition revealed that the imaginary part of the
graphene conductivity also increases slightly with applied voltage
(see Supplementary Fig. 1c). This increase, resulted from
inductive and capacitative changes in the graphene, influences
the impedance matching condition between the THz waves and
absorber structure giving a decrease of the resonator frequency as

observed in the experimental data in Fig. 5. In this work, we
mainly designed a frequency-selective amplitude-tunable meta-
material absorber to verify the superiority of the graphene/gold
bilayer configuration, and the experimental data of the tuneability
in amplitude agrees well with theoretical prediction. An improved
RLC model that takes into consideration both the real and
imaginary conductivity changes of the graphene film would better
predict the resonator frequency shift. Purposedly designed
frequency-tuneable devices will need to account for the changes
in the imaginary part of the graphene conductivity, which will be
investigated in future research.

Broadband response. While the metadevice design and modeling
focused on the 0.2THz region, higher-order resonances and
broadband characteristics were observed. Auxiliary modes were
found at 0.36 THz, 0.40 THz, and 0.56 THz (Fig. 6a). These
resonances also exhibited tuneability with applied voltage,
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Fig. 6 Broadband tuning performance of the graphene/gold bilayer
metasurface device. a Broadband frequency response of the absorber from
0 to 6 V. Frequency and amplitude tuning is observed for each resonance
superimposed on a broadband modulation. b Broadband modulation depth
of the graphene/gold bilayer absorber. Discontinuities are seen at resonant
frequencies due to the relative frequency shift of these modes with respect
to the applied field.

although less pronounced. The Q-factor of these higher modes
was still above previously reported graphene THz metamaterial
devices. From this response, we expect that the bilayer structure
would be suitable for high Q-factor resonant devices up to at least
0.56 THz (the highest frequency resonance we measured and
analyzed).

As with the 0.2 THz mode, there is a dual tuning effect across
the higher-order modes from changes in the RLC impedance
matching and intraband conductivity absorption. The broader
spectrum shows that tuning by the RLC resonator effect is more
dominant towards lower frequencies (stronger change in
0.2 THz than higher-order modes) and the contribution by
intraband THz absorption of graphene becomes increasingly
significant at higher THz frequency bands (larger changes of
non-resonant regions in higher frequencies, as shown in Fig. 6).
This is confirmed in the modulation depth of the non-
resonating regions between 0.23-0.32 THz, 0.43-0.50 THz and
0.72-1THz (Fig. 6b). The modulation depth is defined as

MD:%\W, where Ref(V) is the THz reflectance

at a voltage V. MD from 0.23-0.32THz is 85%, 91% from
0.43-0.50 THz, and 95% above 0.72 THz. There is a clear
frequency dependence on the modulation behavior of the
bilayer, driven by the tuneable intraband conductivity, where
modulation depth increases with photon energy. The strength
of the tuneable broadband response up to 1 THz suggests the
bilayer approach can be adapted for devices from 0.1-1THz
and potentially above 1 THz.

Conclusion

In this work, we have presented a bilayer metamaterial structure
where the whole device pattern has been superimposed into a 2D
material, graphene, and gold. To the best of our knowledge, this is
the first experimental demonstration of a THz communications
device (0.1-1 THz) where the graphene is patterned into the
entire device's metastructure. The bilayer structure circumvents
the lack of tuneability in a gold-only metastructure and the poor
performance of a graphene-only metastructure or graphene pat-
ches. As such, the experimentally developed graphene/gold
bilayer THz frequency-selective absorber demonstrates tuning
performance of over 16 dB at just 6 V bias voltage while main-
taining a benchmark high Q-factor of 19 (compared to Q-factor
<7 for current graphene-based tuneable THz metasurfaces). The
device also features broadband tuning exceeding 95% with the
same low 6V bias. The experimental results agree well with
theoretical modeling results, which validates the theoretical pre-
diction of the tunability for the bilayer metamaterial configura-
tion. The graphene/gold bilayer concept and the fabrication
methods can be adapted to numerous metamaterial THz devices
theoretically modelled in the literature. The present work
advances the new material and device technologies, which will
impact emerging fields such as THz wireless communications,
satellite target tracking, and sensing.

Methods

Graphene synthesis and characterization. Graphene films were produced in-
house using a Nickel catalyzed CVD process (99% purity, annealed). The graphene
synthesis process is similar to that shown by ref. 24 In the present work, a modified
atmospheric pressure, ambient air-based graphene synthesis process was used
where an initial vacuum step was introduced and linoleic acid dissolved in ethanol
(60% v/v) was substituted for soybean oil. Characterization of the materials (SEM
and Raman mapping: see Supplementary Figs. 4-6) was carried out, confirming
they were of good quality and continuous. This was performed at each step in the
fabrication process: before transfer, after transfer, and post-fabrication.

Terahertz characterization of the graphene films was performed on a fiber-
coupled time-domain spectroscopy (TDS) system in transmission geometry.
Photoconductive antennae were utilized for both THz production and
photodetection. Graphene films were transferred onto a PTFE substrate. The
substrate was designed to be 3 mm thick to achieve an optimal trade-off between the
measured signal and avoiding back reflections in the time-domain signal. Following
the process outlined by ref. 4, the complex conductivity of the graphene film is
extracted, and subsequently, the scattering rate, carrier mobility, and carrier density.
From THz-TDS, the carrier mobility and carrier density were 1393 cm? V—15~1
and 17 x 1013 cm~2, respectively. These were obtained from the DC conductivity of
37 mS and a scattering time of 209 fs (scattering rate of 0.76 THz). These are
reasonable values expected from CVD graphene, consistent with other reports in the
literature3>-3.

Terahertz characterization. Terahertz (THz) characterization of the device was
performed on a fiber-coupled time-domain spectroscopy (TDS) system in reflec-
tion geometry as depicted in Fig. 7. Photoconductive antennae were utilized for
both THz production and photodetection. To quantify the performance of the
absorber, the reflected power of the electromagnetic wave, E*"(w), of the meta-
surface device, Exat (w), is ratioed to a reference measurement (Exr (w)), made with
a gold-backed Rogers 5880LZ substrate with no bilayer metasurface. We consider
the absorber to be a single-port device, with a corresponding S;; parameter, given
through the relation S;; = 10 log(R). Here R is the ratio (reflectance) of the sample
Ekegl( )2
incrementally from 0 to 6 V, applying the bias voltage to the contacts fabricated
into the device. The raw spectral data can be found in Supplementary Fig. 7.

and reference power spectrum, . For tuneability, the process is repeated

Simulation. Three-dimensional full-wave modeling and simulations were per-
formed using CST Microwave Studio, which is based on the finite-difference time-
domain method. Within the model, the top layer is a graphene/gold bilayer pat-
terned with Jerusalem-cross slots in a periodical arrangement, while the bottom
layer is a perfect gold layer forming an RF ground. The graphene part was treated
as a thin film with a thickness of 50 nm (from surface profiler measurement) and a
specific surface conductivity as quantified from the complex conductivity obtained
by THz time-domain spectroscopy. The real and imaginary parts of the graphene
surface conductivity in the region of interest (0.1-0.3 THz) were observed to be 37
and 10 mS, respectively. The gold layers were modeled as zero-thickness sheets
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Fig. 7 Experimental setup for device measurement. Terahertz time-
domain spectroscopy in reflection geometry. The THz wave is emitted and
detected by photoconductive antennae (PCAs), with the THz beam
focussed (~5 mm spot size) and re-collected from the sample via two off-
axis paraboloid mirrors (OAPM 1 and 2). In this setup, the graphene/gold
bilayer metasurface frequency-selective absorber acts as a single-port
electrical device.

with an electrical conductivity of 4.5 x 107 Sm~!. The Rogers5880 substrate with a
thickness of 0.254 mm is modeled with a relative permittivity and loss tangent of
2.3 and 0.02 at the THz band, respectively.

Data availability

The datasets generated and/or analyzed during the current study are available from the
corresponding authors on reasonable request, or can be accessed via https://doi.org/10.
25919/1keq-ht18.
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