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Abstract

We demonstrate, experimentally, non-volatile optical control of terahertz metasur-
faces comprising of a metallic split ring resonator array sandwiched between monolayer
graphene and a photoconductive Fe:LiNbOj substrate. We demonstrate frequency se-
lective tuning of THz transmission amplitude, and our results pave the way towards
spatially resolved control of THZ metasurfaces for beam-steering, imaging, and sensing
applications. The substrate (Fe:LiNbOs) supports non-volatile yet reversible photoin-
duced charge distributions, which locally modify the electrostatic environment of the
nano-thickness graphene monolayer, altering the graphene electrical conductivity and
therefore changing the resonance spectra of the metamaterial array. We present light-
induced normalized transmittance changes up to 35% that are non-volatile and persist

after the illumination source is removed, yet can be reversed by thermal annealing.
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1 Introduction

Terahertz frequencies show potential for technological applications in a wide range of ar-

eas, such as spectroscopy of biological samples,'# detection of concealed drugs and ex-

[5-7] 8,9

plosives, imaging of astronomical objects, ® industrial quality control of semiconductor

10.1] and broad bandwidth telecommunications systems.'>'3] Despite this

manufacturing,
wide array of applications, there is a lack of optoelectronic devices for the tuning of phase,

amplitude, and polarisation of terahertz radiation. To this end a variety of tuning tech-

17,18] 19-21]

niques based on optical, !4 thermal,| electronic, | and mechanical %23 actuation
have been developed. Optical actuation methods generally offer an advantage over other
approaches in that they readily allow for large areas of the tuning device to be addressed
in parallel and with micron-scale spatial resolution, although such mechanisms are typically
volatile. Early demonstrations relied on optically excited charge carriers in bulk semiconduc-
tors. #1624 Under illumination with a pump laser, electrons are excited from the valence
to the conduction band and consequently act as a free-carrier plasma interacting strongly
with THz radiation. Optical tuning by this method has been demonstrated in silicon 4]
and GaAs!' where the resultant amplitude tuning is a broad band effect which decays on
the order of the charge recombination time of the semiconductor material (7g; ~100 ns,
Taaas ~1 ns). The effect has also been employed in combination with structured illumi-
nation for wavefront shaping® and tunable plasmonic gratings.?”) Semiconductors have
been combined with 2D materials to enhance the photo-absorption effects, where photoex-
cited carriers within the semiconductor diffuse into the 2D material where they experience
a significantly higher mobility and therefore interact more strongly to absorb the THz ra-
diation. %27 To implement further functionality into tuning devices it can be desirable to
incorporate metamaterials as they have been demonstrated to allow for strong absorption
with highly frequency selective spectra.?®>32 Metamaterials fabricated on semi-insulating

GaAs, ?334 silicon,®>3 and ErAs/GaAs, ) have been demonstrated where tuning of the

substrate dielectric properties affects the plasmonic resonance of the metamaterial array.



Further, the combination of 2D materials with metamaterials and semiconductors allows to
tune metamaterial resonance through optical doping of the 2D material by the semicon-
ductor substrate.*4? Such mechanisms based on photo-excited charge carriers are volatile
so do not persist once the illumination source is removed, it is therefore advantageous to
look towards optically actuated mechanisms which are non-volatile. Phase change materials
have been demonstrated as a platform for tunable non-volatile plasmonic devices, where the
crystalline to amorphous transition results in substantial refractive index changes. However,
optical control of phase change media requires typically complex configurations based on
pulsed, high intensity laser systems. [***7 The crystalline to amorphous transition of a phase
change material results in a substantial refractive index change which can tune a resonant
structure by controlling its electromagnetic environment. This mechanism does not electri-
cally dope and therefore cannot control in a direct manner the properties of a 2D material,
and furthermore phase change materials are notoriously difficult to combine with metals as
they suffer from inter-diffusion which can destroy plasmonic resonant systems. ¥ The mech-
anism proposed here can allow a platform for non-volatile control of other semiconducting 2D

materials beyond graphene to enable devices with tunable frequency and strength of emission.

Here we present a non-volatile optical doping mechanism for 2D and few-atomic-layer nano-
materials based on iron doped lithium niobate (Fe:LiNbOj3). Fe:LiNbOj exhibits a photore-
fractive effect [**51 where Fe impurities act as photoexcited donor /acceptor sites for electrons
allowing the formation of optically defined charge domains within the crystal. Upon illu-
mination electrons are excited from Fe™ donor sites to the conduction band within which
they are free to migrate in the crystal lattice. Under non-uniform illumination electrons will
migrate from areas of high to low illumination intensity due to diffusion, becoming trapped
at Fet3 acceptor sites in dark regions. Alongside diffusion there is also a drift mechanism in
which the photoexcited electrons are released from the donor sites with a directional pref-

erence along the direction of +z crystal axis.552 There is an interplay between the two



mechanisms with the drift mechanism dominating at length scales above a few microns. 5354

Non-uniform illumination results in an optically written spatial charge distribution of ar-
bitrary shape that depends on the illumination pattern. The spatial charge distribution
is non-volatile at room temperature for long periods of time (years);®? however it can be
reversed by either thermal annealing or uniform illumination which evenly redistributes the
charges within the crystal. The photoresponsive mechanism in lithium niobate is extremely
versatile to implement as it is responsive to a wide frequency range in the visible spectrum
(depending on choice of dopant [56]) and can be actuated by both incoherent and coherent,
pulsed or continuous wave light sources. Further the speed of the photorefractive effect scales

490 and can reach sub-picosecond timescales.?"58 The ability to

with illumination intensity
create photoinduced non-volatile charge distributions has led to the use of Fe:LiNbOj for
recording of holograms; ° optoelectronic tweezers for nano-objects; %) and optical alignment

g [61

of liquid crystals. 0" Recently, we suggested that iron doped lithium niobate can be employed

as an optically responsive substrate for the tuning of the electrical properties of monolayer

graphene (62

and demonstrated a non-volatile and reversible 2.6 fold increase of graphene
resistivity under white light illumination. Here, we use this material platform to demon-
strate optical control of the properties of monolayer graphene at terahertz frequencies. The
system under study consists of a hybrid graphene - metal metasurface comprising an array
of split-ring resonators on Fe:LiNbOj substrate (see Figure 1la). We optically define charge
distributions in the substrate to locally tune the conductivity of the graphene monolayer,
which controls the damping of the resonator system and thereby tunes the metamaterial
resonance strength. We observe non-volatile light-induced changes in the metasurface spec-
tral response, which are reversed by thermal annealing of the substrate. By fitting finite
element calculations to the experimental results, we estimate an optically induced change
in graphene charge carrier density of the order of 8x10' em™=2. We propose that spatially

addressed frequency dependent transmission through such a device could be an invaluable

tool for reconfigurable control of THz optics in applications such as wavefront shaping of



beam steering. Further, we propose that the photoconductive lithium niobate platform pre-
sented here can allow for non-volatile control of a range of low dimensional semiconducting
materials such as transition metal dichalcogenides which exhibit gate dependent electrical

conduction and emission. 63l



2 Results and Discussion

The hybrid graphene-metal metasurface is fabricated on z-cut iron doped lithium niobate
(Fe:LiNbO3) single crystal substrate and a resonator array is photolithographically defined
by deposition of a 5 / 100 nm Cr / Au film and subsequent lift-off process. The resonance be-
haviour of the metallic structure can be described well by analogy with an inductor-capacitor
electrical circuit. % In broad terms the capacitance is inversely proportional to the split ring
gap, while the inductance is related to the square of the resonator width. The device (de-
picted in Figure la) is illuminated from the top surface using a 462 nm laser source to
create a non-uniform illumination within the Fe:LiNbOg3 substrate, which results in optically
induced space-charge distributions. THz transmittance through the device is measured by
Time Domain Spectroscopy (TDS) before, during, and after illumination to investigate the
optical tuning of the plasmonic resonances. Figure 1(b) shows the transmittance spectrum of
the device before the transfer of graphene on top of the metasurface, measured for different
polarizations of the THz wave, either parallel (y) or perpendicular (x) to the split ring gap.
The transmittance values are divided by transmittance through a lithium niobate substrate
without metal or graphene. In the former case, we observe a pronounced resonance dip at
0.22 THz followed by a broader dip around 0.65 THz, which correspond to the fundamental
and third-order resonances, respectively, while in the case of perpendicular to the gap po-
larization (x), the metasurface presents a broad resonance dip centred at 0.45 THz which is
the second order resonance. Experimental measurements are in good agreement with finite
element simulations for both polarizations (see dashed lines in Figure. 1b). Overlaid to the
plot are dashed lines showing simulated transmittance spectra corresponding to a similar
metamaterial unit cell on lithium niobate substrate. There is a deviation between the sim-
ulated and measured transmittance at higher frequencies, which is attributed to fabrication
imperfections. Figures 1(c & e) show simulated electric field maps (without graphene) at a
plane 5 pm above the metamaterial surface for the parallel to the gap polarization (y) at

0.22 and 0.65 THz, indicating magnetic dipole and electric quadrupole field configuration,



with the electric field presented as a percentage of the absolute electric field propagating
through air (in the absence of substrate and metal). Figure 1(d) presents similar data for
0.45 THz for the perpendicular to the gap polarization (x), where the system supports an

electric dipole resonance.
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Figure 1: (a) Schematic showing Fe:LiNbOj substrate patterned with gold resonator ar-
ray and covered in graphene. Upon illumination, electrons within the substrate are excited
into the conduction band, which are then free to migrate in the crystal thus creating non-
uniform charge distributions. In response to the electrostatic field created in the substrate
the graphene becomes electrostatically doped, altering the Ohmic losses in the metamate-
rial system, altering the resonance spectra. (b) Experimental and simulated transmittance
spectra of metallic resonators at two orientations without graphene. (c, d & e) Simulated
electric field maps at 0.22, and 0.65 THz for the y orientation, and at 0.45 THz for the x
orientation. The electric field is normalized to the amplitude of the incident field. Green
arrows represent the current density in the metallic split-rings.

Figure 2 shows experimental and simulated spectra revealing photoinduced changes in
the response of the hybrid graphene-metal metasurface measured with polarized THz along
the y-axis (y) radiation. Figure 2(a) plots the transmittance before and after illumination.

The resonant transmittance dips at 0.22 and 0.65 THz show significant damping as compared



to the spectra in absence of the graphene layer (shown in Figure 1b). The resonance dips are
fitted with Lorentzian functions to extract the corresponding linewidth, resonance frequency,
and Q factor. Upon illumination there is additional damping of the resonant dips where the
FWHM of the fundamental resonance (at 0.22 THz) is increased from 228 to 253 GHz. To
assess the shape of a resonance feature the Q factor is commonly quoted, which is defined
by the central frequency divided by the resonance width (Q = fo/Af), where the FWHM of
the resonance peak is used for the resonance width Af. As the resonance width increases at
the fundamental resonance the () factor decreases from 0.85 to 0.72, while at the third order
resonance the FWHM increases from 358 to 387 GHz resulting in the Q factor decreasing
from 1.75 to 1.61 as the Ohmic losses are increased due to the optically induced gating effect
induced by the substrate. Overlaid in Figure 2(a) are simulated transmittance spectra,
where the graphene Fermi level is modified from 0.18 to 0.20 eV. There is good agreement
between the experimental and simulation except at the low frequencies where transmittance
measurements in the THz TDS become sensitive to phase errors and diffraction, and high
frequencies which suffer from low signal to noise ratio. Figure 2(b) presents the transmittance
spectra of Figure 2(a) normalized to transmittance before illumination. Two peaks can be
observed which correspond to the resonant frequencies at 0.22 and 0.65 THz, where the
maximum increase in normalized transmittance reaches up to 15%. Figure 2(c) plots the
normalized transmittance at the third order resonance mode (0.65 THz) while the device
is under illumination. The transmittance values are normalized to transmittance before

51) of form

illumination and the data points are fitted with an inverse exponential equation
T = a(1 — e F/70) 11, where T is the normalized transmittance value, a is the scaling factor
= 0.19, F is the energy deposited, and Fj is the energy required to reach to 67 % percent
of saturation value, which here is equal to 11.1 J/cm?. The saturation value s = a + 1
which therefore reveals the saturated normalized transmittance change of 1.19. In Figure
2(d) frequency dependent normalized transmittance values are plotted in a color map as a

function of time (on the y axis). All transmittance values are normalized with respect to the



"dark” values. The colour map shows that in the first 20 minutes, while the laser is off, the
THz transmittance through the device is stable in dark ambient conditions. However, once
the 462 nm laser source is switched on, sudden changes in transmittance occur, which are
localised to two distinct frequency bands at 0.22 and 0.65 THz. After the laser is switched
off, the optically induced effects persist, in the absence of illumination, highlighting the

non-volatile nature of the mechanism. Figures 2(e & f) present the corresponding simulated

change of the electric field (|E0_26‘;] - |E0,186\;|) / |F70>] above the metasurface for the first (0.22
THz) and second (0.65 THz) resonance. At the fundamental resonance (0.22 THz), the main
change takes place in the vicinity of the split-ring gap, where the electric field decreases by
~ 1 %. At the third-order resonance (0.65 THz), in Figure 2(f), the electric field minimum
in the gap increases, while the field maxima at the two opposite corners show a decrease in
electric field, this shows a reduced contrast in electric field values. The field maps presented in
Figures 2e-f can be understood in the following manner: as the Fermi level of the graphene is
increased, the graphene conductivity also increases which leads to a decrease in confinement,
and increase in Ohmic loss. Electric fields in regions which were previously high will be
decreased, while fields in regions which were low will be increased as the plasmonic mode
loses confinement. Therefore, Figures 2e-f show almost the inverse color profile to Figures
1(c) and 1(e) (which display the electric field maps without graphene).

Figure 3 presents the spectral response of the hybrid graphene metasurface measured with
polarized THz along the x-axis (x). Here, the resonance centred at 0.45 THz is damped after
illumination of the device, which leads to an increase of the FWHM (obtained by Lorentzian
fitting) from 590 to 630 GHz and results in a Q factor decrease from 0.78 to 0.73. The
corresponding normalized transmittance change (see Figure 3b) presents a resonance peak
around 0.45 THz, where the optical doping effect results in an increase of 35 %. Simulated
data are fitted to the transmittance spectra where a graphene Fermi level change from
0.17 to 0.20 eV provides a good agreement with experimental data. The simulated spectra

show a similar shape to the experimentally measured transmittance. However, the central
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Figure 2: (a) Transmittance for THz radiation polarized in the y-axis (y) before (blue)
and after (red) illumination (solid lines) overlayed with simulated results (dashed lines) for
graphene Fermi levels of 0.18 eV (blue) and 0.20 eV (red). The experimental spectra are av-
eraged over the ”Laser On” and ”Laser Off” periods. (b) Experimental (solid) and simulated
(dashed) transmittance normalized to the transmittance before illumination. (c) Normalized
transmittance measured at 3rd resonance mode (0.65 THz) during illumination, fitted with
inverse exponential equation. (d) Normalized transmittance as a function of frequency and
time. The transmittance is constant before illumination, however once illuminated there is a
rapid change in transmittance spectra which persists once the illumination source is removed.
(e & f) Simulated change in electric field |E| after illumination due to photoinduced change
of graphene Fermi level at 0.22 (d) and 0.65 THz (e).
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frequency of the resonance peak is offset by ~ 45 GHz, which may be attributed to differences
between the modelled resonator and the actual fabricated geometry and differences in the
refractive index of the deposited gold layer. The color map in Figure 3(c) indicates that the
normalized transmittance change is localised around 0.45 THz and once the illumination is

removed the effect persists, while the device is held in the dark. The simulated electric field

change (|Eo_25\i| - |E0,17e‘i|)/|E_]0>| in Figure 3(d) indicates that as the graphene Fermi level
is increased, the electric field magnitude decreases at each end of the resonator as would be
expected from the direction of the electric dipole.

The results presented in Figures 2(b) and 3(b) show that when measured with x and y
polarized THz (corresponding to electric dipole and magnetic dipole configurations) the illu-
mination creates distinct peaks of increased transmittance, which correspond to the resonant
reflectance peaks of the metasurface. Therefore it can be understood that upon illumination
the reflection resonance becomes weaker which relates to an increase in transmittance. The
normalized transmittance change is highest for THz polarization in the x-axis (x), which is
perhaps unexpected as it could be presumed that small changes in the graphene conductivity
would result in large changes to the capacitance of the resonator gap therefore altering the
y polarization by a greater degree. Our simulations indicate that the change in doping is
significantly larger for the former case, which can be attributed to adsorption of atmospheric
particles and moisture that can screen the electrostatic field of the substrate and dope the
graphene. The measurements at different orientation are separated by several days and sev-
eral thermal annealing cycles, which are likely to induce changes to the graphene layer which
is responsible for the different initial Fermi levels between the two polarization’s measured
here. When repeat cycles of illumination followed by thermal annealing are investigated
(Supplementary Figure S1) we find the normalized transmittance changes decrease with re-
peat cycles. Since we know LiNbOs can be re-used without degradation, %6 this behaviour
suggests a possible degradation of the graphene layer, where changes to the electrical prop-

erties of graphene devices on ferroelectric substrates have previously been reported due to

12
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Figure 3: (a) Transmittance measured with THz radiation polarized in the x-axis (x) be-
fore and after laser illumination (solid lines) overlayed with simulated results (dashed lines)
where graphene Fermi level is modified from 0.17 to 0.20 eV. (b) Experimental and simulated
transmittance normalized to the spectra before illumination. (c) Normalized transmittance
versus time color map. (d) Simulated change in electric field after illumination due to pho-
toinduced change of graphene Fermi level. The electric field map is obtained by simulating
the resonator covered with graphene at 0.20 eV and 0.17 eV, calculating the absolute value
of the electric field |ﬁ|, subtracting the electric field before the change (0.17 V) from the
electric fields after the change (0.20 eV), and then normalising all values with respect to the
incident electric field.
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%] To overcome this issue, future experiments

adsorption of charged atmospheric particles. !
will involve encapsulating the graphene with a protective layer such as hexagonal boron ni-
tride (hBN) which could increase the long-term stability of the device. Graphene covered
with hBN has been demonstrated to allow for high values of charge carrier mobility[®® and
provide isolation from atmospheric chemical doping.!%”) Furthermore in recent years hBN
monolayers of several square centimetres have become commercially available on sacrificial
polymer substrates for routine transfer processes, which indeed makes hBN encapsulation
compatible with the device we present here.

Our experimental measurements (see Figs. 2c¢ & 3c) indicate that the change in resonance
spectra occurs within the first few minutes of illumination. In fact, the speed of the pho-
torefractive effect in Fe:LiNbOj is directly proportional to the intensity of the illumination

57581 However, the limiting factor for the

source®” and can reach sub-picosecond timescales.
speed of the process here is associated with the THz data collection system, which takes
some minutes to collect accurate data, and as such the device is illuminated at low intensity.
Moreover, once the illumination source is removed the spectral response does not revert back
to pre-illumination conditions highlighting the non-volatility of the effect. Small variations
in the resonance spectra in absence of illumination can be attributed to the adsorption of
atmospheric particles that compensate the electric field of the lithium niobate substrate. In
Supplementary Figure S4 we plot normalized transmittance during the illumination period
and for a subsequent period of 3 hours in the dark which demonstrates the non-volatility
of the mechanism. There are visible fluctuations in transmittance, however when a moving
average is overlaid (blue line) to the figure we see that the moving average in the post-
illumination period for the two frequencies follows largely the same behaviour, suggesting
this effect is due to the spectrometer.

A control experiment is performed in which a device consisting of Fe:LiNbO3 with metallic

metasurface array without graphene is illuminated while the THz transmittance properties

are measured. The results of this control experiment (provided in Supplementary Figure

14



S2) reveal that in the absence of graphene there are no optically induced transmittance
changes. Further, the standard deviation of the control experiment normalized transmit-
tance is +0.023, which demonstrates the spectrometer fluctuations are lower than the mea-
sured normalized transmittance changes in the graphene-metal metasurface devices. Finally,
our results indicate that there is a significant contribution to the observed photo-induced

[5152] This is illustrated in Supplementary

effects from the drift mechanism in the substrate.
Figure S3, where we show reversal of the effects in metasurfaces on oppositely charged +z
Fe:LiNbOj faces. The magnitude of the transmittance changes presented here are currently
limited by the design of the metallic resonator structure (which could be optimised to pro-
duce a higher Q factor resonance) and the quality of the graphene. Further, by use of an
independent electrical top-gate we propose that the graphene could be brought towards the
Dirac point where the graphene electrical resistivity is most sensitive to changes in charge
carrier numbers. To investigate the potential for device optimisation we perform finite ele-
ment simulations in which the split ring gap is reduced to 0.5 um, and the initial Fermi level
is reduced to 0.03 eV. By injection of 8x10'!/cm? charge carriers into the graphene it is
shown in Supplementary Figure S5 the optically induced normalized transmittance changes
reach ~ 90% for the ¢ polarization, and up to 80% for the & polarization. We see that
in the optimised device the largest transmittance changes which can be achieved for the y

orientation are at 0.3 THz where the transmittance decreases from 0.26 in dark conditions

to 0.16 when illuminated.

3 Conclusion

We have demonstrated non-volatile optical tuning of a plasmonic resonator array sandwiched
between monolayer graphene and a photoresponsive Fe:LiNbOj substrate. The effect is
capable of producing normalized transmittance changes up to ~35% in the device at the

plasmonic resonance peak in a non-volatile manner and reversible under thermal annealing.

15



Finite element method simulations determine the photorefractive effect results in a charge
carrier injection of 8x10' c¢m™2 into the graphene. In subsequent work optical erasure
methods will be investigated to remove the reliance on thermal annealing. To improve the
switching capabilities of this device we propose future optimisation of the resonator geometry,
and the fabrication of an electrical top-gate to bring the graphene near to the Dirac point
where it is most sensitive to electrostatic gating. The ability to locally control the electrical
loss in a plasmonic resonator array wvia optical illumination can allow for reconfigurable
sensing and tuning applications in graphene. Further, we propose the ability to locally tune
the graphene Fermi level will allow for non-volatile, yet reversible, optically defined plasmonic
resonators of a graphene / Fe:LiNbO3 device by optically patterning regions of high and low
conductivity graphene, removing the need for permanent lithographic patterning of metallic
structures. Finally we propose that the Fe:LiNbOj substrate is not limited to use only
with graphene but will be applicable to tuning of a wide range of 2D or low dimensional
nanomaterials such as transition metal dichalcogenides which exhibit electronic bandgaps to

allow for high on-off ratio tuning of electronic conductivities.

16



4 Methods

Fabrication: Devices are fabricated on iron doped lithium niobate (Fe:LiNbOj) crystals
substrates. An array of metallic SRRs is defined by photolithography of S1813 photoresist
followed by electron beam evaporation deposition of a Cr/Au stack (5/100 nm). Excess
material is removed in a lift-off process in acetone to remove any metal deposited on top of
the photoresist. Commercially supplied CVD graphene (grown on copper foil) is transferred
wia sacrificial polymer substrate and layered on top of the SRRs in a wet-transfer process.
After transfer of the graphene the device is held under vacuum (10 mBar) for 24 hours to
remove moisture under the graphene layer and promote adhesion before the removal of the
protective PMMA layer via washing in acetone followed by isopropyl alcohol. Due to the
photo-responsive nature of the substrate, the devices are thermally annealed in a convection
oven at 100°C for 24 hours prior to any measurements in order to thermally redistribute any
non-uniform charge distributions within the substrate.

THz Time Domain Spectroscopy: THz TDS is used to characterise the transmit-
tance spectrum of the devices in the frequency range 0.1 to 1 THz. THz pulses are created
by the optical excitation of a voltage biased photo-conductive antenna (PCA) via a pulsed
femtosecond laser at 800 nm. The devices are measured before, during, and after illumina-
tion, then the frequency domain spectra is divided by a reference spectrum that was obtained
before illumination. The division removes the effects of frequency dependant emission, prop-
agation in air, propagation in lithium niobate, and Fresnel reflections from the air /Fe:LiNbO3
interface.

Ilumination: The devices are illuminated from the top surface, which is covered with
the resonator array and graphene by a 462 nm fibre coupled diode laser at 25 mW cm™,
collimated at the fibre output by an aspheric lens resulting in a 10 mm beam diameter as
shown in Figure 1(a). The laser is aligned on the device to ensure the beam completely
covers the region of the focused THz pulse; this is achieved by using a metallic aperture

of diameter 3 mm at the rear surface of the device which is placed at the THz focus and

17



visually overlapping the laser beam with the aperture. For the duration of all experiments the
emitter, detector, and SRR device are held in a light-proof box to avoid ambient illumination
of the device. Before illumination THz scans are taken over a 20 minute period to gauge the
drift in the THz system. The device is then illuminated continuously for a 70 minute period
while measuring the THz transmittance. The illumination source is then switched off and the
scans continue in the dark to observe whether any optically induced transmittance change
is non-volatile. As the optical beam is larger than the device we assume the illumination
intensity is uniform of the area of the device, therefore the photorefractive effect will be
driven by drift (along the z axis) and diffusion (to dark areas under the metallic resonators).

Charge Carrier Calculations: Charge carrier numbers can be extracted from the
Fermi level values, %8 where the frequency dependent conductivity is calculated from Fermi
level and the DC conductivity is obtained by multiplying by (1 - iwr). The carrier number
n is then simply given by dividing the DC conductivity by electron charge and mobility.
From this calculation we find that for a Fermi level change from 0.17 to 0.20 eV there is

a carrier injection of 8x10' cm™2

in response to the optical gating effect of the substrate
under illumination.

Finite Element Analysis: A finite element analysis method is performed to show
the effect of varying graphene Fermi level on the transmittance spectrum of the resonator
structures. The model consists of a unit cell 50 x 50 gm in the x-y direction; linearly
polarised electromagnetic radiation is excited from a port on the upper plane of the unit
cell propagating downwards through 300 pum of air then into a 1 mm deep slab of lithium
niobate. Experimental values of the frequency dependent complex refractive index of the
LiNbOj3 substrate are measured in our THz TDS. A gold resonator structure is created
on the air/lithium niobate interface and modelled to the 2 dimensional geometry of the
photolithography mask. The permittivity values of the gold are taken from a Drude model. [6°]

Graphene is modelled as 3D sheet covering the entire unit cell on top of the gold resonator,

which is identical to the fabricated structure. Graphene permittivity and conductivity are
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s~ as quoted

dependent on Fermi level and frequency, and mobility is taken as 3760 cm?V ™~
by the graphene manufacturer. Transmitted power is normalized against a simulation in
the absence of graphene and gold through a LiNbOg3 slab. The simulation is first performed
in the absence of the graphene layer to compare to experimental spectra before graphene

transfer. The graphene layer is then added to the simulated model and the Fermi level of the

graphene is modified in a parametric sweep to find convergence with experimental results.
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