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ABSTRACT: We demonstrate, experimentally, nonvolatile optical control of terahertz metasurfaces composed of a metallic spli
ring resonator array sandwiched between monolayer graphene and a photoconductivestbdtibiieO We demonstrate
frequency-selective tuning of THz transmission amplitude, and our results pave the way toward spatially resolved control of TF
metasurfaces for beam steering, imaging, and sensing applications. The substratg $EppdNb@onvolatile yet reversible
photoinduced charge distributions, which locally modify the electrostatic environment of the nano-thickness graphene monolay
altering the graphene electrical conductivity and therefore changing the resonance spectra of the metamaterial array. We pre:
light-induced normalized transmittance changes up to 35% that are nonvolatile and persist after the illumination source is remov
yet can be reversed by thermal annealing.

KEYWORDS:tunable, metamaterials, plasmonic, lithium niobate, terahertz, 2D materials, nonvolatile

1. INTRODUCTION where the resultant amplitude tuning is a broad baat e
hich decays on the order of the charge recombination time of
%fsemiconductor materiad;( 100 ns, gaas 1 NS). The
ect has also been employed in combination with structured

illumination for wavefront shapth@gnd tunable plasmonic

gratings® Semiconductors have been combined with two-

quality control of semiconductor manufactdfitigand : ; ; :
broad bandwidth telecommunication syst&rsDespite dimensional (2D) materials to enhance the photoabsorption
e _ects, where photoexcited carriers within the semiconductor

this wide array of applications, there is a lack of optoelectrorHIC use into the 2D material where they experience a

devices for the tuning of phase, amplitude, and polarization (%fgnicantly higher mobility and therefore interact more
r

terahertz radiation. To this end, a variety of tuning techniqu§ ongly to absorb the THz radiafi6ff. To implement

H 16 718 419 21
based on_optical,*® thermal, electronic; and further functionality into tuning devices, it can be desirable to

noqetciggn:;c%aﬁ:ﬁtﬁqﬂﬂg d;netehnoe?;ghrgﬁ a%?g:]t;eg%'\?gfdrncorporate metamaterials as they have been demonstrated to
P 9 9 allow for strong absorption with highly frequency selective

other approaches in that they readily allow for large areas Ofo .1 28 32 \jetamaterials fabricated on semi-insulating
the tuning device to be addressed in parallel and with micron-

scale spatial resolution, although such mechanisms are typicaiy —

volatile. Early demonstrations relied on optically excited chargeceived: August 19, 2020
carriers in bulk semiconductdrs®** Under illumination ccepted: August 26, 2020
with a pump laser, electrons are excited from the valence to fAig°lished: September 7, 2020
conduction band and consequently act as a free-carrier plasma

interacting strongly with THz radiation. Optical tuning by this

method has been demonstrated in sificbhand GaA$

Terahertz frequencies show potential for technologic
applications in a wide range of areas, such as spectroscop
biological samplés’ detection of concealed drugs and
explosives,” imaging of astronomical objéCtsndustrial
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GaAs*** silicon?® *° and ErAs/GaAS$ have been demon- responsive substrate for the tuning of the electrical properties
strated where tuning of the substrate dielectric propertied monolayer graphénend demonstrated a nonvolatile and

a ects the plasmonic resonance of the metamaterial arragversible 2.6-fold increase of graphene resistivity under white
Further, the combination of 2D materials with metamaterialght illumination. Here, we use this material platform to
and semiconductors allows us to tune metamaterial resonadegnonstrate optical control of the properties of monolayer
through optical doping of the 2D material by the semigraphene at terahertz frequencies. The system under study
conductor substrat&** Such mechanisms based on photo-consists of a hybrid graphemetal metasurface comprising
excited charge carriers are volatile and do not persist once #re array of split-ring resonators (SRR) on an Fe:LiNbO
illumination source is removed,; it is therefore advantageousgobstrate (seé-igure &). We optically dee charge

look toward optically actuated mechanisms that are non
volatile. Phase-change materials have been demonstrated as a

platform for tunable nonvolatile plasmonic devices, where the

crystalline-to-amorphous transition results in substantial

refractive index changes. However, optical control of phase-

change media requires typically comgle>gnmtions based

on pulsed, high-intensity laser systérisThe 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 involve electrical doping and therefore

cannot control in a direct manner the properties of a 2D

material, and furthermore phase-change materials are notori-

ously di cult to combine with metals as theyesufrom

interdi usion, which can destroy plasmonic resonant sys-

tems’® The mechanism proposed here can allow a platform f@igure 1.(a) Schematic of an Fe:LiNpGubstrate patterned with a
nonvolatile control of other semiconducting 2D materialgold resonator array and covered in graphene. Upon illumination,
beyond graphene to enable devices with tunable frequency &rttrons within the substrate are excited into the conduction band,
strength of emission. which are then free to migrate in the crystal, thus creating nonuniform

Here, we present a nonvolatile optical doping mechanism arge distributions. In response to the electroghticreated in
2D and few-atomic-layer nanomaterials based on iron-dop substrate, the graphene becomes electrostatically doped, altering
i

S . o o o Ohmic losses in the metamaterial system, altering the resonance
lithium niobate (Fe:LiNbQ. Fe:LINDG exhibits a photo- spectra. (b) Experimental and simulated transmittance spectra of

refractive eect;® _1 where Fe impurities act as photoexcitedmetallic resonators at two orientations without graphere. (c
donor/acceptor sites for electrons, allowing the formation &imulated electriceld maps at 0.22, and 0.65 THz for yhe
optically dened charge domains within the crystal. Uponorientation and at 0.45 THz for therientation. The electrield is
illumination, electrons are excited frofi ékenor sites to the  normalized to the amplitude of the incidesitl. Green arrows
conduction band within which they are free to migrate in theepresent the current density in the metallic split rings.

crystal lattice. Under nonuniform illumination, electrons wilt
migrate from areas of high to low illumination intensity due tdistributions in the substrate to locally tune the conductivity

di usion, becoming trapped at“Facceptor sites in dark of the graphene monolayer, which controls the damping of the
regions. Along with dision, there is also a drift mechanism inresonator system and thereby tunes the metamaterial
which the photoexcited electrons are released from the don@sonance strength. We observe nonvolatile light-induced
sites with a directional preference along the direction af the €hanges in the metasurface spectral response, which are
crystal axi$:>”> There is an interplay between the two reversed by thermal annealing of the substrat#inBy nite
mechanisms with the drift mechanism dominating at leng#lement calculations to the experimental results, we estimate
scales above a few microns. Nonuniform illumination  an optically induced change in graphene charge carrier density
results in an optically written spatial charge distribution aff the order of & 10' cm 2 We propose that the spatially
arbitrary shape that depends on the illumination pattern. Thaddressed frequency-dependent transmission through such a
spatial charge distribution is nonvolatile at room temperatugevice could be an invaluable tool for a rgcoable control

for long periods of time (years)owever, it can be reversed of THz optics in applications such as wavefront shaping of
by either thermal annealing or uniform illumination, whictbeam steering. Further, we propose that the photoconductive
evenly redistributes the charges within the crystal. THghium niobate platform @sented here can allow for
photoresponsive mechanism in lithium niobate is extremenpnvolatile control of a range of low-dimensional semi-
versatile to implement as it is responsive to a wide frequenegnducting materials such as transition-metal dichalcogenides,
range in the visible spectrum (depending on the choice afhich exhibit gate-dependent electrical conduction and
dopant® and can be actuated by both incoherent andemissiofi’

coherent, pulsed or continuous wave light sources. Further, the

speed of the photorefractivee@ scales with illumination 2. RESULTS AND DISCUSSION

intensity® and can reach sub-picosecond time Stald@he The hybrid graphenenetal metasurface is fabricated on a z-
ability to create photoinduced nonvolatile charge distributiorwut iron-doped lithium niobate (Fe:LiNpGsingle crystal

has led to the use of Fe:LiNDOr recording of holograris,  substrate, and a resonator array is photolithographically
optoelectronic tweezers for nano-objéetsd optical align-  de ned by deposition of a 5/100 nm Cr/Alm and the

ment of liquid crystdi$.Recently, we suggested that iron- subsequent lift-oprocess. The resonance behavior of the
doped lithium niobate can be employed as an opticallyjetallic structure can be described well by analogy with an
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inductor capacitor electrical circtfitin 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 (depicted igure &) is illuminated from the top

surface using a 462 nm laser source to create a nonuniform

illumination within the Fe:LiNpGubstrate, which results in

optically induced spacsharge distributions. THz trans-

mittance 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 b shows the transmittance spectrum of the device

before the transfer of graphene on top of the metasurface,

measured for dérent polarizations of the THz wave, either

parallel §) or perpendicularxj 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 at around 0.65 THz, which

correspond to the fundamental and third-order resonances,

respectively, while in the case of perpendicular to the gap

polarization X), the metasurface presents a broad resonance

dip centered at 0.45 THz, which is the second-order resonance.

Experimental measurements are in good agreemenmtit&ith

element simulations for both polarizations (see dashed lines in

Figure. ). Overlaid on the plot are dashed lines showingdrigure 2.(a) Transmittance for THz radiation polarized inytheis
S|mu|ated transmrttance Spectra Correspond|ng to a Slmla} be_fOI‘e (blue) and after (red). illumination (Sohd |IneS)_ OVerlayed
metamaterial unit cell on the lithium niobate substrate. Thepith simulated results (dashed lines) for graphene Fermi levels of 0.18

. - : / (blue) and 0.20 eV (red). The experimental spectra are averaged
'S.t? deVIatlfJnh_b?]tWe?n the S'.mUIateﬂ. ahnd. meas_l[:l)retd dtm;rgver the'Laser Ohand“Laser O” periods. (b) Experimental (solid)
mittance -at higher requencies, which 1S altnbuted 1q,q gimylated (dashed) transmittance normalized to the trans-

fabrication imperfectioriSgure £,e shows simulated electric mjttance before illumination. (c) Normalized transmittance measured
eld maps (without graphene) at a planembabove the  at 3rd resonance mode (0.65 THz) during illuminatiteq with
metamaterial surface for the parallel to the gap polarigation (he inverse exponential equation. (d) Normalized transmittance as a
at 0.22 and 0.65 THz, indicating magnetic dipole and electrignction of frequency and time. The transmittance is constant before
guadrupole eld congurations, with the electriceld illumination; however, once illuminated, there is a rapid change in
presented as a percentage of the absolute eledtric transmittance spectra, which pers_ists once the iIIu_mina}tior! source is
propagating through air (in the absence of substrate angmoved. (e, f) Simulated change in eleetiddE] after illumination
metal).Figure {d) presents similar data for 0.45 THz for the due to photoinduced change of the graphene Fermi level at 0.22 (d)
perpendicular to the gap polarizatiop Where the system and 0.65 THz (e).
supports an electric dipole resonance.

Figure Zhows experimental and simulated spectra reveali@el is moded from 0.18 to 0.20 eV. There is good
photoinduced changes in the response of the hybridgreement between the experiment and simulation except at
graphenemetal metasurface measured with polarized THme low frequencies, where transmittance measurements in the
along they-axis ¥) radiationFigure a plots the transmittance THz TDS become sensitive to phase errors arattion, and
before and after illumination. The resonant transmittance dipggh frequencies, which sufrom low signal-to-noise ratio.
at 0.22 and 0.65 THz show sigant damping as comparedto Figure B presents the transmittance spectr&igfre a
the spectra in the absence of the graphene layer (shownriormalized to transmittance before illumination. Two peaks
Figure b). The resonance dips aried with Lorentzian can be observed that correspond to the resonant frequencies of
functions to extract the corresponding line width, resonan@22 and 0.65 THz, where the maximum increase in
frequency, an@ factor. Upon illumination, there is additional normalized transmittance reaches up to Ai5%4e 2 plots
damping of the resonant dips where the full width at halthe normalized transmittance at the third-order resonance
maximum (FWHM) of the fundamental resonance (at 0.22node (0.65 THz) while the device is under illumination. The
THz) is increased from 228 to 253 GHz. To assess the shapansmittance values are normalized to transmittance before
of a resonance feature, Qefactor is commonly quoted, illumination, and the data points ateed with an inverse
which is dened by the central frequency divided by theexponential equatidrof formT =a(1 e 7%) + 1, wherel
resonance widthQ( = fy/ f), where the FWHM of the is the normalized transmittance vai®the scaling factor =
resonance peak is used for the resonance Wid#fs the 0.19Fis the energy deposited, &y the energy required to
resonance width increases at the fundamental resona@ce, theach to 67 % of saturation value, which here is equal to 11.1 J/
factor decreases from 0.85 to 0.72, while at the third-orden?. The saturation valse a+ 1, which therefore reveals the
resonance, the FWHM increases from 358 to 387 GHszaturated normalized transmittance change of 1Hi§uila
resulting in the) factor decreasing from 1.75 to 1.61 as the2d, frequency-dependent normalized transmittance values are
Ohmic losses are increased due to the optically induced gatpigtted in a color map as a function of time (ory-goas). All
e ect induced by the substrate. OverlaitFigure 2 are transmittance values are normalized with respect tiatkie
simulated transmittance spectra, where the graphene Fermlues. The color map shows that in tsie20 min, while the
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laser is o, the THz transmittance through the device is stabl®&90 to 630 GHz and results i@ éactor decrease from 0.78 to
in dark ambient conditions. However, once the 462 nm las@r73. The corresponding normalized transmittance change (see
source is switched on, sudden changes in transmittance oc&ugure B) presents a resonance peak at around 0.45 THz,
which are localized to two distinct frequency bands at 0.22 andhere the optical dopingeet results in an increase of 35%.
0.65 THz. After the laser is switchegtloe optically induced Simulated data aréted to the transmittance spectra where a
e ects persist, in the absence of illumination, highlighting thegaphene Fermi level change from 0.17 to 0.20 eV provides a
nonvolatile nature of the mechanisigures &,f presents the  good agreement with experimental data. The simulated spectra
show a similar shape to the experimentally measured
transmittance. However, the central frequency of the resonance
| EyiseV! | Ep| @above the metasurface for thet (0.22 peak is oset by 45 GHz, which may be attributed to
THz) and second (0.65 THz) resonance. At the fundamentali erences between the modeled resonator and the actual
resonance (0.22 THz), the main change takes place in tfi@bricated geometry andetiences in the refractive index of
vicinity of the split-ring gap, where the eleatiit decreases the deposited gold layer. The color mdpgare 8 indicates
by 1%. At the third-order resonance (0.65 THZjigore 2 that the normalized transmittance change is localized at around
the electric eld minimum in the gap increases, whiledglte ~ 0.45 THz and that once the illumination is removed #ut e
maxima at the two opposite corners show a decrease in elegdéesists, while the device is held in the dark. The simulated
eld, which shows a reduced contrast in eleetdovalues. ; T
The eld maps presentedfigure 2,f can be understood in g(ljectnc eld change] (Eozed | Eoi7ew | Eol in Figure
the following manner: as the Fermi level of the graphene &,
increased, the graphene conductivity also increases, whé%
leads to a decrease in ament and increase in Ohmic loss.
Electric elds in regions that were previously high will b
decreased, whileelds in regions which were low will be
increased as the plasmonic mode loseseroant. Therefore,
Figures &,f shows almost the inverse colorlgnm Figures
1c and e (which display the electredld maps without
graphene).

Figure 3presents the spectral response of the hybri
graphene metasurface measured with polarized THz along
x-axis k). Here, the resonance centered at 0.45 THz i
damped after illumination of the device, which leads to
increase of the FWHM (obtained by Lorentziting) from

corresponding simulated change of the elesitli§ E;, .\

indicates that as the graphene Fermi level is increased, the
ctric eld magnitude decreases at each end of the resonator
ould be expected from the direction of the electric dipole.
o The results presentedHrigures B and3b show that when
measured witlkx and y polarized THz (corresponding to
electric dipole and magnetic dipole gonations) the
illumination creates distinct peaks of increased transmittance,
which correspond to the resonantectance peaks of the
metasurface. Therefore, it can be understood that upon
ijlumination the resction resonance becomes weaker, which
? !,_}ates to an increase in transmittance. The normalized
hsmittance change is highest for THz polarization in the
a -axis X), which is perhaps unexpected as it could be
Sresumed that small changes in the graphene conductivity
would result in large changes to the capacitance of the
resonator gap, therefore altering/th@arization by a greater
degree. Our simulations indicate that the change in doping is
signi cantly larger for the former case, which can be attributed
to adsorption of atmospheric particles and moisture that can
screen the electrostatield of the substrate and dope the
graphene. The measurements atrelnt orientations are
separated by several days and several thermal annealing cycles,
which are likely to induce changes to the graphene layer, which
is responsible for the drent initial Fermi levels between the
two polarizations measured here. When repeat cycles of
illumination followed by thermal annealing are investigated
(Supporting InformationFigure S), we nd that the
normalized transmittance changes decrease with repeat cycles.
Since we know that LiNROcan be reused without
degradatiof’®* this behavior suggests a possible degradation
of the graphene layer, where changes to the electrical
properties of graphene devices on ferroelectric substrates
Figure 3.(a) Transmittance measured with THz radiation polarizedhave prew(_)usly b_een reported due to a(_jso_rptlon of charged
in the x-axis §) before and after laser illumination (solid lines) atmospheric ParF'CI%%-TO overcome this issue, future
overlayed with simulated results (dashed lines) where the graphé@&eriments will involve encapsulating the graphene with a
Fermi level is modid from 0.17 to 0.20 eV. (b) Experimental and protective layer such as hexagonal boron nitride (hBN), which
simulated transmittance normalized to the spectra before illuminati@ould increase the long-term stability of the device. Graphene
(c) Normalized transmittance versus time color map. (d) Simulategovered with hBN has been demonstrated to allow for high
change in electrield after illumination due to photoinduced change 5| ,es of charge carrier mol.fiﬁitmd provide isolation from
of the graphene Fermi level. The eleceid map is obtained by tmospheric chemical dop%@.urthermore, in recent years,

simulatipg the resonator covered with graphene at O.ZQ and 0.17 % N monolavers of several square centimeters have become
calculating the absolute value of the eleelddE|, subtracting the Yy q

electric eld before the change (0.17 eV) from the eleelds after ~ commercially available on sawl polymer substrates for
the change (0.20 eV), and then normalizing all values with respectf@utine transfer processes, which indeed makes hBN
the incident electriceld. encapsulation compatible with the device we present here.
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Our experimental measurements Sgeres € and 3c) graphene and a photoresponsive Fe:liN®strate. The
indicate that the change in resonance spectra occurs within thect is capable of producing normalized transmittance
rst few minutes of illumination. In fact, the speed of thehanges up t035% in the device at the plasmonic resonance
photorefractive ect in Fe:LiNbQis directly proportional to  peak in a nonvolatile manner and reversible under thermal
the intensity of the illumination sodfcand can reach sub- annealing. Finite element method simulations determine that
picosecond time scalés! However, the limiting factor for the photorefractive ect results in a charge carrier injection of
the speed of the process here is associated with the THz d8ta 10'* cm ? into the graphene. In subsequent work, optical
collection system, which takes some minutes to colleetasure methods will be investigated to remove the reliance on
accurate data, and as such, the device is illuminated at lthermal annealing. To improve the switching capabilities of
intensity. Moreover, once the illumination source is removethis device, we propose future optimization of the resonator
the spectral response does not revert back to pre-illuminatiggometry and the fabrication of an electrical top gate to bring
conditions, highlighting the nonvolatility of thece Small  the graphene near to the Dirac point where it is most sensitive
variations in the resonance spectra in the absence tof electrostatic gating. The ability to locally control the
illumination can be attributed to the adsorption of atmospheriglectrical loss in a plasmonic resonator afeapptical
particles that compensate the eleceid of the lithium illumination can allow for recgurable sensing and tuning
niobate substrate. In Supporting Informafignire S4we applications in graphene. Further, we propose that the ability
plot normalized transmittance during the illumination periodo locally tune the graphene Fermi level will allow for
and for a subsequent period of 3 h in the dark, whiclmonvolatile, yet reversible, optically neée plasmonic
demonstrates the nonvolatility of the mechanism. There aresonators of a graphene/Fe:Lilb@evice by optically
visible uctuations in transmittance; however, when a movingatterning regions of high and low conductivity graphene,
average is overlaid (blue line) on thare, we see that the removing the need for permanent lithographic patterning of
moving average in the post-illumination period for the twenetallic structures. Finally, we propose that the Fed.iNbO
frequencies follows largely the same behavior, suggesting thastrate is not limited to use only with graphene but will be
this e ect is due to the spectrometer. applicable to tuning of a wide range of 2D or low-dimensional

A control experiment is performed in which a devicenanomaterials such as transition-metal dichalcogenides, which
consisting of Fe:LiINgOwith a metallic metasurface array exhibit electronic band gaps to allow for highoomatio
without graphene is illuminated while the THz transmittanceuning of electronic conductivities.
properties are measured. The results of this control experiment
(provided in Supporting InformatiBigure Spreveal that in 4. METHODS
the absence of graphene there are no optically induced o ) ] ) o
transmittance changes. Further, the standard deviation of thé1. Fabrication. Devices are fabricated on iron-doped lithium
control experiment normalized transmittane8.823, which niobate (Fe:LiNbg) crystal substrates. An array of metallic SRRs is

: de ned by photolithography of an S1813 photoresist followed by
demonstrates that the Spectromeletu_atlons are lower th".m lectron beam evaporation deposition of a Cr/Au stack (5/100 nm).
the measured normalized transmittance changes in t

h ) cess material is removed in a liftrocess in acetone to remove
graphenemetal metasurface devices. Finally, our resulig,y metal deposited on top of the photoresist. Commercially supplied
indicate that there is a sigrant contribution to the observed chemical vapor deposition (CVD) graphene (grown on copper foil) is
photoinduced escts from the drift mechanism in the transferrediaa sacricial polymer substrate and layered on top of the
substraté™®? This is illustrated in Supporting Information SRRs in a wet-transfer process. After transfer of the graphene, the
Figure S3 where we show reversal of thecés in device is held under vacuum {10Bar) for 24 hours to remove
metasurfaces on oppositely chargedrFe:LiNbG faces. moisture under the graphene layer and promote adhesion before the

The magnitude of the transmittance changes presented heré?@o"a'h.‘)f the prmec“"ef pluloly(rge:)hyll methacrly""l‘te)h(ﬁ’M[')v'A) Iayir
o ; : ia washing in acetone followed by isopropyl alcohol. Due to the
currently limited by the design of the metaliic I’esonato}éhotoresponsive nature of the substrate, the devices are thermally

structure (which could be optimized to produce a hi@her . o-cqin a convection oven at@Ofor 24 h prior to any

factor resonance) and the quality of the graphene. Further, P\asurements to thermally redistribute any nonuniform charge
use of an independent electrical top gate, we propose that {i&tributions within the substrate.

graphene could be brought toward the Dirac point where the 4.2, THz Time Domain SpectroscopyTHz TDS is used to
graphene electrical resistivity is most sensitive to changesiiaracterize the transmittance spectrum of the devices in the
charge carrier numbers. To investigate the potential for devigequency range 0.1 THz. THz pulses are created by the optical
optimization, we performmite element simulations in which excitation of a voltage-biased photoconductive antenna (PCA) via a
the split-ring gap is reduced t6 Om and the initial Fermi  Pulsed femtosecond laser at 800 nm. The devices are measured

level is reduced to 0.03 eV. By injection ®f B cm 2 before, during,.and after illumination, and then the frequenqy domain
ectra are divided by a reference spectrum that was obtained before

charge carriers into the graphene’ It 1S jhOV\c’jn In Squo(;t'rﬁﬁJmination. The division removes theots of frequency-dependent
InformationFigure S3hat the optically induced normalized gnission, propagation in air, propagation in lithium niobate, and
transmittance changes rea@0% for they polarization and  Fresnel resctions from the air/Fe:LiNaGnterface.

up to 80% for th& polarization. We see that in the optimized 4.3, |llumination. The devices are illuminated from the top
device the largest transmittance changes that can be achiexgthce, which is covered with the resonator array and graphene by a
for the y orientation are at 0.3 THz where the transmittancé62 nm ber-coupled diode laser at 25 mW?3epllimated at the
decreases from 0.26 in dark conditions to 0.16 wherber output by an aspheric lens, resulting in a 10 mm beam diameter

illuminated. as shown ifrigure &. The laser is aligned on the device to ensure
that the beam completely covers the region of the focused THz pulse;
3. CONCLUSIONS this is achieved using a metallic aperture of diameter 3 mm at the rear

) ) ] surface of the device, which is placed at the THz focus and visually
We have demonstrated nonvolatile optical tuning of averlapping the laser beam with the aperture. For the duration of all
plasmonic resonator array sandwiched between monolageperiments, the emitter, detector, and SRR device are held in a light-
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proof box to avoid ambient illumination of the device. Before Nikitas Papasimakis Optoelectronics Research Centre,
illumination, THz scans are taken over a 20 min period to gauge the University of Southampton, Southampton SO17 1BJ, U.K.
drift in the THz system. The device is then illuminated continuously \/gsilis Apostolopoulos School of Physics and Astronomy,

for a 70 min period while measuring the THz transmittance. The University of Southampton, Southampton SO17 1BJ, U.K
illumination source is then switchedanmd the scans continue in the ’ T

dark to observe whether any optically induced transmittance chang€@mplete contact information is available at:
nonvolatile. As the optical beam is larger than the device, we assumigs://pubs.acs.org/10.1021/acsanm.0c02243
that the illumination intensity of the area of the device is uniform;
therefore, the photorefractivee will be driven by drift (along the  Notes
z-axis) and dusion (_to dark areas under the me_tallic resonators). The authors declare no competingncial interest.

4.4. Charge Carrier CalculationsCharge carrier numbers can
be extracted from the Fermi level v&fuegere the frequency- ACKNOWLEDGMENTS
dependent conductivity is calculated from the Fermi level and the DC ) i .
conductivity is obtained by multiplying by (i ). The carrier ~ We acknowledg@ancial support from the UKEngineering
numbern is then simply given by dividing the DC conductivity by and Physical Sciences Council through the Teranet network
electron charge and mobility. From this calculatiomdatbat for a (grant EP/M00306X/g) and from the Quantum Hub of
Fermi level change from 0.17 to 0.20 eV there is a carrier injection §&nsing and Timing (EP/T001046/1). All data supporting this

8x 10" cm ?in response to the optical gatinga of the substrate  study are openly available from the University of Southampton
under illumination. repository.

4.5. Finite Element AnalysisA nite element analysis method is
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