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Abstract

The harmonic generation of light with plasmonic and all-dielectric nanostructures has gained much recent
interest. This approach is especially promising for short wavelength (i.e. ultraviolet (UV)) generation,
where conventional nonlinear crystals reach their limits both in transparency and in their ability to achieve
phase-matching between the input and output fields. Here we demonstrate that the third harmonic
generation of deep UV light in an indium tin oxide (ITO) film can be substantially enhanced by a
metasurface consisting of metallic toroidal meta-atoms covered with an alumina layer for protection against
laser induced damage. This approach combines the benefits of the large nonlinear susceptibility of ITO
with the unique field enhancement properties of a toroidal metasurface. This ITO-meta-atom combination
produces a third harmonic signal at a wavelength of 262 nm that is nominally 5 times larger than that of an
ITO film patterned with a conventional hotspot-enhanced plasmonic dimer array. This result demonstrates
the potential for toroidal meta-atoms as the active engineered element in a new generation of enhanced

nonlinear optical materials and devices.
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Introduction

The conversion of multiple low-energy photons into a single high-energy photon, known as harmonic
generation, has been employed extensively for decades both for fundamental optics and for its numerous
applications. These include nonlinear sensors,* nanorulers,? bioimaging enhancement,® lasers,*® and light
harvesters.” The generation of optical harmonics also finds frequent application in the development of
commercial laser tools.® In particular, third harmonic generation (THG) has been demonstrated successfully

1214 metallodielectric Fano clusters',

in dielectric metasurfaces,®** plasmonic subwavelength platforms,
and atomically thin monolayers.®*® One advantage of THG, compared to second harmonic generation, is
that it does not require a nonlinear medium that lacks inversion symmetry.'” Since the nonlinear signal
generated increases with the third power of the incident electromagnetic field intensity, the corresponding
conversion efficiency can be increased substantially by maximizing the excitation density.*® Plasmonic
nanostructures have become increasingly popular nanophotonic systems for nonlinear optics due to their
ability to strongly localize an incident electromagnetic field at metallodielectric interfaces.’ Strongly-

152021 and well-engineered artificial planar and 3D meta-atoms’ are examples

coupled nanoparticle clusters
of typical subwavelength platforms for the excitation of nonlinear features in, and by, plasmonic structures.
In particular, ITO-plasmonic hybrid systems have shown to enhance THG compared to bare plasmonic

structures®.

Structures known as non-radiating anapoles have recently been introduced for producing ultrastrong
nonlinear features in both metallodielectric and all-dielectric systems; they have been used to demonstrate
the generation of visible signals from near-infrared fundamental beams.'”*2¢ Anapoles originate from the
destructive interference of toroidal and electric dipoles, and have head-to-tail charge-current configuration
signatures. While anapoles provide strong nonlinear enhancements, exciting these modes at short
wavelengths has been challenging, limiting their application for harmonic generation at short wavelengths.
However, toroidal dipoles with charge-current configurations analogous to anapoles can be excited at

shorter wavelengths (i.e. visible) and show strong electromagnetic field localization. They represent



volumetric oscillations of radial current J (that is 7 ] # 0) and therefore are fundamentally distinct from
electric multipoles (oscillating charge density) or magnetic multipoles (oscillating transverse current J, that

is P xJ 0).%" Generally, the projected far-field radiation pattern from a toroidal scatterer is largely
concealed by classical electromagnetic multipoles.'’>-2® Hence, the detection of such an inherently weak

multipole requires well-engineered metamolecules or meta-atoms.

Here we report the generation of deep ultraviolet (DUV) light based on THG using a toroidal-resonant
plasmonic metasurface. (The DUV is typically defined as the UV wavelength range shorter than 350 nm)
The metasurface was fabricated on top of a substrate consisting of a thin indium tin oxide (ITO) layer on
glass. An alumina layer was deposited on top of the metasurface to prevent it from being easily damaged
by the pump laser beam. Taking advantage of the strong third-order susceptibility (y ®) of the ITO
sublayer,? the toroidal metasurface was specifically designed to boost its THG signal from a fundamental
beam at a wavelength of 785 nm, generating 262 nm UV light. To evaluate the benefits of this unique
plasmonic metasurface for THG, we performed both numerical and experimental studies to compare the
THG strength to that of a resonant dimer array. This comparison provides a valuable understanding of the

superior nonlinear optical response of toroidal metasurfaces for UV light generation.



Figure 1. Design of the nonlinear plasmonic toroidal metasurface device. (a) General schematic of the
metasurface design, showing the direction of the induced toroidal dipole moment and the formation of
charge-current configurations between proximal resonators. (b) Top-view schematic of a single unit cell
with geometric parameters. (¢) Cross-sectional profile of the device. (d) SEM image of the toroidal
metasurface prior to alumina deposition. Scale bar: 400 nm.

Results
The metasurface was fabricated as a two-dimensional periodic array of gold nanostructures on an 1ITO/glass
substrate using electron-beam lithography. A schematic of the metasurface design shows the formation of

closed-loop charge-current configurations between the proximal resonators within a unit cell,

corresponding to the toroidal dipolar mode (ﬁ (Figure 1a). The geometric parameters of the toroidal meta-
atom are shown in Figure 1b. The period was selected to be 395 and 310 nm in the x and y directions,
respectively, to maximize field enhancement (see Figure S1). A cross-sectional schematic of the unit cell
is demonstrated in Figure 1c. The underlying 100 nm ITO layer serves as the nonlinear material, while the
nanoresonators provide field enhancement to boost the THG. The plasmonic nanostructures are 50 nm thick

and are covered with a 300 nm thick alumina capping layer to prevent deformation under intense laser



exposure. Finally, Figure 1d shows a representative scanning electron microscopy (SEM) image of the

fabricated nanoarray with good uniformity prior to alumina deposition.
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Figure 2. Sample characterization and numerical simulations. (a) Experimental (solid) and simulated
(dotted) transmission spectrum of the toroidal metasurface. (b) Theoretical calculations of the scattering
cross-sections of several multipoles present under illumination: TD, toroidal dipole; ED, electric dipole;
MD, magnetic dipole; EQ, electric quadrupole. (c) Charge distribution on the top surface at the resonance
frequency. (d) Vectorial surface current density map for the toroidal mode at the resonance frequency (top
view). (e) Normalized magnetic field distribution at the fundamental (|Hoump (4)]) and THG (JHrue (2)])
wavelengths (cross-sectional view).

Excitation with polarized light along the y-axis of the unit cells generates an optical resonance close to the
excitation wavelength of 785 nm (Figure 2a). The simulated transmission spectrum shows good consistency
with the experimental profile, while the discrepancy most likely originates from slight geometric
differences between the fabricated and designed structures. To better understand the resonance properties,
a detailed multipolar decomposition was performed using finite-difference time-domain simulations
(FDTD, see Methods). The total scattering cross-section of the toroidal metasurface can be decomposed
into contributions from a toroidal dipole (TD), an electric dipole (ED), a magnetic dipole (MD), and an
electric quadrupole (EQ) (higher orders of the multipolar expansion were neglected in the computations).
The dominant mode near the fundamental frequency can be attributed to the TD mode (Figure 2b). The

charge distribution for the formation of the toroidal dipole, obtained using the finite-element method, is



shown in Figure 2¢ (FEM, see Methods). The corresponding electric field enhancement is provided in
Figure S2. The electric field is highly confined in the two capacitive openings on both sides, producing
antiparallel magnetic fields in neighboring resonators. This mismatch between induced magnetic moments
is essential for the formation of the desired charge-current configuration across the unit cell. The mismatch
in the numerically calculated induced surface current density vectorial profile is explicitly illustrated in
Figure 2d (for details, see Methods). This loop current generates a significantly localized rotating magnetic
field that penetrates deep into the ITO layer, shown as cross-sectional profiles at both the fundamental (top)

and the third harmonic (bottom) wavelengths (Figure 2e).
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Figure 3. Nonlinear characterization. (a) Experimental and (b) simulated third harmonic spectrum of the
toroidal metasurface (red) and dimer array (green). (c) Power dependence of the THG of the toroidal
metasurface (red) and dimer array (green) with respect to the pump power in a log-log plot. The lines
indicate a third order power dependence. (d) Comparison of the measured effective third order
susceptibilities.



To probe the THG of the toroidal metasurface, we built a custom optical setup (Figure S3) using a CaF-
lens to focus femtosecond laser pulses (~100 fs) onto the sample, with the light passing through the substrate
first to avoid absorption of the generated UV signal in the glass substrate (see Figure S4 for a spectral
measurement of the pump beam). The pump signal in the transmitted beam was routed through a deep UV
filter, as well as a deep UV monochromator, and the THG was detected using a photomultiplier tube (PMT)
(see Methods for details). The pump beam was polarized along the y axis. The generated third harmonic
spectrum had a sharp peak centered around 262 nm (Figure 3a). In comparison, a disk-dimer array with a
similar resonance position showed a much weaker THG response (about five times), given the same amount
of Au per unit area (i.e. 13.5 % surface coverage, characterized by scanning electron microscopy and image
processing). The average pump powers used were 27 mW for the toroid sample and 48 mW for the dimer
sample. For comparison, the intensities in Figure 3a were scaled according to the calculated effective third
order susceptibility values (see below). An experimental and simulated transmission spectrum of the dimer

metasurface can be found in Figures S4 and S5, respectively.

The origin of the observed THG signal can indeed be attributed to THG generated in the metasurfaces, both
by FDTD simulations (Figure 3b) and measurements of the power dependence (Figure 3c). The power
measurements were conducted using the same optical setup as was used for the spectral measurements,
except that the monochromator was replaced by additional UV filters to eliminate the pump signal. A log-
log plot of the THG signal with respect to the excitation power of both structures follows the expected third
order dependence. Notably, the signal intensity from the toroidal metasurface is nominally 5 times larger

than the signal intensity due to the disk-dimer array. To further study the nonlinear efficiency, we calculated
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18,32,33

the effective third order susceptibility (y.;,) directly from the experimental data as
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where g, is the vacuum permittivity, c is the speed of light, 4 is the wavelength of the fundamental
harmonic, n,, and n;,, are the refractive indices at the fundamental (785 nm) and third (262 nm) harmonic
frequency, wy is the beam waist radius, [ is the interaction length, and P,, and P;,, are the peak powers at
the fundamental and third harmonic, respectively (see Supporting Information for details). Figure 3d
summarizes the effective nonlinear coefficient for the toroidal metasurface, the disk-dimer array and an un-

patterned thick ITO film, for reference. An interaction length of 100nm, i.e. the ITO layer thickness, was

chosen in each case. The ){S’f}(toroid) was found to be 1.2x10%* m?/V?, 2.2- and 3.1-times greater than that

of the disk-dimer array and the un-patterned substrate, respectively. This is consistent with previous works
on ITO-plasmonic hybrid structures that have reported a higher THG of the hybrid structure compared to
bare ITO crystals®® or bare plasmonic structures®?*, However, a direct quantitative comparison between
the THG enhancement in Ref. (22-24) is not applicable because of the different device geometry and

excitation wavelength used in our work.
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Figure 4. ITO thickness dependence. (a) Intensity of the THG signal and (b) the E-field enhancement
calculated by integration across the whole metallic unit cell and ITO substrate at the pump frequency (785
nm) plotted as a function of ITO thickness for toroidal meta-atoms (in red) and disk-dimers (in green). (c)
Cross-sectional (xz-plane) magnetic-field (H-field) vectorial map of the toroidal moment for a range of ITO
sublayer thicknesses, from 25 nm to 200 nm.



Influence of ITO layer thickness. We also studied the influence of the ITO layer thickness on the intensity
of the THG using FDTD simulations by integrating over the entire sublayer ITO channel (Figure 4a). The
thickness of the ITO layer determines the effective refractive index in the structure, where most of the
incident photonic power on the meta-atom is coupled into the channel underneath. In the proposed
plasmonic meta-atom, the arisen magnetic hotspots strongly intensify the excitation of the toroidal dipolar
moment by enhancing the spinning charge-current components. Therefore, we expect strong confinement
of electromagnetic fields mostly inside the ITO layer, leading to boosting the generated harmonic signal.
As shown explicitly in Figure 4b, increasing the thickness of the ITO layer from 25 nm to 100 nm gives
rise to a strong increase in the intensity of the THG UV light. However, further increasing in the ITO
thickness (>100 nm) sharply reduce the intensity. This trend can be explained by the confinement of the
electric field at the excitation wavelength. This is in agreement with the standard description of THG in
which the nonlinear polarization is proportional to the cube of the electric field at the excitation
wavelength.’® The underlying reason for reaching a maximum intensity at an 1TO layer thickness of 100
nm can be understood by taking a closer look at how the toroidal mode changes with varying sublayer
thickness. Figure 4c illustrates the cross-sectional magnetic-field vectorial map of the toroidal mode for
different ITO thicknesses. The rotating charge-current feature is significantly enhanced with increasing
thickness of the ITO layer up to 100 nm, and then weakens substantially with further increased thickness,
due to lower electromagnetic field confinement (also see Figure S6). As it can be observed from the linear
process, the recorded intense THG emission from the toroidal unit cell majorly comes from the significant
near-field enhancement and confinement of electromagnetic fields in the ITO channel. The enhanced
toroidal dipole at the fundamental wavelength combined with the confined fields in the ITO sublayer
produce the total nonlinear harmonic emission. On the other hand, the THG signal from the disk-dimer
array shows a much weaker dependence on the ITO thickness due to the confinement of electromagnetic

fields in the capacitive opening between nanodisks, but also reaches a maximum around 100 nm due to



constructive interference of the scattered waves.**** However, even for thicknesses outside the optimal

value, the toroidal metasurface clearly outperforms the dimer array.

Discussion

We have demonstrated that a toroidal plasmonic metasurface on top an ITO layer dramatically boosts THG
within that layer. The unique field enhancements of the toroidal structure, when combined with a sublayer
with a strong nonlinear susceptibility, are responsible for the large increases in THG we have observed.
The THG produced by the toroidal metasurface is about five times greater than that of a conventional disk-
dimer array, and ten times greater than the un-patterned substrate. The strength of the THG signal depends
strongly on the ITO layer thickness, indicating the importance of matching the spatial extent of the toroidal
mode with the thickness of the ITO layer to achieve maximum THG enhancement. This work clearly
demonstrates how carefully designed plasmonic structures, when matched to a nonlinear material of the
appropriate dimension, can give rise to new hybrid metallodielectric media for frequency generation in

neglected regions of the electromagnetic spectrum.

Methods

Simulations. We performed a set of simulations based on both finite-time-domain (FDTD, Lumerical
2018b) and finite element methods (FEM, COMSOL Multiphysics 5.3a), to precisely define the spectral
response of the proposed meta-atom as well as the plasmonic dimer. The size of the spatial grids in all axes
was set to 1.5 nm and periodic boundaries were employed to resemble a plasmonic metasurface. The
Courant stability factor (~0.99) for the utilized model was achieved by setting the simulation time steps to
dt = 0.0199 fs.*® The incident beam was a regular plane-wave with a pulse length of 100 fs. The current

density profile was computed by applying a Divergence Current analysis module based on implementing

the effective permittivity of the system (D = seffE"). Thus, the current density was solved in FDTD

simulations via the following equation:i = —iw(eff — sO)E". More precisely, in our numerical analysis,
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the relationship between the electric and displacement fields is introduced by: D(w) = go&,(w, dt)E ().

When dt tends to zero: En(l) £.(w,dt) = n?(w), where n(w) is the frequency-dependent refractive index

obtained by our written code in the program. The E-field map (in Figure 2c) for the charge plot was
generated by implementing Gauss’s theorem in FEM analysis. To model the structures, we used Au
dielectric permittivity values obtained empirically by Johnson and Christy.®” The refractive index data for
the ITO layer was adopted from Ref. 38. The nonlinear response of the studied structures was modelled
using an FDTD approach by solving the corresponding Maxwell’s equations and introducing ITO as a
material with an exotic nonlinear susceptibility (y®)) value.?® Then, we excited the structure with a beam
centered on the fundamental wavelength with £5 nm span. The obtained resonance wavelength in the linear
electromagnetic simulations was used as a source wavelength to obtain the THG (fundamental wavelength).
Simplifying the induced nonlinear polarization components at the generated DUV signal, following relation
was used: P®) = gy x®E;(E. E), where ¢ is the permittivity of vacuum, Ei is a component of the electric
field E, and j is the component in three axis directions. In the equation above, the E-field value as the near-
field intensity was obtained by integration over the toroidal unit cell and the ITO sublayer. In the
simulations, the metasurface consists of an infinite number of planar artificial scatterers in both the x- and
y-direction. Correspondingly, the projected toroidal momentum normal to the incidence axis (z-axis) was

defined using: T — (T.F)f = T, + T, §.%

Fabrication. All solvents were purchased from Sigma-Aldrich and used without further purification.
ITO/glass substrates (obtained from a commercial supplier called Ossila) were rinsed with acetone while
sonicating for 5 min and then rinsed with isopropanol (IPA) before use. The substrate was then spin-coated
with poly(methyl methacrylate) (950 PMMA A2, MicroChem), and baked on a hot plate at 180 °C for 3
min. Subsequently, the nanostructures were patterned using a FEI Quanta 650 SEM with Nanometer Pattern
Generation System (NPGS) software. A beam voltage of 30 kV, a beam current of 40 pA and a working

distance of 7 mm were used. Then the substrate was developed in 1:3 methyl isobutyl ketone (MIBK) / IPA
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for 50 s. Following development, 2 nm of titanium and 50 nm gold were deposited using e-beam
evaporation. Liftoff was performed in acetone for 1 hr. Finally, the nanostructures were coated with a layer
of 50 nm alumina using Atomic Layer Deposition (ALD) followed by a second layer of alumina (250 nm)

using e-beam evaporation.

Linear Measurements. The linear transmission measurements were performed using an inverted Zeiss
microscope (Axiovert 200 MAT) coupled with a spectrometer consisting of a monochromator (Princeton
Instruments, Acton SP2150) and a charge-coupled device (CCD, Princeton Instruments, Pixis 400). A
microscope illuminator (HAL 100) was used as an excitation source. The sample was illuminated glass-
side first. The polarization was selected using a broad band wire gird polarizer (Thorlabs WP25M-UB).
The transmission spectrum of the metasurface was retrieved by dividing the signal from the metasurface by

the adjacent un-pattered area, consisting of the glass substrate, and the ITO and alumina layers.

Nonlinear Optical Measurements. The nonlinear optical measurements were performed using an
ultrafast laser system (Coherent Mira 900, see the schematic in Figure S3). The center wavelength position
was 785 nm and the pulse repetition rate was 76 MHz. The ultrafast pulses have a temporal width of about
100.6 fs. The laser was focused onto the sample via a CaF; lens (75 mm focal length). Similar to the linear
measurements, the light passed through the substrate first. The incident peak power density on the sample
ranged between 0.4 and 3.5 GW/cm? with a spot size of ~177 um? (7.5 um beam waist radius). The peak
power density was estimated based on the spot size, the pulse width, and the repetition rate of the laser. The
transmitted light was then collected with two CaF; lenses (40 mm focal length each). For the power
measurements, the output beam was directly passed through several UV bandpass filters to eliminate the
pump signal and detected with a PMT (Thorlabs PMTSS). For the spectral measurements, the output beam
was routed through a UV bandpass filter as well as a UV monochromator (Thermo Jarrel Ash, 2400

grooves/mm grating) and detected with a PMT (ADIT Electron Tubes, 9781B6019).
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Supporting information

Electric field maps, third harmonic measurements and data analysis, additional characterizations of the

metasurfaces, and magnetic-field enhancement in the toroidal unit cell.
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