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ABSTRACT:Plasmonic metasurfaces based on the extraordinary optical transmission (EOT) e� ect can be designed to e� ciently
transmit speci� c spectral bands from the visible to the far-infrared regimes, o� ering numerous applications in important
technological� elds such as compact multispectral imaging, biological and chemical sensing, or color displays. However, due to their
subwavelength nature, EOT metasurfaces are nowadays fabricated with nano- and micro-lithographic techniques, requiring many
processing steps and carrying out in expensive cleanroom environments. In this work, we propose and experimentally demonstrate a
novel, single-step process for the rapid fabrication of high-performance mid- and long-wave infrared EOT metasurfaces employing
ultrafast direct laser writing. Microhole arrays composing extraordinary transmission metasurfaces were fabricated over an area of 4
mm2 in timescales of units of minutes, employing single pulse ablation of 40 nm thick Au� lms on dielectric substrates mounted on a
high-precision motorized stage. We show how by carefully characterizing the in� uence of only three key experimental parameters on
the processed micro-morphologies (namely, laser pulse energy, scan velocity, and beam shaping slit), we can have on-demand
control of the optical characteristics of the extraordinary transmission e� ect in terms of transmission wavelength, quality factor, and
polarization sensitivity of the resonances. To illustrate this concept, a set of EOT metasurfaces having di� erent performances and
operating in di� erent spectral regimes has been successfully designed, fabricated, and tested. Comparison between transmittance
measurements and numerical simulations has revealed that all the fabricated devices behave as expected, thus demonstrating the high
performance,� exibility, and reliability of the proposed fabrication method. We believe that our� ndings provide the pillars for mass
production of EOT metasurfaces with on-demand optical properties and create new research trends toward single-step laser
fabrication of metasurfaces with alternative geometries and/or functionalities.
KEYWORDS:ultrafast laser processing, metasurfaces, extraordinary transmission, plasmonics, micro-fabrication

1. INTRODUCTION

Due to a progressive miniaturization of technologies such as
mobile phone cameras, optical circuits, or sensing, optical
metasurfaces are becoming one of the most promising key
components toward the development of next generation
lightweight devices. Metasurfaces consist of two-dimensional,
subwavelength (typically resonant) building blocks, which can
be either periodically or randomly arranged, and can be
engineered to provide on-demand light control.1� 8 Contrary to
conventional bulky optics, the ability to tailor light o� ered by
metasurfaces does not rely on propagation e� ects (such as
optical path length di� erences or linear absorption) but instead
comes from abrupt amplitude and phase local or global
discontinuities induced by localized and/or coupled reso-
nances.1,2 As a result, arrays of resonators can be speci� cally

engineered to mimic and even to outperform the function-
alities of classical optics in a lightweight fashion.1� 5,8 Among
the range of available metasurface functionalities, plasmonic-
based metasurfaces exploiting the extraordinary optical trans-
mission (EOT) e� ect have attracted much attention over the
last years, as such devices are expected to play an important
role in compact biological and chemical sensing,9� 11 structural
color generation, or multispectral imaging.3,12,13 The EOT
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phenomenon consists of a speci� c frequency band being
transmitted through a periodically arranged array of sub-
wavelength nanoholes in an optically thin� lm. In particular,
high transmission peaks appear close to the� rst Wood
anomaly, i.e., at the frontier between the di� ractive and sub-
di� ractive optical regimes.13� 15 The occurrence of this
phenomenon has been studied in detail over the last years
and has been attributed to a resonant interaction between
holes arranged in a lattice, assisted by highly con� ned � elds
associated to surface waves such as plasmon15 or phonon
polaritons.14,15 The amount of transmission, the bandwidth,
and spectral position of the EOT e� ect can be therefore
controlled by design via simply tuning the geometrical
parameters (namely, hole size, shape, and periodicity) and/
or constituent materials of the� lm, substrate, and/or cover
layer.8� 10

While EOT metasurfaces introduce indubitable bene� ts to
current optical and photonic technologies, their reliable large
scale fabrication is currently at a low stage of maturity in terms
of throughput and cost. This is primarily due to the small size
of the patterned features and the high resolution required for
the successful realization of metasurfaces (ranging from tens of
nanometers to units of microns for electromagnetic meta-
surfaces operating from the ultraviolet to the mid-infrared
spectral region, respectively).1� 3 Their fabrication is currently
achieved via established nanostructuring processes, on which
an excellent overview can be found elsewhere.16 As generically
depicted inFigure 1a, among them, mask-based techniques
such as electron-beam lithography or photolithography
combined with lift-o� , nanoimprint, or wet/dry etching are
nowadays the predominant fabrication methods chosen. Such
techniques can indeed provide a precise spatial resolution
down to tens of nanometers17� 19 but at the same time require
for expensive equipment to be operated under cleanroom
environments.17� 19 An alternative technique with an extra-
ordinarily high degree of versatility and throughput is based on
ultrafast laser processing (ULP). This technique is arguably
one of the most promising routes toward clean, large-scale, and
mass-production of nano- and micro-patterned devices, as it is

based on single-step patterning procedures that do not require
the use of polymer masks and contaminants nor cleanroom
equipment.16,20 Employing sub-picosecond laser pulses, one
can reduce the pulse energy required to trigger ablation while
achieving sharp contours in a wide variety of soft and brittle
materials.20,21 To date, a wide range of nano- and micro-
features have been successfully fabricated using ultrafast lasers,
including ripples and grooves, spikes, arrays of holes or pillars,
hierarchical shapes or compositional and random structures.20

Nevertheless, while ULP techniques have been now extensively
explored toward the realization of, e.g., high density data
storage,22 biomimetic structures,20 photonic and micro� uidic
devices in transparent materials,23 or functionalized surfaces
for wettability control,24,25 their potential toward fabrication of
metasurfaces remains highly underexplored. Examples of
recent works on ULP aiming at the production of metasurfaces
include the fabrication of the arrays of Si Mie resonators via
direct interference laser patterning,26 arrays of Si nanoparticles
via laser-induced forward transfer,27 and arrays of microbumps
in Au � lms using direct laser writing (DLW).28 Additional
work about randomly structured metasurfaces for structural
color generation and color encryption employing ultrafast
lasers has been also recently reported.29,30

In this paper, we introduce a novel fabrication process for
the rapid realization of EOT metasurfaces in a single step
based on DLW and thus free from expensive cleanroom
environments. As depicted inFigure 1b,c, this is achieved by
focusing a pulsed laser at the surface of a thin metallic� lm
deposited on a dielectric substrate, which is mounted on a
motorized stage that moves in a zigzag fashion. By selecting the
(previously calibrated) experimental setup parameters, a set of
EOT devices with di� erent optical and morphological
characteristics has been designed, successfully fabricated over
an area of 4 mm2 in units of minutes, and its optical
performance tested. Due to its rapid, cost-e� cient, and residue
free nature, we believe that the herein proposed methodology
puts EOT metasurfaces a step closer to industrial, real-world
applications.

Figure 1.(a) Schematics of a typical lithographic process for micro- and nano-patterning of the EOT metasurfaces, consisting of various fabrication
steps. From left to right: after depositing a thin metal� lm, a photoresist layer is spin-coated on the top of the surface and exposed to electron or
photolithography to modify the solubility of the exposed regions. Such regions are then removed employing a developer, followed by a wet/dry
etching process to eliminate the material from the exposed regions. The process ends by removing the photoresist/chemical leftovers, typically in
acetone. (b) Alternative fabrication routine proposed in this work, consisting of direct laser patterning employing ultrafast scanned lasers. (c)
Macroscopic view of one of the processed samples, with six 4 mm2 areas patterned on it. The insets show an optical microscope and scanning
electron microscopy (SEM) image, con� rming the micrometric geometrical features.
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2. METHODS
2.1. Finite Element Design and Analysis. Prior to the

identi� cation and control of the key experimental laser parameters
to be employed for the fabrication of the EOT devices, it is necessary
to understand the in� uence of the metasurface geometrical
parameters on its optical response. For this purpose, we have carried

out � nite element analysis using COMSOL Multiphysics (RF
module). The technical details and boundary conditions of the
simulation routine are discussed in theSupplementary Information,
Section S1.

A generic scheme of the metasurface and its unit cell considered in
this work is depicted inFigure 2a. The devices consist of a thin Au
� lm (40 nm) on a CaF2 dielectric substrate. Au thickness was chosen

Figure 2.(a) Schematics of the plasmonic EOT metasurface unit cell, showing material distribution, dimensions, and design variables (period�
and diameter Ø). (b) Transmittance spectrum (colorbar) as a function of the period, calculated imposing a constant� ll factor of FF = 0.5. (c)
Details of the variation of the EOT transmission peak wavelength (black) and transmittance (red) as a function of the period. (d) Transmittance
spectrum (colorbar) as a function of the hole diameter, calculated while keeping the period at a constant value of� = 3 � m. (e) Details of the
variation of theQ-factor (black) and transmittance (red) as a function of the� ll factor.

Figure 3.(a) Diagram showing the experimental setup used for the fabrication of EOT metasurfaces employing an ultrafast laser. Red lines
correspond to the laser processing beam, whereas the green beam represents the in situ observation path, illuminated by an LED. The labeled
components are as follows: slit (S), metallic� lter (MF), dichroic mirror (DM), quarter-waveplate (� /4), aperture (A),� ip mirror (FM), aspheric
lens (AL), beam splitter (BS), tube lens (L), and power meter (P). (b) Fabricated hole diameter vs laser pulse energy for NA 0.25. The insets show
two representative microscope images of the fabricated holes recorded in transmission mode, con� rming the presence of light passing through the
holes (� eld of view is� 12 � m × 12 � m). (c) Fabricated hole period vs scanning speed for a repetition rate ofFrep = 1 kHz. The purple line
represents the expected linear trend calculated usingeq 3, whereas the red symbols represent the experimentally measured periods fabricated. The
insets show representative microscope transmission images of the fabricated hole arrays (� eld of view is� 18 � m × 10 � m).
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to be thick enough to support high quality EOT but thin enough to
ensure full single-pulse perforation of the layer (i.e., slightly thicker
than the linear optical penetration depth of gold (13 nm), which
dominates absorption of ultrafast lasers in high extinction coe� cient
materials such as metals). CaF2 was selected as the substrate material
due its high transparency across the near, mid-, and long-wave
infrared spectral regions.31 The� lm is patterned with identical micro-
holes arranged in a square periodic lattice. As shown inFigure 2a, the
proposed geometry gives two di� erent geometrical variables, the
period� and the hole diameter Ø. Based on these two degrees of
freedom, an additional parameter can be de� ned, namely, the one-
dimensional� ll factor FF:

=
�

FF
Ø

(1)

Figure 2b presents the computed transmittance spectrum of the
proposed device as a function of the period while imposing a� xed� ll
factor of FF = 0.5. As previously reported in literature13,15 and
con� rmed by the results inFigure 2b, the EOT peak appears slightly
red-shifted with respect to the frontier between the di� ractive and
sub-di� ractive regimes, that is, when the� rst di� raction order� m ± 1
becomes grazing to the surface, thus giving birth to the� rst Wood
anomaly:

� = � n0 CaF2 (2)

being� 0 the free-space excitation wavelength andnCaF2
the refractive

index of the substrate31 (nCaF2
= 1.42 at a wavelength of� 0 = 3 � m for

reference). InFigure 2c, we show� ne details of the dependence of
both the EOT peak wavelength (black curve) and the amount of
transmittance (red curve) with the geometrical period� . It can be
seen that the EOT peak wavelength is almost linearly proportional to
� , which is consistent witheq 2. On the other hand, the amount of
transmittance remains at a nearly stationary value ofT � 0.57, which
is associated to the use of a constant value FF = 0.5, while varying the
geometrical period in our simulations.

In Figure 2d, we show the transmittance spectrum as a function of
the hole diameter for a� xed geometrical period of� = 3 � m, which
implies a variation of the� ll factor de� ned ineq 1. Here, contrary to
the previous study, both the di� raction frontier and the EOT peak
remain nearly stationary, which is also consistent witheq 2, since� is
� xed. The details of this simulation are revealed inFigure 2e, where
we present the in� uence of the� ll factor on the EOT quality factor
(Q-factor = � peak/ � � , black curve) and on the amount of
transmittance (red curve). As it can be seen from the plot, the
quality factor experiences an exponential-like decay when FF
increases, accompanied by a logarithmic-like increase in trans-
mittance. This behavior reveals a tradeo� between the bandwidth of
the EOT e� ect and the amount of light transmitted through the array.

2.2. Fabrication Methodology and Calibration of the
Processing Parameters.The � nite element analysis discussed in
the previous section demonstrates that the three main characteristics
of the EOT e� ect (spectral position of the EOT peak, transmittance,
andQ-factor) can be controlled by two key geometrical parameters,
namely, the period� and the hole diameter Ø (thus the� ll factor
FF). Therefore, our fabrication method has been speci� cally
developed and calibrated to provide a� exible control of these
geometrical variables. The experimental setup employed for the
fabrication of EOT devices is depicted inFigure 3a and is
conceptually similar to the optical setups, which have been
successfully used for the writing of the embedded optical waveguides
described in ref32. It consists of two optical beam paths, separated by
a dichroic mirror:

• Sample processing beam path fed by an ultrafast laser (� 0 =
1030 nm,� pulse = 340 fs, maximum repetition rateFrep = 2
MHz, Gaussian pro� le), which is focused at the sample surface
using an aspheric lens (AL)

• In situ observation line employing a CCD camera and LED
illumination, which is used for alignment purposes and in situ
monitoring of the fabrication process

The laser pulse energy is controlled by a combination of a
motorized half-waveplate and thin� lm polarizer (not shown). A 45°
� ip mirror is placed prior to the aspheric lens to calibrate the incident
laser pulse energy with a power meter P. The sample is mounted on a
3-axis stage, with the x-stage being an air-bearing high-speed, high-
precision translation stage with scan velocities of up toVscan = 20
mm/s. The samples used were 40 nm thick Au� lms evaporated on
the CaF2 substrates (fabrication of the� lms is described in the
Supplementary Information, Section S2). It should be noted that the
laser irradiation plane (x� z) was horizontal and the sample mounted
vertical to avoid re-deposition of the laser-ablated material that could
contaminate the sample.

The fabricated hole diameter was controlled via adjusting the
energy of the focused laser pulse at the sample surface. To increase
the range of attainable diameters, two di� erent objective lenses with
di� erent numerical apertures have been used (NA1 = 0.25 and NA2 =
0.47). The results of the in� uence of the pulse energy on the hole
diameter Ø for NA1 = 0.25 are displayed inFigure 3b, showing a
predictive, increasing behavior with a bending at very high energies.
This curve bending is a consequence of the Gaussian-like intensity
distribution of the beam at the focal plane, further discussed in
Section S3.1from the Supplementary Material.33,34 This predictive
and reproducible behavior allows one to calculate the output energy
required for the fabrication of a speci� c hole diameter. An equivalent
calibration curve of the hole diameter versus pulse energy was
obtained also for NA = 0.47, as also detailed inSection S3.1from the
Supplementary Information. Importantly, the study of the in� uence of
the energy on the diameter of the ablated spot was complemented
with AFM topography measurements (see Supplementary Material
Section S3.2), which revealed clean� lm ablation with sharp borders
for both lenses, con� rming that the pre-selected Au thickness (40 nm)
was optimum for our experimental conditions.

The desired geometrical period� for a given metasurface was
imprinted by high-speed scanning of the sample along the x-axis in a
zigzag fashion, where the holes were fabricated via single pulse
ablation (i.e., row by row). The periods in the x direction (� x) were
adjusted via modi� cation of the scan velocityVscan for a � xedFrep,
according to

� =
V

F
scan

rep (3)

whereas the periods in the y direction (� y) were adjusted via discrete
displacements of the y-motor after writing of each row.

Using this strategy, the maximum achievable processing speed is
ultimately limited by the pulse repetition rate of the laser as well as by
the sample scan velocity. All the devices reported in this work have
been fabricated for a� xed repetition rate ofFrep= 1 kHz, and di� erent
geometrical periods were achieved via varyingVscan. The purple line
shown inFigure 3c corresponds to the prediction of the fabricated
period� by eq 3. Such a linear relation was indeed experimentally
veri� ed over the entire range of periods studied (� = 1.6� 6.6� m), as
con� rmed by the red data points inFigure 3c. As also appreciated in
the insets ofFigure 3c, occasional stitching errors occur in some of the
processed areas as a consequence of small delays of the motorized
stage after writing each row (thus minor laser/stage synchronization
mismatches). This a� ects the separation of holes written in di� erent
rows but not the separation of holes within the same row. As we will
see in theResultssection, this was found to have only minor e� ects
on the optical response of our devices and could be minimized
employing multiplexed beams for processing multiple holes in a single
scan35 or even eliminated by an improved synchronization between
the translation stage and laser repetition rate.

3. RESULTS
A range of di� erent EOT metasurfaces with areas of 2 mm× 2
mm have been fabricated using the method described above,
i.e., selecting the required NA, pulse energies, and scan
velocity. The results presented below show their di� erent
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optical responses in terms of quality factor (Section 3.1),
optical transmission peak (Section 3.2), and polarization-
selective extraordinary transmission (Section 3.3).

3.1. EOT Devices with Di� erent Quality Factors.
According to the simulations shown inFigure 2d,e, theQ-
factor and amount of transmittance of the EOT device can be
controlled via increasing the hole diameter Ø for a� xed period
� and therefore via increasing the� ll factor FF. To
demonstrate this concept experimentally and highlight the
� exibility of the laser processing approach,� ve di� erent arrays
with and di� erent hole diameters but identical periods have
been fabricated. As detailed inTable S1 from the
Supplementary Information(Section S4), all devices were
processed usingVscan= 6.6 mm/s andFrep = 1 kHz, yielding a
period of� = 6.6� m. Di� erent pulse energies were used to
adjust the hole diameters, and each device took 3 min to be
fabricated. SEM images of the as-fabricated devices with
nominal� ll factors of FF = 0.48, FF = 0.53, FF = 0.55, FF =
0.56, and FF = 0.58 are displayed inFigure 4a. The

transmittance spectra of these devices were then measured
using Fourier transform infrared spectroscopy (FTIR). The
results are shown inFigure 4b, where an increase in
transmittance of the EOT peak with a subsequent decrease
in quality factor can be clearly observed as the� ll factor
increases. As the period of all devices was� xed, the
transmission peak wavelength remains at a nearly stationary
value (� 0 � 9.2� m). To compare our results with theoretical
EOT performances, the as-fabricated dimensions of all the
devices were introduced in COMSOL, and the transmittance

spectra were calculated yielding the results shown inFigure 4c.
Indeed, a very good agreement with the experimental results
was obtained, con� rming the same overall shape of the
transmission spectra, peak position, and spectral evolution of
the measured devices (Figure 4b) when increasing the� ll
factor.

3.2. EOT Devices with On-Demand Transmission
Peaks.The capability of our fabrication method to generate
extraordinary transmission at speci� c on-demand wavelength
peaks was also explored. As shown in the previous sections
(Figure 2b,c), this can be achieved via adjusting the period�
between the holes. To this end, a new set of devices having
di� erent periods were fabricated and tested. As shown inTable
S2 (Supplementary InformationSection S4), the scanning
speed was varied for a� xed repetition rate of 1 kHz, yielding
as-fabricated periods of� = 2.1� m (Vscan= 2.0 mm/s),� =
4.1� m (Vscan= 4.0 mm/s), and� = 6.6� m (Vscan= 6.6 mm/
s), with total processing times of 19, 10, and 3 min,
respectively. The pulse energy was adjusted accordingly to
create spot sizes with an approximate� ll factor FF = 0.5. For
the lowest speed/smallest hole diameter, the high numerical
aperture lens (NA = 0.47) was used (see energy vs hole
diameter calibration inFigure S2bfrom the Supplementary
Information). SEM images of the devices are shown inFigure
5a, and their transmittance spectra were measured employing
FTIR. As shown inFigure 5b, the EOT peak shifts toward
longer wavelengths as the period increases. Numerical

Figure 4. (a) SEM images of� ve di� erent laser-fabricated EOT
metasurface devices with di� erent� ll factors and identical geometrical
period of� = 6.6� m (scale bar is 5� m). (b) FTIR measurements of
the fabricated samples, revealing a progressive increase of the
transmittance as the� ll factor increases, in line with the predictions
by numerical simulations shown in (c).

Figure 5.(a) SEM pictures of three laser-fabricated EOT metasurface
devices with increasing geometrical periods (scale bar is 10� m). (b)
FTIR measurements of the fabricated samples, revealing a progressive
increase of the transmission peak wavelength as the period increases.
The results are in very good agreement with the numerical
simulations shown in (c).
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simulations of the optical response, using the period and hole
diameters determined from the SEM images, are shown in
Figure 5c. A good agreement with the experimental results is
found also here. In particular, the peak positions and spectral
widths predicted match well those of the measured devices.
Moreover, the secondary transmission peak in the di� raction
regime of each device, predicted by the calculations, is also
present in our measurements. Finally, a general decrease of
maximum transmittance (� T � 0.15) is observed in the
experiments with respect to simulations. This might be due to
the imperfect hole shapes, small stitching errors, and roughness
of the Au� lm itself (not taken into account in simulations). In
particular, in Section S5 of theSupplementary Information, we
explicitly show (via FEM simulations) how imperfections of
the hole shapes have only minor e� ects on both the charge
distribution of the metasurface when in resonance, as well as
on its amount of transmittance.

3.3. EOT Devices with Polarization-Selective Re-
sponse.Finally, the potential of our laser processing method
to induce anisotropic optical responses for polarization-
selective extraordinary transmission was also investigated. As
depicted inFigure 6a, the square lattices were replaced by
rectangular ones, giving rise to two di� erent periods� x and
� y. Moreover, the circular holes were replaced by elliptical
ones, with di� erent diameters in the x (Øx) and y (Øx)
directions (Figure 6b). The required elliptical focal spots were
achieved by inserting a slit aligned along the x-axis in the
optical path of the laser processing line, as shown inFigure 3a.
This way, the entrance pupil of the focusing aspheric lens (AL)
is under� lled in the y-axis, leading to a reduced focusing and
thus diameter increase along the y-axis. For a complete

description of the in� uence of the slit on the spot size, the
modi� ed beam divergence in the y-direction, leading to
astigmatism, also needs to be taken into account.36

As a proof of concept, two di� erent arrays of elliptical holes
in rectangular lattices (namely, E1 and E2) were fabricated.
Table S3from the Supplementary Information shows the laser
parameters employed for their fabrication, as well as their as-
fabricated dimensions. The period in the x-axis was� xed to� x
= 2 � m in both devices. Øx was chosen to be larger and� y
smaller for E2 than for E1 to fabricate devices with di� erent� ll
factors (and thus di� erent amounts of transmittance). Each
device took 8 min to be fabricated. The measured polarization-
dependent transmission spectrum of device E1 is shown in
Figure 6c, revealing a peak transmission for light polarized at
0° of T � 0.5 at a wavelength of� 0 � 4.2� m and transmittance
T < 0.1 for polarization at 90°. This strong polarization
anisotropy was corroborated by the results of numerical
simulations shown inFigure 6d, showing excellent agreement.
It is worth noting that the predicted higher-order Wood
anomalies possessing highQ-factors for 90° polarization are
much weaker in the experimental results. This can be
considered a bene� cial side e� ect of the roughness of the
� lms as well as of the small� uctuations in the hole diameter
and lattice order achieved with the laser fabrication method.
The presence of such small imperfections results, in this case,
in an improved contrast ratio between the linear polarization
states (i.e.,� T = T(0°)/ T(90°)) when compared to the
simulation.

The experimental transmittance spectrum for device E2 is
displayed inFigure 6e, showing a similar behavior as device E1
but with a higher� ll factor and narrower resonance. Both the

Figure 6.(a) Unit cell of EOT metasurfaces with polarization-selective optical response, where both period and diameters can be modi� ed in two
dimensions (x and y axes). (b) High magni� cation SEM image revealing� ne details of the as-fabricated elliptical unit cells (scale bar is 1� m). (c)
Measured and (d) simulated polarization selective transmittance spectra for device E1. The inset shows a SEM image of the device (� eld of view is
20� m × 18� m). (e) Measured and (f) simulated polarization-selective transmittance spectra for device E2. The inset shows an SEM image of the
device (the same� eld of view as in (c)).
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transmission peaks for polarization at 0° and 90° are higher
than for E1, essentially due to a larger elliptical spot size (and
smaller period in y) chosen, which is also con� rmed by the
calculations inFigure 6f. Also here, the predicted high-
frequency resonances are e� ciently attenuated.

4. CONCLUSIONS
We have demonstrated a versatile processing technique based
on ultrafast DLW for the reliable fabrication of high-
performance EOT metasurfaces. Contrary to lithographic-
based fabrication methodologies, our technique enables the
single-step realization of the EOT devices of several mm2 in a
few minutes, carried out in cleanroom-free environments
without generating chemical residues. It was shown that the
main performance characteristics of EOT devices in terms of
transmission wavelength, amount of transmittance, andQ-
factor can be controlled deliberately via tuning of the period� ,
the hole diameter Ø, and the hole ellipticity by means of
adjustment of the sample scanning speed, laser pulse energy,
and shape of the spot, respectively. These calibrations have
then been successfully employed to fabricate various sets of
devices with on-demand control of the transmission peak,Q-
factor, and polarization sensitivity. FTIR measurements have
revealed striking agreement between the as-fabricated and
simulated devices, thus demonstrating the validity,� exibility,
and versatility of our approach.

Based on the reported proof-of-concepts, it appears straight-
forward to fabricate cm2 areas in the same times reported in
this paper by means of exploiting the high-repetition rate of
modern ultrafast laser systems and/or multiplexing techniques.
The variety of fabricated shapes can be extended to more
complex geometries using alternative beams (such as vortex
beams for the fabrication of coaxial apertures)37 based on the
use of waveplates or spatial light modulators. Diameters down
to 40 nm (i.e., far below the di� raction limit) have been
reported in DLW processes,38 and thus, both fabrication of
deep-subwavelength structures and scalability of our approach
toward shorter wavelengths (e.g., visible and near IR spectra)
are also possible.

In conclusion, we believe that the proposed methodology
could be applied not only to other metasurface geometries or
materials but also for the rapid creation of large area molds for
nanoimprint lithography, nanocasting, and stencils or masks
for lift o� processes.39 Fabrication of more complex unit cells
for alternative metasurface functionalities (such as multipixel
meta-atoms containing di� erent geometrical sizes for the fast
processing of, e.g., beam steering devices6,40) could be carried
out via the use of multiple laser scans with di� erent energies
(thus di� erent sizes of the ablation area).
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