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ABSTRACT: Plasmonic metasurfaces based on the extraordinary optical transmissiore¢ECHN) lee designed toatently

transmit spect spectral bands from the visible to the far-infrared regirageg caumerous applications in important
technologicalelds such as compact multispectral imaging, biological and chemical sensing, or color displays. However, due to
subwavelength nature, EOT metasurfaces are nowadays fabricated with nano- and micro-lithographic techniques, requiring
processing steps and carrying out in expensive cleanroom environments. In this work, we propose and experimentally demons
novel, single-step process for the rapid fabrication of high-performance mid- and long-wave infrared EOT metasurfaces empl
ultrafast direct laser writing. Microhole arrays composing extraordinary transmission metasurfaces were fabricated over an are
mn? in timescales of units of minutes, employing single pulse ablation of 40 nm linisloAdielectric substrates mounted on a
high-precision motorized stage. We show how by carefully characterizirentteeahonly three key experimental parameters on

the processed micro-morphologies (namely, laser pulse energy, scan velocity, and beam shaping slit), we can have on-d
control of the optical characteristics of the extraordinary transmesstiamterms of transmission wavelength, quality factor, and
polarization sensitivity of the resonances. To illustrate this concept, a set of EOT metasurfacesehap@dadmances and
operating in dierent spectral regimes has been successfully designed, fabricated, and tested. Comparison between transmit
measurements and numerical simulations has revealed that all the fabricated devices behave as expected, thus demonstrating
performance exibility, and reliability of the proposed fabrication method. We believe thdingigrprovide the pillars for mass
production of EOT metasurfaces with on-demand optical properties and create new research trends toward single-step
fabrication of metasurfaces with alternative geometries and/or functionalities.

KEYWORDS:ultrafast laser processing, metasurfaces, extraordinary transmission, plasmonics, micro-fabrication

1. INTRODUCTION engineered to mimic and even to outperform the function-

jties of classical optics in a lightweight fashiommong

Due to a progressive miniaturization of technologies SUCh% range of available metasurface functionalities, plasmonic-
mobile phone cameras, optical circuits, or sensing, optiﬁéfe 9 P

messutaes srobecorng one of e mos e S L e e
components toward the development of next generauq Tt years, as such devices are expected to play an important

lightweight devices. Metasurfaces consist of two—dimensior}ge in compact biological and chemical sehsigructural

subwavelength (typically resonant) building blocks, which ¢ . : :
be either periodically or randomly arranged, and can t;%eﬂlor generation, or multispectral imaging. The EOT

engineered to provide on-demand light canft@ontrary to —
conventional bulky optics, the ability to tailor lightexl by ~ Received: October 15, 2021 -
metasurfaces does not rely on propagatiectse(such as Accepted: December 17, 2021
optical path length dérences or linear absorption) but instead PuPlished: January 4, 2022
comes from abrupt amplitude and phase local or global

discontinuities induced by localized and/or coupled reso-

nances? As a result, arrays of resonators can be clci
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Figure 1.(a) Schematics of a typical lithographic process for micro- and nano-patterning of the EOT metasurfaces, consisting of various fabric:
steps. From left to right: after depositing a thin nietak 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 we
etching process to eliminate the material from the exposed regions. The process ends by removing the photoresist/chemical leftovers, typic
acetone. (b) Alternative fabrication routine proposed in this work, consisting of direct laser patterning employing ultrafast scanned lasers
Macroscopic view of one of the processed samples, with Sarkeasnpatterned on it. The insets show an optical microscope and scanning
electron microscopy (SEM) image, caiing the micrometric geometrical features.

phenomenon consists of a smedrequency band being based on single-step patterning procedures that do not require
transmitted through a periodically arranged array of sulhe use of polymer masks and contaminants nor cleanroom
wavelength nanoholes in an optically tlim In particular,  equipment®° Employing sub-picosecond laser pulses, one
high transmission peaks appear close to rfteWood can reduce the pulse energy required to trigger ablation while
anomaly, i.e., at the frontier between theative and sub-  achieving sharp contours in a wide variety of soft and brittle
di ractive optical regimes’® The occurrence of this materialé®*' To date, a wide range of nano- and micro-
phenomenon has been studied in detail over the last yed&itures have been successfully fabricated using ultrafast lasers,
and has been attributed to a resonant interaction betwegic|uding ripples and grooves, spikes, arrays of holes or pillars,
holes arranged in a lattice, assisted by highigecbrelds  hjerarchical shapes or compositional and random strifctures.
associated to surface waves such as plasingshonon  Nevertheless, while ULP techniques have been now extensively
polaritons:**> The amount of transmission, the bandwidth, explored toward the realization of, e.g., high density data
and spectral position of the EOTeet can be therefore  gi4r5682 hiomimetic structuré® photonic and micraidic
controlled by design via simply tuning the geometricgleyices in transparent mateffats; functionalized surfaces
parameters (namely, hole size, shape, and periodicity) angf \yettability contrgl'2° their potential toward fabrication of
gygr%”fé't“em materials of thien, substrate, and/or cover \ataqurfaces remains highly underexplored. Examples of
g . . . recent works on ULP aiming at the production of metasurfaces
While EOT metasurfaces introduce indubitable tsetoe include the fabrication of the arrays of Si Mie resonators via

current optical and photonic technologies, their reliable lar%‘?rect interference laser patter@frayrays of Si nanoparticles

scale fabrication is currently at a low stage of maturity in terr{}i;a laser-induced forward trariSfand arrays of microbumps

of throughput and cost. This is primarily due to the small size Au Ims using direct laser writing (DL)Additional

of the patterned features and the high resolution required f K about randomlv structured metasurfaces for structural
the successful realization of metasurfaces (ranging from tend'8f u y structu u uctu

nanometers to units of microns for electromagnetic metﬁ;o or generation and color encryption employing ultrafast
surfaces operating from the ultraviolet to the mid-infrare Sers _has been aIS(_) recently reported. L

spectral region, respectivély)Their fabrication is currently In th'$ paper, we introduce a novel fabr|ca_t|on process for
achieved via established nanostructuring processes, on wilitgh rapid realization of EOT metasurfaces in a single step
an excellent overview can be found elseffifsgenerically Paséd on DLW and thus free from expensive cleanroom
depicted inFigure &, among them, mask-based technique§nvironments. As depictedrigure b,c, this is achieved by

such as electron-beam Ighaphy or photolithography focusing a pulsed laser at the surface of a thin métallic
combined with lift-q nanoimprint, or wet/dry etching are depoglted on a dielectric sybstrgte, Whlch_ls mounted ona
nowadays the predominant fabrication methods chosen. SuBRtorized stage that moves in a zigzag fashion. By selecting the
techniques can indeed provide a precise spatial resolutigtieviously calibrated) experimental setup parameters, a set of
down to tens of nanometers® but at the same time require  EOT devices with derent optical and morphological

for expensive equipment to be operated under cleanroogharacteristics has been designed, successfully fabricated over
environments. '° An alternative technique with an extra- an area of 4 mfnin units of minutes, and its optical
ordinarily high degree of versatility and throughput is based gerformance tested. Due to its rapid, cosieat, and residue
ultrafast laser processing (ULP). This technique is argualfige nature, we believe that the herein proposed methodology
one of the most promising routes toward clean, large-scale, @utis EOT metasurfaces a step closer to industrial, real-world
mass-production of nano- and micro-patterned devices, as iapplications.
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Figure 2.(a) Schematics of the plasmonic EOT metasurface unit cell, showing material distribution, dimensions, and design variables (perio
and diameter @). (b) Transmittance spectrum (colorbar) as a function of the period, calculated imposingliafactastahtF = 0.5. (c)

Details of the variation of the EOT transmission peak wavelength (black) and transmittance (red) as a function of the period. (d) Transmittar
spectrum (colorbar) as a function of the hole diameter, calculated while keeping the period at a constant3/aime(ej Details of the

variation of th&-factor (black) and transmittance (red) as a function ofl tfaetor.
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Figure 3.(a) Diagram showing the experimental setup used for the fabrication of EOT metasurfaces employing an ultrafast laser. Red |
correspond to the laser processing beam, whereas the green beam represents the in situ observation path, illuminated by an LED. The I:
components are as follows: slit (S), metétkic (MF), dichroic mirror (DM), quarter-waveplat&), 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 sl
two representative microscope images of the fabricated holes recorded in transmissiornmiagiéhe@nesence of light passing through the

holes (eld of view is 12 m x 12 m). (c) Fabricated hole period vs scanning speed for a repetitionate afkHz. The purple line
represents the expected linear trend calculatedwS§inghereas the red symbols represent the experimentally measured periods fabricated. The
insets show representative microscope transmission images of the fabricated hele afnagsv(is 18 m x 10 m).

2. METHODS out nite element analysis using COMSOL Multiphysics (RF
- . . . module). The technical details and boundary conditions of the

~ 2.1 Finite Element Design and Analysis.Prior t0 the  gmyjation routine are discussed inShpplementary Informatjon

identi cation and control of the key experimental laser parametetSction S1.

to be employed for the fabrication of the EOT devices, it is necessarya generic scheme of the metasurface and its unit cell considered in

to understand the imence of the metasurface geometricalthis work is depicted iigure A. The devices consist of a thin Au

parameters on its optical response. For this purpose, we have carriked (40 nm) on a Cafdielectric substrate. Au thickness was chosen
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to be thick enough to support high quality EOT but thin enough to The laser pulse energy is controlled by a combination of a
ensure full single-pulse perforation of the layer (i.e., slightly thickewtorized half-waveplate and thin polarizer (not shown). A 45

than the linear optical penetration depth of gold (13 nm), which ip mirror is placed prior to the aspheric lens to calibrate the incident
dominates absorption of ultrafast lasers in high extinctiariectie laser pulse energy with a power meter P. The sample is mounted on a
materials such as metals). V@S selected as the substrate material3-axis stage, with the x-stage being an air-bearing high-speed, high-
due its high transparency across the near, mid-, and long-wgwecision translation stage with scan velocities of\ip,ts 20

infrared spectral regiohidhe Im is patterned with identical micro- mm/s. The samples used were 40 nm thickiAs evaporated on

holes arranged in a square periodic lattice. As sheyarina, the the Cak substrates (fabrication of thkns is described in the
proposed geometry gives twoedint geometrical variables, the Supplementary Informatjd@ection S2). It should be noted that the
period and the hole diameter @. Based on these two degrees tHser irradiation plane (%) was horizontal and the sample mounted
freedom, an additional parameter can beede namely, the one- vertical to avoid re-deposition of the laser-ablated material that could

dimensionalll factor FF: contaminate the sample.
@ The fabricated hole diameter was controlled via adjusting the
FF= — energy of the focused laser pulse at the sample surface. To increase
@) the range of attainable diameters, twerelnt objective lenses with
Figure B presents the computed transmittance spectrum of théi erent numerical apertures have been used (NA1 = 0.25 and NA2 =
proposed device as a function of the period while imposied & 0.47). The results of the urence of the pulse energy on the hole

factor of FF = 0.5. As previously reported in litetatdrand diameter @ for NA1 = 0.25 are displayeéijure B, showing a
con rmed by the results Figure D, the EOT peak appears slightly predictive, increasing behavior with a bending at very high energies.
red-shifted with respect to the frontier between thactive and This curve bending is a consequence of the Gaussian-like intensity

sub-diractive regimes, that is, when trs¢ di raction order . ; distribution of the beam at the focal plane, further discussed in
becomes grazing to the surface, thus giving birth testh&ood Section S3.from the Supplementary Matetidf. This predictive
anomaly: and reproducible behavior allows one to calculate the output energy
required for the fabrication of a spebiole diameter. An equivalent
0= Ncap 2 calibration curve of the hole diameter versus pulse energy was

: - . obtained also for NA = 0.47, as also detaileddtion S3.from the
pelng o the free-space excitation wavelengtinggdne refractive Supplementary Informatidmportantly, the study of the irence of
index of the substrétgnc,s, = 1.42 at a wavelength g 3 m for the energy on the diameter of the ablated spot was complemented
reference). IfFigure 2, we showne details of the dependence of with AFM topography measurements (see Supplementary Material
both the EOT peak wavelength (black curve) and the amount dbection S3)2which revealed clealm ablation with sharp borders
transmittance (red curve) with the geometrical peridtican be for both lenses, coming that the pre-selected Au thickness (40 nm)
seen that the EOT peak wavelength is almost linearly proportionalwas optimum for our experimental conditions.

, which is consistent witly 2 On the other hand, the amount of The desired geometrical periodfor a given metasurface was

transmittance remains at a nearly stationary vdlue @67, which imprinted by high-speed scanning of the sample along the x-axis in a
is associated to the use of a constant value FF = 0.5, while varyingzlgzag fashion, where the holes were fabricated via single pulse
geometrical period in our simulations. ablation (i.e., row by row). The periods in the x directighwere
In Figure @, we show the transmittance spectrum as a function gidjusted via modiation of the scan velociy.,,for a xedFg,
the hole diameter for aed geometrical period of= 3 m, which according to
implies a variation of thé factor dened ineq 1 Here, contrary to
the previous study, both therdiction frontier and the EOT peak - &n
remain nearly stationary, which is also consistertyitsince is Fep 3)

xed. The details of this simulation are revealedure 2, where
we present the imence of thell factor on the EOT quality factor  whereas the periods in the y directioy) (vere adjusted via discrete
(Q-factor = ,o¢ , black curve) and on the amount of displacements of the y-motor after writing of each row.
transmittance (red curve). As it can be seen from the plot, the Using this strategy, the maximum achievable processing speed is
quality factor experiences an exponential-like decay when EHRimately limited by the pulse repetition rate of the laser as well as by
increases, accompanied by a logarithmic-like increase in tratte sample scan velocity. All the devices reported in this work have
mittance. This behavior reveals a trabletween the bandwidth of  been fabricated for &ed repetition rate 8f,,= 1 kHz, and dierent
the EOT eect and the amount of light transmitted through the arraygeometrical periods were achieved via vatyjpdrhe purple line
2.2. Fabrication Methodology and Calibration of the shown inFigure 8 corresponds to the prediction of the fabricated
Processing Parameters.The nite element analysis discussed in period by eq 3 Such a linear relation was indeed experimentally
the previous section demonstrates that the three main characterisiies ed over the entire range of periods studied1.6 6.6 m), as
of the EOT eect (spectral position of the EOT peak, transmittancecon rmed by the red data pointsHiyure 8. As also appreciated in
andQ-factor) can be controlled by two key geometrical parameterge insets dfigure 8, occasional stitching errors occur in some of the
namely, the period and the hole diameter @ (thus tHefactor processed areas as a consequence of small delays of the motorized
FF). Therefore, our fabrication method has been spéci  stage after writing each row (thus minor laser/stage synchronization
developed and calibrated to provideeaible control of these  mismatches). This ects the separation of holes written iereint
geometrical variables. The experimental setup employed for th§wvs but not the separation of holes within the same row. As we will
fabrication of EOT devices is depictedFigure & and is see in theResultsection, this was found to have only minecte
conceptually similar to the optical setups, which have beegh the optical response of our devices and could be minimized
successfully used for the writing of the embedded optical waveguig@sploying multiplexed beams for processing multiple holes in a single
described in ref2. It consists of two optical beam paths, separated b¥cari® or even eliminated by an improved synchronization between
a dichroic mirror: the translation stage and laser repetition rate.
e Sample processing beam path fed by an ultrafast Jaser (
1030 nm, 5= 340 fs, maximum repetition rég, = 2 3. RESULTS

MHz, Gaussian prke), which is focused at the sample surface ) .
using an aspher[i)c |e)nS (AL) P A range of dierent EOT metasurfaces with areas of Zr@m

« In situ observation line employing a CCD camera and LEONM have been fabricated using the method described above,
illumination, which is used for alignment purposes and in situ€., selecting the required NA, pulse energies, and scan
monitoring of the fabrication process velocity. The results presented below show the&iredi
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optical responses in terms of quality facdection 3)1 spectra were calculated yielding the results shbignria 4.

optical transmission peakettion 3)2 and polarization- Indeed, a very good agreement with the experimental results

selective extraordinary transmissi@ti{on 3)3 was obtained, coming the same overall shape of the
3.1. EOT Devices with Dierent Quality Factors. transmission spectra, peak position, and spectral evolution of

According to the simulations showrFigure @,e, theQ- the measured deviceSigure H) when increasing thel

factor and amount of transmittance of the EOT device can bgctor.

controlled via increasing the hole diameter & f@dperiod 3.2. EOT Devices with On-Demand Transmission

and therefore via increasing the factor FF. To  peaks.The capability of our fabrication method to generate
demonstrate this concept experimentally and highlight th&traordinary transmission at speon-demand wavelength
exibility of the laser processing approaefli erent arrays  peaks was also explored. As shown in the previous sections
with and dl_erent hole dlamet_ers but identical periods haVE(Figure B,c), this can be achieved via adjusting the period
been fabricated. As detailed Table Slfrom the  patween the holes. To this end, a new set of devices having
Supplementary InformatiqSection S4), all devices were i grent periods were fabricated and tested. As shbaiidn
processed usiNgea,= 6.6 mm/s andke, = 1 kHz, yielding a g5 (sypplementary Informati®ection S4), the scanning

period of =66 _m- Di erent pulse energies were us_ed ©Ogheed was varied forxed repetition rate of 1 kHz, yielding
adjust the hole diameters, and each device took 3 min to q%-fabricated periods of 2.1 m (Veean= 2.0 mm/s), =
" scan . ’

fabricated. SEM images of the as-fabricated devices Wy

; 21 m (Vgean= 4.0 mm/s), and =6.6 m (Vyeqn= 6.6 mm/
nominal Il factors of FF = 0.48, FF = 0.53, FF = 0.55, FF = L poscan ! . scan .
0.56, and FF = 0.58 are displayedFigure 4. The s), with total processing times of 19, 10, and 3 min,

respectively. The pulse energy was adjusted accordingly to
create spot sizes with an approximhbfactor FF = 0.5. For

(a) © 0 the lowest speed/smallest hole diameter, the high numerical
aperture lens (NA = 0.47) was used (see energy vs hole
O O O b diameter calibration iRigure S2drom the Supplementary
= Information). SEM images of the devices are shdviguire
= 5a, and their transmittance spectra were measured employing
a& C C\ g FTIR. As shown ifrigure B, the EOT peak shifts toward
et Si o = longer wavelengths as theriquk increases. Numerical
=
0 |
8 9 10 11 12
Wavelength (1:m)
(c) FF=0.48
——FF=0.53
g 0.6 —FF=0.55
£ —FF=0.56
—FF=0.58
E04
£
(72}
g
= 0.2
0

8 9 10 11 12
Wavelength (:m)

Figure 4.(a) SEM images ofve dierent laser-fabricated EOT

metasurface devices witledent Il factors and identical geometrical

period of =6.6 m (scale bar is 5m). (b) FTIR measurements of

the fabricated samples, revealing a progressive increase of the

transmittance as thé factor increases, in line with the predictions
by numerical simulations shown in (c).

transmittance spectra of these devices were then measured
using Fourier transform infrared spectroscopy (FTIR). The
results are shown iRigure &, where an increase in
transmittance of the EOT peak with a subsequent decrease

In quality factor can be. clearly Observ.ed aslittactor Figure 5.(a) SEM pictures of three laser-fabricated EOT metasurface
Increases. As the period of all (;IeV|ces wed, the .__devices with increasing geometrical periods (scale bamis (f)
transmission peak wavelength remains at a nearly stationgfyr measurements of the fabricated samples, revealing a progressive
value (o 9.2 m). To compare our results with theoretical increase of the transmission peak wavelength as the period increases.
EOT performances, the as-fabricated dimensions of all tlfee results are in very good agreement with the numerical
devices were introduced in COMSOL, and the transmittanagmulations shown in (c).

3450 https://doi.org/10.1021/acsami.1c19935
ACS Appl. Mater. Interfac2622, 14, 34463454


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19935/suppl_file/am1c19935_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19935/suppl_file/am1c19935_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19935/suppl_file/am1c19935_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19935/suppl_file/am1c19935_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19935/suppl_file/am1c19935_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19935/suppl_file/am1c19935_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c19935?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c19935?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c19935?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c19935?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c19935?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c19935?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c19935?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c19935?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c19935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces WWw.acsami.org Research Article

Figure 6.(a) Unit cell of EOT metasurfaces with polarization-selective optical response, where both period and diametersccantive modi
dimensions (x and y axes). (b) High magtion SEM image revealimg details of the as-fabricated elliptical unit cells (scale bamw)igc)

Measured and (d) simulated polarization selective transmittance spectra for device E1. The inset shows a SEM imageldithéeaievice (

20 mx 18 m). (e) Measured and (f) simulated polarization-selective transmittance spectra for device E2. The inset shows an SEM image of
device (the sameeld of view as in (c)).

simulations of the optical response, using the period and halescription of the imence of the slit on the spot size, the
diameters determined from the SEM images, are shown nmodi ed beam divergence in the y-direction, leading to
Figure 6. A good agreement with the experimental results @stigmatism, also needs to be taken into acéount.
found also here. In particular, the peak positions and spectralAs a proof of concept, two elient arrays of elliptical holes
widths predicted match well those of the measured devic@s.rectangular lattices (namely, E1 and E2) were fabricated.
Moreover, the secondary transmission peak in taetidin Table S3rom the Supplementary Information shows the laser
regime of each device, predicted by the calculations, is afmrameters employed for their fabrication, as well as their as-
present in our measurements. Finally, a general decreasdabficated dimensions. The period in the x-axixadhs X
maximum transmittance T 0.15) is observed in the =2 m in both devices. @x was chosen to be largeryand
experiments with respect to simulations. This might be due saller for E2 than for E1 to fabricate devices wéttedt I
the imperfect hole shapes, small stitching errors, and roughniesstors (and thus dérent amounts of transmittance). Each
of the Au Im itself (not taken into account in simulations). In device took 8 min to be fabricated. The measured polarization-
particular, in Section S5 of Bigoplementary Informatjove dependent transmission spectrum of device E1 is shown in
explicitly show (via FEM simulations) how imperfections oFigure 8, revealing a peak transmission for light polarized at
the hole shapes have only minaces on both the charge 0°of T 0.5 at awavelength gf 4.2 m and transmittance
distribution of the metasurface when in resonance, as wellTas< 0.1 for polarization at 90This strong polarization
on its amount of transmittance. anisotropy was corroborated by the results of numerical

3.3. EOT Devices with Polarization-Selective Re- simulations shown Figure @, showing excellent agreement.
sponse. Finally, the potential of our laser processing methott is worth noting that the predicted higher-order Wood
to induce anisotropic optical responses for polarizatiomnomalies possessing Hfactors for Y0polarization are
selective extraordinary transmission was also investigatedmieh weaker in the experimental results. This can be
depicted inFigure @, the square lattices were replaced byconsidered a bersal side eect of the roughness of the
rectangular ones, giving rise to tweréint periods x and Ims as well as of the smaittuations in the hole diameter

y. Moreover, the circular holes were replaced by ellipticahd lattice order achieved with the laser fabrication method.
ones, with dierent diameters in the x (@x) and y (&x) The presence of such small imperfections results, in this case,
directions igure 8). The required elliptical focal spots were in an improved contrast ratio between the linear polarization
achieved by inserting a slit aligned along the x-axis in tktates (i.e., T = T(0°)/ T(90°)) when compared to the
optical path of the laser processing line, as shévguiia a. simulation.
This way, the entrance pupil of the focusing aspheric lens (AL)The experimental transmittance spectrum for device E2 is
is underlled in the y-axis, leading to a reduced focusing andisplayed ifrigure &, showing a similar behavior as device E1
thus diameter increase along the y-axis. For a compldiat with a higherll factor and narrower resonance. Both the
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