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Abstract

With the rapid progress in the field of metasurfaces and their use in miniature
integrated devices arise the quest for cheap mass production of efficient metasurfaces.
We suggest a novel way to design and fabricate phase-gradient Huygens metasurfaces
using laser-annealing of uniform particles made of As2S3 chalcogenide glass. We show
that a phase gradient metasurface can be realized by tuning the refractive index of
otherwise identical meta-atoms instead of tuning their geometry. We are using an
array of identical As9S3 particles with the possibility to locally change their refractive

index using a short-wavelength illumination (green laser) in order to tune the phase
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pattern at the post-fabrication stage. Metasurfaces fabricated with this method can be
used for operation in the red or IR spectral range. We fabricate uniform AssS3 Huygens
metasurfaces using electron beam lithography and demonstrate their post-fabrication
tuning with exposure of comparatively low intensity. Samples characterization with
transmittance measurement and quantitative phase microscopy provide results in good
correspondence with numerical predictions confirming post-fabrication spectral tuning.
Using such tuning, we demonstrate the possibility to transfer the intensity pattern
produced by modifying a writing beam with a spatial light modulator to a phase pattern
recorded on a uniform AssS3 metasurface. Our method has potential advantages for the
low-cost production of large-scale metasurfaces because uniform geometries are better

adjusted for mass manufacturing.

Introduction

Metasurfaces are nano-structured ultra-thin miniature optical components, typically a few
hundred nanometers thick, that provide arbitrary light control capabilities.!? Research on
metasurfaces bursted during the last decade, providing various implementations and inspiring
promising applications ranging from laser wavefront engineering to compact LiDARs.3 6

In particular, wavefront shaping, being one of the most promising directions of meta-
surfaces application, requires the device to locally introduce a full 27 phase gradient to the
incident field. There are several principal physical mechanisms for that, such as (i) using the
propagation phase control through non-resonant nanopillars with varying filling factor,” !
(ii) using geometric phase accumulation controlled by the orientation of anisotropic scat-
terers, 214 and (iii) using the scattering phase produced by resonant pillars.>1® For active
modulation of metasurfaces with fixed structural parameters, using resonant phase from rel-
atively high quality factor resonances appears to be a unique solution to achieve a full phase

tuning, especially using tunable material with a relatively small refractive index change.

It has recently been proposed theoretically that a full 27 resonant phase gradient can



be produced in metasurfaces by breaking symmetries.!? Parity-time breaking in reflection or
time-reversal symmetry breaking in transmission are shown to relax the restrictions on the
values of system eigenfrequencies of different types. In particular, reflection and transmis-
sion zeros in the structures with broken symmetries are allowed to move in a complex plane
which could lead to a pair of eigenvalues (pole and zero, eigenvalues calculated with different
boundary conditions) being separated by the real frequency axis. This is now clearly under-
stood as the necessary condition to achieve full 27 phase accumulation as a function of the
real frequency. Considering the low-loss dielectric materials we selected for the design, we
choose to work in transmission which guarantees higher components efficiency by avoiding
potentially lossy mirrors. In transmission, explicit time-reversal symmetry breaking requires
gain-loss engineering which is not technologically relevant to this problem. The other solu-
tion is spontaneous symmetry breaking which relies on the interaction of two zeros associated
with two resonant modes, the effect demonstrated in Huygens metasurfaces.!® Therefore, in
transmission, our choice is limited to Huygens metasurfaces that have been, and still are,
receiving tremendous attention due to their ability to reach high efficiencies combined with
a full 2 phase coverage for arbitrary wavefront shaping.'® The expertise in designing and
fabricating Huygens metasurfaces with different materials and realizing them using vari-
ous fabrication techniques, has enabled an impressive amount of optical components and
devices. 16:20-35

Huygens metasurfaces can be implemented as fixed-functionality components with a
unique phase pattern created by geometric parameters variation (resonators size or pe-
)15:16,20-24,26,29,30

riod or as actively tunable devices with uniform unit cells activated by apply-

33735 In this paper, we are suggesting an intermediate option of using the

ing external stimuli.
material’s fine-tuning for the fabrication of passive (fixed-functionality) metasurfaces with
uniform-sized unit cells. In other words, phase patterns would be recorded on the uniform

grids using local refractive index change in metasurface unit cells. For this purpose, we

suggest AsyS3 chalcogenide glass well-known for waveguides and fibers manufacturing and



for the micrometer-scale optical components.3® After fabrication, this material experiences
refractive index change resulting from transferring to the material above-bandgap energy in
different ways, such as thermal exposure, exposure by an electron beam, illumination by the
radiation from ultra-violet®” to visible green light,? etc. It was shown, that exposure to
the light of small fluence allows changing the refractive index while preserving the surface
structure and keeping the height of the exposed material constant.3®3" Therefore, we suggest
fabricating uniform AsyS3 Huygens metasurfaces and tuning them with the green or blue
light for operation in red on IR frequency ranges.

In this work, we design high-efficiency Huygens metasurfaces made of As,S3 chalcogenide
glass, fabricate them by electron-beam lithography, and characterize them with several tech-
niques: with the conventional spectroscopic transmittance measurement, and a phase mi-
croscopy technique performed in a broad wavelength range. We also demonstrate uniform
Huygens metasurfaces post-fabrication tuning by recording a binary phase pattern using
intensity-modulated light exposure at 532 nm. The tuned metasurface produced a hologram
in the far field while being illuminated at its operation wavelength 940 nm. This exper-
iment confirms the possibility of transferring the on-demand phase pattern to a uniform

fine-tunable metasurface using a spatial light modulator.

Results and discussion

Design and theoretical description of Huygens metasurfaces

We numerically design a Huygens metasurface composed of resonant As, S5 particles arranged
into a 2D square zero-order diffraction grating patterned on an infinite glass substrate. We
considered nanoparticles made of a lossless material, and to further maximize the compo-
nent’s transmission efficiency, we surround the nanostructures with a transparent embedding
medium (N,eq = Nsupy = 1.5) as shown in Fig. 1la. We fix the unit cell period at p = 450 nm,

the particle height at A = 195 nm, and the particle side length L is left as a varying param-



eter to explore different operation regimes. The refractive index of AsyS3 in the initial state

(right after the deposition) is n ~ 2.41 at the wavelength A ~ 800 nm (f ~ 375 THz).
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Figure 1: a. Schematic representation of a metasurface composed of a 2D square lattice
of rectangular AsyS3 particles. The substrate and the embedding medium are both chosen
to have the same refractive index n = 1.5. b. and c. present the transmission spectrum
(respectively the amplitude and the phase) of the metasurface shown in (a) as a function
of the particle size L. Red and black points show the trajectories of the real parts of the
two complex transmission zeros f,i, f.o. d. Transmission amplitude and phase as a function
of frequency for the region (i): two spectrally separated transmission zeros each providing
a 7 phase jump. e. Transmission amplitude and phase as a function of frequency for the
region (ii): high transmission caused by transmission zeros expelled into the complex plane.
Phase here experiences a 2 jump (red line) which, after applying phase unwrap, turns into
a smooth 27 phase variation (black dashed line) f. Trajectories of the imaginary parts of the
two complex zeros f,1, f.o as a function of the particle size L. Trajectories of zeros real and
imaginary parts in ¢. and d. reveal that the Huygens regime providing high transmission
amplitude and 27 phase variation is bounded by the two transmission zeros Exceptional
Points EP; and EP;.

Numerical results have been obtained by considering a plane wave excitation impinging
on the device at normal incidence. The transmission coefficient calculated as a function of
the real part of the excitation frequency and the particle size ranging from L = 360 nm to

L = 390 nm, was obtained using commercial software CST Studio Suite. The amplitude of



calculated transmission spectra shows 2 transmission minima, or transmission zeros, that are
getting closer and closer to each other to finally disappear in a range of L values ranging from
~ 371.58 nm to ~ 383.26 nm. In the vicinity of the overlapping region, the transmission
is significantly enhanced (Fig. 1b). Looking at the phase response as a function of L in
((Fig. 1c), we observed different operating regimes: (i) the position of each transmission
minima are spectrally separated, each associated with a 7 transmission phase jump, (ii) the
phase discontinuity of the transmission coefficient provides a 27 transmission phase jump of
interest for a full wavefront phase modulation.

We have demonstrated in our previous work that Huygens metasurfaces behavior is gov-
erned by the positions in the complex frequency plane of topological phase singularities (zeros
and poles of the transmission coefficient) - special points in the complex frequency plane that
are turning metasurface optical transmission into zero or infinity, respectively, with the phase
value wrapping around the singular point.!® These two types of singularities have the op-
posite topological charge +1, they exist in pairs of the opposite charge and can annihilate
when they superimpose. Zeros and poles are generally complex-valued. This originates from
the non-Hermitian nature of the metasurface caused by the existence of either absorption
losses in the metasurface material or by scattering losses. According to the Weierstrass fac-
torization fundamental theorem in the field of complex analysis, any rational function of a
complex variable can be represented with the equation (1) containing an infinite number of

poles f, and zeros f, in the complex frequency plane: 447

T(w) H %, (1)

n=-—oo

In the following, we consider the transmission coefficient in a frequency region that is
dominated by only 2 zero-pole pairs denoted respectively as f.1, fp1, and f.2, fp2. Conse-
quently, taking into account only the two terms associated with these two pairs in Eq. 1

provides already a good qualitative prediction of the transmission coefficient in the region of

interest. The transition in the behavior of the transmission coefficient can mostly be under-



stood by studying the trajectories of zeros just as in.'? Therefore, we calculate the designed
metasurface response (Fig. 1a) with JCMwave software (see Materials and Methods section)
using complex frequency excitation and extract complex zeros positions f.; and f... We
show their trajectories as functions of particle size L in Fig. 1b,c (Re(f.1) and Re(f.2)) and
in Fig. 1f (Im(f.1) and Im(f,2)). While the real parts of zeros trace the trajectory of trans-
mission dips, imaginary parts show two distinct operation regimes (i) and (ii) characterized
by real-valued and complex zeros respectively. Regime (ii) is known in the literature as the
Huygens metasurface regime. At the boundaries between the two operation regimes, the
zeros overlap completely (f,; = f.2) forming exceptional points on the real axis (FP; and
EP,). We calculate the positions of the EPs: fpp, ~ 372.1 THz at Lgp, = 371.55 nm and
fep, = 367.8 THz at Lgp, = 383.26 nm. We discuss in more detail zeros trajectories around
the exceptional point in the Supplementary Information.

When a full 27 phase gradient is required, Huygens metasurface should be operating in
the parameter region where the two zeros are moved to the complex frequency plane with
complex conjugated frequencies. This region is separated by the transmissionless EPs (see
SI for more information). In the following section, we will fabricate and characterize AsyS3

Huygens metasurfaces.

AsyS3 metasurfaces fabrication and spectral tuning

As9S3 is a photosensitive material, which is characterized by changes in the refractive index
and the extinction coefficient upon illumination by light with an energy above the material
bandgap (/> 2eV). For reference, the As,S3; material properties after deposition and prior
illumination are shown in Fig. 2a. The metasurface we designed is operating at the near-IR
wavelength (in the vicinity of A = 800 nm), to make use of a green light at A = 532 nm
for fine-tuning of the metasurface response at near-IR. Preliminary measurements of the
refractive index change at A = 800 nm depending on the incident green light fluence is

shown in Fig. 2b.3®



Then metasurface samples were produced using the following procedure. First, AsyS;3
layer was fabricated with the electron-beam vapor deposition technique, its thickness was
characterized with the transmission measurement (h = 195 nm). Afterward, samples were
nanostructured with electron-beam lithography and etched by inductively coupled argon
plasma. Several metasurfaces were fabricated with electron-beam patterns with a different
pitch between the particles and with different electron-beam exposure doses (from 40 to
48 11C'/em?) which resulted in metasurface samples with different particle sizes L (Fig. 2c).
Finally, the structure was covered by spin-coating with a thin layer of Poly(methyl methacry-
late) (PMMA) polymer acting as the embedding medium (n & 1.48). The fabrication process
leads to the partial refractive index change due to the e-beam exposure and thermal heating
at the stage of resist conditioning on a hotplate. After this process, the partially-exposed fab-
ricated metasurface has a refractive index marked with ”1” in Fig. 2b. It is possible to further
change the fabricated sample refractive index to the value marked with ”2” (Fig. 2b.). These
two refractive index points are considered the initial and the final index for the performed
transmission amplitude and phase measurements. The fabrication process is described in
more detail in the Methods section.

Transmission spectra for selected samples were measured before and after green laser
exposure (refractive indices before and after this exposure correspond to the points 1 and
2 in Fig. 2b.), measurement technique described in the Methods section. Measurement re-
sults (Fig. 2d) show a significant red shift between spectra of the initial and light-annealed
structures (77 and T3). We first observe that transmission spectra before and after an-
nealing present two transmission minima that are approaching each other as the particles
size increases. These results are compared to the simulation done in CST Studio (r) with
p = 450 nm, h = 195 nm, ngwp = 1.5, Nypeq = 1.48, the size of the particles L correspond to
the sizes measured from SEM images (Fig. 2¢). To take into account fabrication uncertainty,
including local change of the particle size within the same array, each simulation result was

averaged over 11 values varying from L — 5 nm to L + 5 nm. Results shown in Fig. 2e
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Figure 2: a. Complex refractive index of AsyS3 measured immediately after deposition and
before illumination with the green tuning light. b. Refractive index change at A = 800 nm
as a function of fluence of incident green light (A = 532 nm). c¢. SEM images of fabricated
metasurface samples of various size L d. Experimental transmission spectra measured for
the samples shown in (c) before (7} in blue full line) and after light-annealing (75 in red
dashed lines) and e. corresponding numerical transmission spectra simulated for different
average size L (results from L — 5 nm to L + 5 nm were calculated with a step 1 nm and
averaged) before (77) and after (T3) light-annealing.

are in good correspondence with the experimental data. These results correspond to the
operation regime away from the Huygens response (Fig. 1b.,c.) below the exceptional point
EPy, approaching the E P, for the larger value of particles size L.

As a next step, we image the phase distribution of the transmitted light produced by
several selected samples using quadriwave lateral shearing interferometry (QLSI, see Methods
section for more detail). 484 To illustrate the method, we show an example of a measurement
performed with this technique on one of the fabricated metasurfaces (sample 3 on the Fig.2c),
measurement was done at A = 765 nm. First, we measure the phase profile of the transmitted
light without laser illumination, as a reference, then turn on a blue laser (OBIS 488 from
Coherent) focused on a ~ 25 um spot on a sample and expose ensuring maximum exposure

dosage from the Fig. 2b in order to locally trigger photosensitivity of the AssS3 material.



As shown on the measured intensity and phase maps (Fig. 3a,d) we clearly see the contrast
between the exposed and non-exposed areas of a metasurface.

Results of the transmission amplitude and phase measurement with the QLSI for 2 se-
lected samples (sample 4 and 7 in figure Fig. 2c) before and after exposure are shown in
Fig. 3b (transmittance amplitude), and in Fig. 3e (transmittance phase). These results are
in good agreement with the simulations performed in CST Studio (r) and averaged over
11 values varying from L — 5nm to L 4 5nm to consider fabrication uncertainty of £5 nm
(Fig. 3c,f). We note that these measurements still correspond to the operation regime slightly
outside of the Huygens regime(Fig. 1b.,c.). However, the measurement for the sample with
L = 360 nm is in very close proximity to the first exceptional point £ P;, and the unconven-
tional shape of the phase curve is due to averaging of sizes that provide 27 resonant phase
jump and sizes that provide two closely located but separated 7 jumps.

We would like to point out that reaching the Huygens regime in As,S3 metasurfaces at this
operation wavelength (/= 800 nm) requires fabrication techniques capable of producing small
gaps between nanoparticles (below 70 nm) with more than 2.5 aspect ratio. These dimensions
turned out to be challenging for the current fabrication technique. However, this design can
be used at longer operation wavelengths considering its comparatively high refractive index
and transparency in a large wavelength region (Fig. 2a). Scaling this structure up would

increase the size of the smallest fabrication features.

Post-fabrication phase pattern recording

The developed method combining standard fabrication of uniform metasurfaces and their
tuning with light exposure has the potential for mass manufacturing of phase-gradient meta-
surfaces, as explained in our recent patent.% Here, we produce a demonstration of a binary
optical hologram using a spatial light modulator for the partial exposure of the photosensi-
tive sample. As we are trying to reach the Huygens regime for higher phase contrast between

exposed and unexposed parts of the metasurface, it is scaled up to operate at &~ 940 nm. The
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Figure 3: a. Intensity and d. Phase images showing the transmittance through the non-
exposed metasurface compared to the spot annealed with the focused laser b. Transmittance
amplitude measurement of samples 4 and 7 in 2(a) before (77) and after (73) blue laser
exposure. c¢. Transmittance amplitude simulation for L = 340 £5 nm and L = 360 &+ 5 nm
before(7}) and after (73) light annealing. e. Transmittance phase measurement of the
samples 4 and 7 in 2(a) before (¢;) and after (¢o) blue laser exposure. f. Transmittance
phase simulation for L = 340 £ 5 nm and L = 360 £ 5 nm before(¢;) and after (¢2) light
annealing.

As9S3 metasurface working in the vicinity of this wavelength has period p = 540 nm, height
h = 220 nm, refractive index n ~ 2.39, and it is embedded in PMMA with npara =~ 1.48.
Simulation of the transmission phase through this metasurface shown in Fig. 4a. predicts
the Huygens regime for resonators sizes ~ 440 — 460 nm. This metasurface of size 1 x 1 mm
was fabricated with the same method (please refer to Methods section). The thickness of
the fabricated AsyS3 film was measured using optical monitoring throughout the deposition
(h =~ 220 + 10 nm), the dimensions of the fabricated structure were measured using SEM-
images (Fig.4b.), the period p ~ 540 4+ 10 nm, the sizes L = 450 £ 20 nm (we are leaving
higher uncertainty because of the non-ideal shape of the structure gives a higher span of
measured sizes).

A dedicated optical setup was developed for the controlled exposure of the samples (see
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Figure 4: a. Transmission phase for the AsyS3 Huygens metasurface operating around
A = 940 nm b. SEM-image of the fabricated up-scaled metasurface c. A binary phase
pattern that was recorded on the metasurface by modulating the intensity of the exposure
(at A = 532 nm) with SLM d. A hologram produced in a far field by the metasurface with
a recorded phase pattern from (c.) upon illumination at A = 940 nm

the Methods section for its description). The intensity of green laser light illuminating the
sample is varied using a spatial light modulator(SLM) producing only 2 levels of intensity.
The produced intensity profile is then imaged onto the chalcogenide metasurface to fabricate
a binary phase pattern. A collimated 940 nm laser diode is then used to illuminate the
recorded metasurface. The transmitted beam is finally focused with a 100 mm focal length
lens and a CCD camera placed in the focal plane is used to image the far field intensity.
Figure 4c. shows the recorded phase pattern and figure 4d. - the associated measured
far-field intensity producing a guitar-shaped profile confirming that the recorded amplitude
pattern was converted into the same phase pattern.

The advantage of this approach is that uniform metasurfaces can be fabricated with such
mass-production techniques as nanoimprint®"*? while the functionality can be recorded a-

posteriori using digital optics tools such as a spatial light modulator (SLM).5® In addition,
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the phase distribution recording system could be combined with an in-situ optical control,

which allows real-time monitoring of the phase element manufacturing process.

Conclusion

Dielectric Huygens metasurface is one of the most efficient resonant metasurfaces being a
promising candidate for wavefront shaping in integrated optical devices. We suggest a new
production method for such metasurfaces based on photosensitive chalcogenide AsyS3 ma-
terial that experiences refractive index changes upon external exposure. In this work, we
realize a proof-of-concept experiment by, first, fabricating uniform As,S3 metasurfaces with
electron-beam lithography, and, second, demonstrating their fine-tuning induced by absorp-
tion of high energy photons (blue and green) experimentally. We characterize fabricated
metasurfaces with transmission amplitude and phase measurements which demonstrate ex-
cellent correspondence to simulations. We also confirm the possibility of recording phase
patterns on the uniform As,S3 metasurfaces by varying the exposure amplitude with a spa-
tial light modulator. This method aligns well with the currently ongoing effort in technology
for the fabrication of large-scale metasurfaces with reliable and reproducible structural pa-
rameters. The uniform structures could be fabricated with such techniques as nanoimprint
that is better adapted for mass-production of large-size metasurfaces than electron-beam

lithography currently used in laboratory experiments.

Methods

Numerical modeling

Metasurface surrounded from both sides with the infinite glass media (n=1.5) was modeled
using the Frequency-domain solver of CST Studio Suite (r) which uses the finite elements

method combined with special broadband frequency sweep techniques. We used a Unit cell

13



boundary condition that considers a periodic structure while ensuring phase-matching for
waves at different incidences. As a result, we calculate a complex transmission coefficient
allowing us to extract transmission amplitude and phase.

Complex-frequency simulations were performed using the Maxwell solver JCMsuite based
on a higher-order finite element method.?* It calculates the metasurface response for complex

excitation frequencies from which we extract transmission amplitude and phase.

Nanofabrication

A thin (2 nm) MnO adhesion layer was deposited on a one-inch round glass substrate (B270)
using plasma-assisted electron beam deposition (Biihler Syrus Pro machine). A 195 nm-thick
layer of As,S3 was deposited on top of it using the same technique, ensuring a high-density
high uniformity layer. The precise As,S3 thickness was monitored using in-situ direct optical
monitoring (Biihler OMS 5000) at 700 nm. A thin 2 nm additional SiO, layer was deposited
on top of the As,S3 layer using the same technology but unassisted, to protect the surface
from oxidation.

Deposited films were nanostructured with electron-beam lithography and argon plasma
etching according to the following steps. The surface was prepared by cleaning in acetone,
isopropyl alcohol (IPA), deionized(DI) water and then exposed to Oy plasma at 150° for 1
minute. The CSAR 62 positive photoresist (AR 6200.09 from Allresist) was spin-coated at
4000rpm and baked on a hotplate for 1 minute at 150°C. Then, conductive resist Electra 92
(Allresist) was spin-coated at @4000rpm and baked for 2 minutes at 90°C. Electron-beam
lithography was performed using a Pioneer system (Raith) with the following parameters:
~ 7.6 mm working distance, 20 £V voltage, 7.5 yum aperture, and ~ 0.02 nA beam current,
6 nm step size, dose varied from 40 uC'/cm? to 48 uC/em?. After the e-beam exposure,
the sample was rinsed for 30 seconds in the DI water to remove the conductive resist, then
developed for 45 seconds in AR 600-549 developer (Allresist) to remove the exposed parts of

the CSAR resist and dipped for 30 seconds to IPA to stop the development. The developed
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sample was post-baked for 2 minutes at 130°C and subjected to the inductively coupled argon
plasma etching for 3 minutes (Plassys, radiofrequency power 400 Watt, process pressure 10~
mTorr, argon flow 3.8 standard cubic centimeters per second). The remaining non-exposed
CSAR resist was removed by rinsing the sample in acetone for 20 minutes using the ultrasonic
bath. Finally, the sample was spin-coated at 1000rpm using a 4% solution of PMMA in ethyl

lactate and baked for 5 minutes on a hotplate at 170°C.

Optical characterization

Transmittance measurements were performed using a custom setup detailed herein.®® The
system uses a double monochromator (Gemini-180 from HORIBA Jobin Yvon) to select a
narrow spectral window from the white laser-driven light source (Energetiq). The source
is imaged in the sample plane using a system of objectives and a diaphragm. The sample
plane is then imaged in the plane of a CCD camera. The setup allows recording intensity
images at each wavelength, transmittance coefficient is calculated using a reference measured
separately.

We characterized the samples with a quantitative phase imaging technique called quadri-
wave lateral shearing interferometry. This technique is based on the association of the 2-
dimensional diffraction grating placed at a millimetric distance from the sensor of a camera.

We implemented this QLSI camera on a microscope to acquire quantitative images of optical

2nOPD

path differences that we further convert into phase images using the equation ¢ = ==

For the illumination, we used a monochromator (Hypermonochromator, Mountain Photonics
GmbH associated with an Energetiq EQ-99X laser-driven light source (LDLS), purchased
from Opton Laser International, hyperchromator DG-600-300/1250) mounted in a Kohler
configuration.

A dedicated optical setup was developed for the controlled exposure of the samples in
order to produce the optical hologram (Fig. 5). A green TEMO00 532 nm continuous wave

laser with a power of 1 W was employed to expose the fabricated uniform metasurface.
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First, the beam is expanded with 2-magnification using two achromatic lenses L1 and L2 to
shine a m-shaper and generate a flat-top beam. A new set of lenses (L3 and L4) are then
used to expand the beam and illuminate a spatial light modulator (SLM). The SLM, placed
in between crossed polarizers, is used to produce an amplitude profile with a pixel size of
8.5um. The amplitude pattern generated on the SLM is then imaged using a two-lens system
(L5 and L6) with 1/3.7x magnification directly on the metasurface in order to produce an
identical amplitude pattern with 2.3um pixel size in the sample through refractive index

change.
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Figure 5: Setup dedicated to recording phase pattern by modulating the intensity of exposure
with a spatial light modulator

Associated content

Supporting Information: complex frequency analysis of the As,S3 metasurface transmission
in the vicinity of the exceptional point, numerical fit demonstrating square-root dependency
of transmission zeros on the changing geometric parameter L in the vicinity of the exceptional

point (PDF).
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Supporting Information

Transmission zeros evolution in the vicinity of EP

Here, we show in more detail the transition from conventional operation regime (i) to Huy-
gens regime (ii) and plot the complex plane calculation for three values of the parameter L
highlighting this transition. Transmission amplitude (Log1o(|7|)) and phase (Arg(T)) were
computed with JCMwave suite for L = 370 nm, L = 371.55 nm, and L = 372 nm (Fig. 6).
Results in Fig. 6a.and c. correspond to the operation regime (i) and (ii) where two spectrally
separated zeros of the first order, characterized by a phase vortex with a winding number
1, are observed!?). Fig. 6 b. shows that for a certain parameter value (L ~ 371.55 nm) the
two zeros degenerate and merge together forming a zero of the second order, i.e. a transmis-
sionless EP characterized by a winding number of 2 with a 47 phase accumulation encircling

the singularity:.
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Figure 6: Transmission Amplitude and phase maps of an AsyS3 metasurface excited with
complex-frequency illumination impinging at normal incidence on metasurfaces designed
with 3 specific values of the particles size L: a. For L = 370 nm the two zeros are spectrally
separated and their eigenfrequencies are real-valued. b. For L = 371.55 nm the two complex
zeros spectrally coincide forming transmissionless EP on the real axis. c¢. For L = 372 nm
zeros have the same real part, but different imaginary parts, overall their complex eigenfre-
quencies being conjugated.

Fitting metasurface response to the parameter change in the vicinity

of EP

The typical property of exceptional points in optical systems is the enhanced system’s sen-
sitivity to parameters change. This is because the system’s response to this change depends
non-linearly (as a square-root function) on the external change. We demonstrate this prop-
erty for the considered structure by fitting the zeros trajectories in the vicinity of EP by the
square root dependency on the size variation: f = fgp, , +a121/L — Lgp, ,. Fitted constant
values are ai; = —0.2045 for the first zero and as = 0.9896 for the second zero. The compar-
ison of the fitted curves with the numerically obtained transmission zero eigenfrequencies is

shown in Fig. 7.
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Figure 7: Metasurfaces’s transmission spectrum amplitude with the selected area around
the exceptional point is shown with a black rectangle. Zeros evolution in this area is shown
in more detail in the figure on the right: numerical fit of zeros real parts trajectories in
the vicinity of E'P; indicates a typical square-root dependence of the system’s response as
a function of the small external parameter change (in this case, resonator’s size). f =

fep 2+ a12v/L — Lgp, 2, are oy = —0.2045 and ay = 0.9896.
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