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Chalcogenide Visible Transmissive Metasurface Optics

Hao Dai, Yilin Shi, Zezhao Ju, Kunhao Lei, Ye Luo, Jieren Song, Ruizhe Liu, Qikai Chen,

Mengxue Qi, Yaoguang Ma,* Lan Li,* and Hongtao Lin*

The development of innovative dielectric materials is crucial for advancing
metasurface optics. Chalcogenides are well-known for their unique optical
properties and broadband high transmission from visible to infrared, which
promises to be an emerging material platform for metasurface optics.
However, the lack of chalcogenide materials in visible transmissive
metasurfaces remains. In this work, the designs and experimental works of
the first chalcogenide visible transmissive metasurface optics based on the
chalcogenide material Ge,;Sb,S,, (GSS) platform are presented. Taking

has been extensively researched and ap-
plied in many fields,'?l such as planar
metalens,>>! spin-orbit manipulation,[®-®]
holographic ~ imaging,®'  informa-
tion processing,'**]  and  Dbiological
monitoring.'*l Owing to the advantages
such as small footprint, high design free-
dom, good compatibility with semiconduc-
tor manufacturing, and wide selection of
optical materials, metasurface optics exhibit

advantage of its high refractive index and low optical loss in visible,
chalcogenide metalens, focused meta-vortex, meta-holographic devices, and
computational visible spectrometers are designed and fabricated with a
commendable performance. This work establishes the groundwork for
realizing diverse functionalities and broader integration of chalcogenide

metasurfaces at visible wavelengths.

1. Introduction

Traditional optical elements control light propagation through
phase accumulation generated by geometric shapes of bulk
optical glasses, which has limited the miniaturization of op-
tical elements and systems. Metasurface optics with discon-
tinuous phase can achieve arbitrary wavefront control, which

great potential to replace traditional optical
elements and relatively matured diffractive
optical elements. Despite the extensive use
of various dielectric materials in metasur-
faces across different wavelength bands,
including HfO, "] Nb, O ') AIN['! for ul-
traviolet band, Ta, Os,['® TiO,,1*2] GaN,[2!]
SiN[22] for visible band, a-Sil**?* and ¢-Si(®]
for near-infrared to mid-infrared, how-
ever, the pursuit of high refractive index,
broadband transparency and ease of fabrication remains essen-
tial. Therefore, the development of innovative dielectric materials
is crucial for advancing metasurface optics.

Chalcogenide materials are compounds in which chalcogen el-
ements (sulfur, selenium, tellurium, etc) are covalently combined
with other elements, which are usually characterized by broad-
band transparency,!?*28! high refractive index,[?”?°! adjustable
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refractive index!*°! and strong optical nonlinearity.!! Some have
phase-change and nonvolatile capabilities®>33] to realize recon-
figurable metasurface. Not only that, attributed to their lower
boiling points, chalcogenide materials are easy to integrate and
can be deposited on various substrates at low temperatures
through a simple single-source thermal evaporation coating,**l
which could simplify the fabrication and expand the scenario
of the metasurface. Due to these distinctive optical properties,
chalcogenides are well-suited for realizing high performance and
multifunctional metasurface optics.

Until now, chalcogenide metasurface has been extensively
studied from infrared to terahertz. In the terahertz range,
Ge,Sb,Tes; was integrated into metasurface designs, achieving
a reconfigurable broadband terahertz modulator.[®! Besides, the
Huygens chalcogenide metasurface platform based on PbTe has
extended the wavelength range to the mid-infrared band and
realized ultra-thin mid-infrared transmissive metalenses with
diffraction-limited focusing and high operating efficiency.?”] Ad-
ditionally, chalcogenide topological insulators such as Bi,Te; ex-
hibit extremely high optical refractive index in the 2-10 ym in-
frared range, contributing to strong harmonic modulation to
incident electromagnetic waves.[?’] Moreover, low-loss chalco-
genide material based on GeSbSeTe has been utilized in mid-
infrared metasurface devices, while achieving high switch ratios
for all-dielectric mid-infrared metalenses through algorithmic
optimization of design.[*] Furthermore, owing to the strong non-
linearity of chalcogenide material, As,S; metasurface based on
a phase-locking mechanism has experimentally proved the con-
version capabilities of electromagnetic waves from near-infrared
to ultraviolet frequencies and exhibited minimal absorption.3!!
Overall, chalcogenide materials have provided extensive capa-
bilities and promising performance in metasurface optics from
infrared to terahertz. Although chalcogenide materials excel
in broadband transparency, the fabrication challenges of vis-
ible metasurface devices increase substantially as the opera-
tional wavelength decreases. Consequently, the lack of chalco-
genide materials in visible transmissive metasurfaces still re-
mains, which is a significant reason for our development of this
metasurface platform. Besides its broadband transparency, the
potential of chalcogenide materials, such as reconfigurability and
nonlinearity, could also promote further research and application
of visible metasurface.

In this work, to the best of our knowledge, we present the
designs and experimental works of the first chalcogenide visi-
ble transmissive metasurface optics based on chalcogenide ma-
terial Ge,;Sb;S,, (GSS) platform. Using truncated waveguide
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meta-units, we achieve a nearly 2z phase shift along with good
nanopillar structures that closely match the original design. On
this basis, we obtain three hyperboloid metalenses at different
wavelengths, which could reach the diffraction limit closely, and
their focusing efficiencies can reach 70-80%. Subsequently, we
demonstrate focused vortex metasurfaces with various topolog-
ical charges at 660 nm. Besides, utilizing the G-S algorithm
method, we show chalcogenide holographic metasurfaces and
achieve holographic displays at visible wavelengths. Further-
more, we design chalcogenide meta-filters and realize computa-
tional visible spectrometer by an optimization algorithm, achiev-
ing visible spectral sensing with 7 nm spectral resolution and
high spectral reconstruction accuracy at 450-750 nm. In sum-
mary, the chalcogenide material we studied in this work provides
a high performance metasurface platform in the visible band and
promises further future research of reconfigurable and flexible
metasurfaces.

2. Results and Discussion

2.1. Fabrication and Design of Chalcogenide Visible Transmissive
Metasurface Platform

Visible metasurfaces have garnered significant interest due to
their wide range of potential applications. Table 1 summarizes
the current state-of-the-art visible metasurface materials, all of
which exhibit excellent optical properties. However, challenges
such as complex deposition processes, high manufacturing costs,
limited dielectric thickness, and the need for additional hard
mask steps complicate the fabrication. In contrast, the GSS ma-
terial presented here exhibits a high refractive index comparable
to leading materials while maintaining low optical loss across the
visible spectrum. A key advantage of GSS is its low-temperature
thermal evaporation deposition, which allows for near-room-
temperature substrate processing. This feature enables the use
of GSS on various substrates, including flexible ones such as
SU8 and PL*®] thus enhancing the integration potential of our
GSS metasurface platform. Moreover, GSS has a high etch rate
(>5 nm ~'s) and selectivity (> 6:1), enabling the fabrication of
complex metasurface structures with high aspect ratios and in-
tricate geometries without a hard mask. These unique properties
position GSS as an ideal candidate for high performance dielec-
tric metasurfaces in the visible spectrum, offering a balance be-
tween optical performance and manufacturability.

The fabrication schematic of chalcogenide visible transmissive
metasurface is illustrated in Figure 1a. First, the GSS film with a

Table 1. Overview of materials and processing methods for visible metasurfaces.

Material n@visible Kk @visible Thickness Film preparation Hard mask in dry etching
SiNE7) ~2 ~0 695 nm ICPCVD Cr

SiO, (%8 ~1.46 ~0 2000 nm Fused Silica Cr

GaN[39:40] >2.4 ~0.01 715 nm MBE / MOCVD SiN / SiO,

Ta, O8] >2.1 ~0 400 nm Sputtering Al,O,

TiO, 141431 ~2.4 <0.003 600 nm Filling by ALD /

Tio, [44] >2.1 ~0 220 nm Evaporation Cr

Gey3Sb; S0 >2.3 <0.04 600 nm Evaporation Resist
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Figure 1. Development of chalcogenide visible transmissive metasurface platform. a) Fabrication process schematic of the chalcogenide metasurface
platform. Chalcogenide b) nanohole meta-filters and c) nanopillar meta-units observed via scanning electron microscopy (SEM). d) Refractive index and
extinction coefficient of GSS thin film deposited through thermal evaporation, acquired through ellipsometry.

thickness of &~ 600 nm is deposited on a 700 pm thick quartz sub-
strate by thermal evaporation with a single thermal source. The
optical constants of GSS film at 450-800 nm, as shown in 1d, re-
veal that our prepared GSS has a relatively high optical refractive
index (n > 2.3) and a low extinction coefficient (k < 0.04) at vis-
ible wavelengths, serving as the principal reason for developing
the chalcogenide visible metasurface platform.

Subsequently, a SiO, layer of ~#60 nm thick is deposited on
the upper surface of the GSS film through magnetron sputtering
to prevent the GSS from being corroded by the photoresist de-
veloper. After that, electron beam lithography is engaged to pat-
tern the metasurface structures onto the photoresist. Finally, the
nanoholes (Figure 1b) and nanopillars (Figure 1c) of GSS meta-
surface are obtained through ICP dry etching technology.

As a result of relatively high etch selectivity (> 6:1) between
GSS and photoresist, the etching process can completely etch out
the metasurface structures. To guarantee the GSS metasurface is
completely etched, a controlled over-etching process is conducted
in our fabrication, and the etching interface can still terminate at
the interface between the GSS and quartz substrate. Since the
protective silica layer on GSS film is thin enough, the etching
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and pattern-transfer process would not be affected. It merits em-
phasis that the photoresist and silica layer is ultimately retained
in the devices to maintain the structural integrity of the metasur-
face devices, which are also taken into account in the optical sim-
ulations. Considering the slight increase in Ar gas flow during
nanohole etching, the surfaces are subjected to more intense
physical bombardment, resulting in marginally greater rough-
ness compared to nanopillars. Nonetheless, this roughness is
negligible in its effect on the performance of the meta-filters, pre-
serving the reliability of the optical transmission matrix for com-
putational spectrometer development.

Compared to Huygens metasurfaces, truncated waveguide
metasurfaces use the propagation phase and offer greater effi-
ciency and, unlike Pancharatnam-Berry phase metasurfaces, are
not limited by the polarization of incident light, making them the
preferred choice for developing transmissive metasurfaces.*!
Therefore, we use cylindrical truncated waveguide meta-units in
this work, to ensure relatively high device efficiency and polariza-
tion insensitivity.

As the phase accumulation relies on phase delay in the trun-
cated waveguide meta-units, the resulting phase shift mainly
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Figure 2. Design of chalcogenide meta-units. a) Schematic diagram of the hexagonal crystal lattice arrangement in the chalcogenide meta-unit and
b) corresponding phase and transmission curves at 660 nm obtained from scanning diameters. c) Top views of normalized magnetic energy density at
660 nm in a periodic GSS meta-unit for diameters D = 308.8 nm, corresponding to the yellow star marker in (b).

correlates with the height and diameter of GSS nanopillars.
Therefore, the GSS film is developed with a wavelength-level
thickness of 600 nm to achieve approximately 2z phase shift.
Besides, a subwavelength hexagonal lattice (Figure 2a) is utilized
in the design of meta-units.[*) And the period of the meta-units
is set at subwavelength scales (p = 0.44 um). Figure 2b presents
the simulated phase and transmission variations with changes
in the diameter of hexagonally arranged GSS nanopillars at the
wavelength of 660 nm, computed using 3D finite-difference time-
domain simulations. Corresponding results of similar designs
at 520 and 488 nm are provided in Figure Sla,b (Supporting
Information). The results indicate that the phase shift of GSS
meta-units in our study could cover almost 2z at visible wave-
lengths within a diameter range from 80 to 320 nm. To fur-
ther elaborate, the top view of normalized magnetic energy den-
sity at the wavelength of 660 nm is demonstrated in Figure 2c
with a diameter D = 308.8 nm of periodic GSS nanopillars,
indicating the high concentration of the electromagnetic wave
inside GSS nanopillars and thus low coupling effect between
each nanopillar. These results confirm the capabilities of chalco-
genide visible metasurface to enable arbitrary wavefront control
while maintaining high transmission, which promises good per-
formance of our chalcogenide visible transmissive metasurface
devices.

2.2. Chalcogenide Visible Transmissive Metalens

Recently, metalenses made from visible-transparent optical ma-
terials have shown impressive performance.[*! Compared to con-
ventional lenses and diffractive optical lenses, metalenses are
lightweight, compact, semiconductor-process compatible, and
most importantly, offer strong light-field manipulation capabil-
ity. These characteristics confer substantial potential on them to
replace traditional thick lenses. Utilizing the chalcogenide meta-
surface platform, here we experimentally demonstrate three GSS
transmissive metalenses at visible wavelengths.

Generally, the metalens design utilizes a hyperboloid phase
profile to achieve perfect focal convergence for collimated inci-
dent light,!*] finding its numerical representation in Equation

(v,
vl =2 (F =y +T7) U
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Herein, (x, y) denotes the coordinates from the center of each
meta-unit to the center of the device, frepresents the designed fo-
cal length of metalens, and 4 corresponds to the operating wave-
length. Three separate GSS visible metalenses are each designed
to work at respective wavelengths of 660, 520, and 488 nm. Each
device has an overall size of 500 um. The parameters for each
metalens, including numerical apertures (NA) and focal lengths
(), are tailored as follows: metalens of 660 nm (Metalens 1), NA ~
0.15, f~ 1647.8 pm; metalens of 520 nm (Metalens 2), NA ~ 0.13,
[~ 1904.6 um; metalens of 488 nm (Metalens 3), NA ~ 0.12, f~
2065.8 um. The ideal hyperboloid phase profiles of three visible
metalenses are shown in Figures 3a, S2ab (Supporting Informa-
tion). Subsequently, the hexagonal periodic GSS meta-units are
employed to develop the final GSS visible metalenses. The optical
micrograph and scanning electron micrograph of the Metalens 1
are illustrated in Figure 3b,c.

To further characterize metalens performance, we have estab-
lished an optical test system for metasurface optics (Figure S4a,
Supporting Information). Figure 3d illustrates the normalized in-
tensity distributions in the x-z plane of three GSS visible metal-
enses. These distributions are extracted from the cross-sectional
profiles of the 3D optical intensity distributions, which were char-
acterized by sequentially capturing live images in the x-y plane at
2 um increments along the optical axis (z-axis) behind metalenses
illuminated by collimated lasers. The focal positions for three
metalenses were experimentally measured at respective wave-
lengths, resulting in focal lengths of 1658, 1910, and 2084 um,
each closely matching its design.

Additionally, the intensity distributions along the x-axis, de-
picted in Figure 3e, are compared with the theoretical diffraction
limit defined by the ideal Airy function (%). The correspond-
ing intensity distributions for each focal spot are shown in the
insets of Figure 3e, with full widths at half maximum (FWHM)
of 2.26, 2.08, and 2.11 um, respectively. The experimental re-
sults demonstrate good consistency, indicating that metalenses
based on the chalcogenide visible metasurface platform can
achieve diffraction-limited focusing. Ultimately, the focusing
efficiencies of the metalenses, defined as the ratio of the power
within three times the FWHM of the focal spot to the total
incident power, were experimentally measured with a 500-um
pinhole to be 80.43%, 78.11%, and 71.72% for each metalens
at the corresponding wavelength (660, 520, and 488 nm). The
high efficiency and optimal focal convergence performance
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Figure 3. Design and characterization of three GSS visible metalenses. a) Ideal hyperbolic phase profiles. b) Optical micrograph and c) scanning electron
micrograph of Metalens 1. d) Normalized intensity distribution in the x-z plane of three different metalenses at respective operating wavelengths (660,
520, 488 nm), with dimensions of 200 um in the x-direction and 1000 um in the z-direction. e) Intensity distribution along the x-axis of three metalenses
at the corresponding focal plane (z = 1658, 1910, 2084 um), with experimental results (colored solid lines) compared to theoretical values using the Airy
function (black dots). The corresponding normalized intensity distributions at the focal plane are shown in each inset (scale bars of insets: 4 um).

are primarily attributed to the broadband high transparency
of the chalcogenide visible metasurface platform along with
high-precision fabrication that aligns with the designed struc-
tures. However, the focusing efficiency reduces to 71.72% for
the metalens designed at 488 nm, which is mainly due to the
slightly increased optical loss of GSS at shorter wavelengths
and greater manufacturing challenges, including narrower
dimensional ranges and smaller structural sizes (Figure S1b,
Supporting Information). These limitations could be mitigated
in future work by designing more advanced geometries for
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the meta-units. Additionally, optimizing the composition of
chalcogenide materials to reduce optical loss and enhance the
refractive index in the visible spectrum represents a critical
challenge and a key focus of our future research.*”*®/ Nev-
ertheless, three metalenses perform relatively high efficiency
and diffraction-limited focusing, showcasing the chalcogenide
metasurface platform has good capability to realize lenses at
visible wavelengths, extending more support for research on
wide-field, achromatic, or multifunctional metalens at visible
wavelengths.
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Figure 4. Design and characterization of three GSS visible meta-vortex devices. a) Ideal hyperbolic phase profiles for Meta-vortex 1, 2, and 3. b) Nor-
malized intensity distribution in the x-z plane at 660 nm, with dimensions of 200 um in the x-direction and 3000 um in the z-direction. c) Normalized
intensity distribution in the x-y plane with a doughnut-shaped pattern obtained at the focal plane. d) Normalized intensity distribution in the x-y plane
with split fringes obtained at defocused positions. €) Optical micrograph of Meta-vortex 1 (I = 8). f) Intensity distribution evolution of Meta-vortex 3

(I'=16) in the x-y plane along the optical axis (z-axis).

2.3. Chalcogenide Visible Focused Meta-Vortex

Vortex beams, characterized by their helical phase and donut-
shaped intensity with a dark core, effectively utilize optical orbital
angular momentum (OAM) to expand communication channels.
Traditional techniques such as spiral phase plates, holographic
phase plates, and spatial light modulators have been employed to
generate and manipulate these beams.[*! Recent advancements
in metasurface optics have facilitated more compact and efficient
control over optical OAM.% In particular, precise phase gradi-
ents in metasurfaces enhance capabilities for fine-tuning vortex
beams.

In this work, we superimpose spiral phase designs on hyper-
boloid phase profiles used in metalens to realize the focused
vortex metasurface (meta-vortex) devices with several topologi-
cal charges. Employing the phase profile of the 660-nm metalens
outlined above, the designed phase profile of meta-vortex devices
can be numerically described by Equation (2),

(p(x,y)z277[(f—\/x2+y2+f2>+l~tan"1<z) ()

X
Among them, (x, y), f, 4 are consistent with the definitions in

Equation (1), while I represents the topological charge of the vor-
tex beams. Figure 4a shows the ideal phase profiles of three fo-
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cused meta-vortex devices. The sizes of these devices are all de-
signed to be 500 um, and the focal length fis consistently set at
1647.8 um. The topological charges are designed with [ values
of 8, 12, and 16 for devices that are designated as Meta-vortex
1, Meta-vortex 2, and Meta-vortex 3, respectively. Since these de-
vices are designed for the wavelength of 660 nm, the meta-units
for layout generation can adopt the same structural parameters
as depicted in Figure 2a,b. Based on the above design, the fo-
cused meta-vortex device fabricated using our chalcogenide visi-
ble metasurface platform is shown in Figure 4e, exemplified by
Meta-vortex 1 with | = 8.

With the developed chalcogenide visible platform, we fabri-
cated three GSS-focused meta-vortex devices at 660 nm with dif-
ferent orbital angular momentum and characterized them subse-
quently using the metasurface test system (Figure S4a, Support-
ing Information). Similarly, by moving the imaging system along
the z-axis in 2 um increments to capture live images, normalized
x-z plane intensity distributions (Figure 4b) behind the focused
meta-vortex devices (z > 0) are obtained under the illumination
of the collimated 660-nm laser. It can be seen that all the fo-
cused meta-vortex devices have essentially correct and same focal
length (f= 1650 pm). Three donut-shaped intensity distribution
diagrams can be observed accurately at the focal plane (Figure 4c),
corresponding to toroidal diameters of d;, d,, and d; equal to
13.27, 19.62, and 25.76 um. The transmitted efficiencies>'*?] of
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Meta-vortex 1, 2, and 3, defined as the power ratio of the gen-
erated vortex beam to the total incident power were experimen-
tally measured to be 83.19%, 83.03%, and 82.65%, respectively.
While the device efficiencies defined as the power ratio within
four times the FWHM of the vortex ring to the total incident
power, were measured as 77.74%, 76.34%, and 76.68% for Meta-
vortex 1, 2, and 3. These results are comparable to the perfor-
mance of the fabricated chalcogenide metalenses at 660 nm. The
interference fringes between the surface and focal plane of meta-
vortex devices are depicted in Figure 4d, which could be ren-
dered more conspicuous by the placement of an aperture be-
tween the tube lens and the image sensor. The number of in-
terference fringes corresponding to the generated vortex beams
is completely consistent with their designed topological charges.
To further elaborate, Figure 4f presents the intensity distribu-
tions of Meta-vortex 3 from z = 650 to z = 1650 pm, indicating
the evolution of interference patterns for a focused vortex beam
with topological charge number I = 16. Overall, our chalcogenide
visible metasurface platform has demonstrated a good capability
to generate orbital angular momentum. Additionally, its suitabil-
ity for low-temperature integration on flexible substrates!®! en-
hances compatibility with image sensors or laser devices. These
attributes highlight our platform’s capabilities to realize high
performance metasurface optics and enable the development of
novel fully integrated photonic devices at visible bands in the
future.

2.4. Chalcogenide Visible Holographic Metasurface

Computer-generated holography (CGH) generates holograms
through computed phase and amplitude distributions, facilitat-
ing applications in optical encryption, 3D display, and optical de-
tection. Conventional CGH methods, which utilize optical modu-
lators such as spatial light modulators, are often limited by small
field of view, multiple diffraction orders, and twin images due

www.advopticalmat.de

to the large pixel sizes.I>’! Utilizing sub-wavelength meta-units,
holographic metasurface could overcome these challenges by re-
ducing pixel sizes. Moreover, holographic metasurface provides
multidimensional control over phase, amplitude, and polariza-
tion, which could significantly enhance wavefront manipulation
and improve hologram performance.>*!

In this work, we use the emblem of Zhejiang University (ea-
gle pattern) and our team name of “ZJU CHINA GROUP” (text
pattern) as the target holograms (Figures S3b, Supporting Infor-
mation). The holographic phase profiles generated by the G-S
iterative algorithm are presented in Figure S3c (Supporting In-
formation), with the detailed design process described in Figure
S3a (Supporting Information). Additionally, the simulated holo-
grams at 660 nm are calculated by Fresnel diffraction theory and
further compared to the target images (Figure S3d, Supporting
Information). Besides, the GSS meta-units of holographic meta-
surface adopt square periodic cylindrical nanopillars, which can
also achieve high transmission and close 2z phase coverage at
660 nm with a period of 0.44 pm (Figure Slc, Supporting Infor-
mation).

Finally, we realize the holographic metasurface devices of the
eagle pattern (Meta-holo 1) and text pattern (Meta-holo 2) based
on the chalcogenide visible metasurface platform, with a size
of about 400 um x 400 pm and pixel counts of 910 x 910, as
shown in the optical micrographs (Figure 5). Using the optical
test system for holographic imaging (Figure S4b, Supporting In-
formation), holograms of Meta-holo 1 (Figure 5a) and Meta-holo
2 (Figure 5b) at visible bands were observed experimentally on
a white screen ~22.5 cm from the devices. Obviously, our GSS
holographic metasurfaces demonstrate clear and effective per-
formance at visible wavelengths of 660, 520, and 488 nm, at-
tributed to the broadband high refractive index and low loss prop-
erties of the GSS. The transmitted efficiencies of two Meta-holo
devices were experimentally measured using lasers with wave-
lengths of 660, 520, and 488 nm. For Meta-holo 1, the trans-
mitted efficiencies were 76.52%, 50.63%, and 41.80%, while for

Figure 5. Characterization of GSS holographic metasurfaces. Optical micrographs and experimental holograms were obtained for a) Meta-holo 1 and

b) Meta-holo 2 both at wavelengths of 660, 520, and 488 nm.
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Meta-holo 2, the corresponding values were 77.35%, 50.21%, and
41.32%. It is worth noting that the two holographic phase pro-
files in this design are iteratively optimized only for 660 nm, lead-
ing to slight twin images and reduced efficiency at shorter visi-
ble wavelengths. Nevertheless, distinct holograms can still be ob-
served, indicating that the chalcogenide visible metasurface plat-
form has the potential to enable further research on color holo-
graphic imaging.

2.5. Chalcogenide Computational Visible Spectrometer

Computational spectrometers have attracted considerable at-
tention due to their advantages in miniaturization and high
integration.[5>3¢] Compared to miniature spectrometers utilizing
narrowband filters and dispersive gratings, the computational
spectrometer based on broadband filters and optimization al-
gorithms could expand the spectral detection channels and im-
prove the optical energy received by sensors. However, high per-
formance metasurface filters (meta-filters) have put higher de-
mands on broadband transmission and optical constants of op-
tical materials. Fortunately, our proposed chalcogenide visible
transmissive metasurface platform not only meets these require-
ments but also offers additional benefits, including ease of inte-
gration and simplified fabrication. Consequently, we utilized this
platform and developed a computational spectrometer that lever-
ages broadband spectral filtering.

Broadband spectral filters for computational spectrometers
have been widely studied,>>*”] due to their impressive encoding
ability. As depicted in Equation (3), an unknown incident light
undergoes spectral encoding after passing through the spectral
filters, resulting in the photocurrents generated on photodetec-
tors behind the filters.

P(i)=/T(i,4) - n(4) - L (4) d G)

Herein, T(4, i) represents the transmitted spectrum of each
meta-filter, I,,(4) is the spectral intensity of the incident light
to be tested, P(i) denotes the photocurrent received on the pho-
todetector, and #(4) is the quantum efficiency of the photode-
tector. This equation can be discretized in the form of a ma-
trix product, referring to Equation S1 and Figure S5a (Sup-
porting Information). In this case, T(i, A) can be rewritten as
the spectral encoding matrix {T; Aj}, as well as the incident
light spectrum {I Aj} and current signals {P;}. After calibrat-
ing the transmitted spectrum of each spectral filter, the inci-
dent light spectrum I,,,(4) can thus be reconstructed by solving
linear equations with optimization algorithms. For broadband
spectral encoding in computational spectral reconstruction, the
complexity and linear independence of the encoding transmis-
sion matrix are particularly crucial for achieving high spectral
resolution.l®8] Traditional optical filters, such as those based on
dyes or multilayer thin films, lack the ability to provide the nec-
essary complexity and linear independence. In contrast, chalco-
genide visible meta-filters can generate abundant and narrower
peaks and valleys in the transmission spectrum while maintain-
ing high broadband transmittance. This effect significantly en-
hances the spectral resolution of the computational spectrom-
eter. The favorable etching properties of GSS enable the de-
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sign of meta-filters with more complex structures through ad-
vanced simulations and inverse design methods, which could fur-
ther enhance the resolution by achieving more intricate spectral
responses.

In this research, we combine the chalcogenide visible trans-
missive metasurface platform with optimization algorithms and
realize a computational visible spectrometer based on the GSS
meta-filters. To optimize the spectral encoding performance of
meta-filters, we conduct simulation designs of various shapes of
periodic GSS nanoholes. Then, a library of spectral responses is
obtained by scanning the geometric parameters of meta-filters.
To enhance the encoding performance of the meta-filters, we first
evaluate and preprocess their transmitted spectra by removing
those with overly broad or narrow peaks or valleys. While nar-
rower peaks and valleys can improve spectral resolution, we must
also consider the trade-off with the sampling accuracy of our cal-
ibration equipment. Therefore, we exclude structures where the
peaks or valleys exceed the resolution limit of the monochroma-
tor. Subsequently, utilizing a genetic algorithm, we selected 400
sets of meta-filter parameters with the highest non-correlation
(Figure S5b and Table S1, Supporting Information). Following
the fabrication process of the chalcogenide metasurface platform
mentioned above, we realized GSS meta-filters operating at 450—
750 nm with a total dimension of 1 mm and individual meta-filter
dimension of 40 um (Figure 6a).

To calibrate the spectral transmission of the GSS meta-filters,
we used a visible monochromator source in the optical test
system (Figure S4a, Supporting Information). Figure 6b de-
scribes the spectral transmission curves and schematic struc-
tures of two typical meta-filters (hexagonal periodic circle
nanohole and square periodic square nanohole), while the
complete calibrated transmission of 400 meta-filters is pro-
vided in Figure SS5c (Supporting Information). These meta-
filters are combined with a visible monochrome CMOS im-
age sensor, resulting in a computational visible spectrometer
at 450-750 nm. To solve Equation S1 (Supporting Informa-
tion) and improve the robustness of the final results, we intro-
duce a regularization term (Equation S2, Supporting Informa-
tion) and gradient optimization algorithms to realize the spectral
reconstruction.

Figure 6c illustrates the reconstruction results for a series
of narrowband single-peak spectral signals at 450-750 nm with
FWHM of =5 nm, achieving spectral accuracy with mean
squared error (MSE) < 0.03% and central wavelength error
<0.5 nm. Subsequently, we demonstrate the spectral resolution
capability of a computational spectrometer for dual-peak spectra
(both FWHM =~ 5 nm) with gradually approaching central wave-
lengths, as shown in Figure 6d. It can be observed that our spec-
trometer exhibits a spectral resolution of ~7 nm for the narrow-
band dual-peak spectra. Furthermore, the reconstruction capabil-
ity of our spectrometer for broad spectral signals is also charac-
terized. A commercial RGB light panel with a digitally adjustable
color ratio is used to generate broad visible spectra. For vary-
ing RGB ratios, as shown in Figure 6e, the reconstruction re-
sults for the broad visible spectra are essentially consistent with
commercial spectrometers, ultimately achieving spectral accu-
racy with MSE < 0.8%. The foregoing discussions highlight that
the GSS meta-filters have good capability for spectral sensing at
visible wavelengths, revealing the considerable potential of the
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Figure 6. Design and characterization of computational visible spectrometer based on GSS meta-filters. a) Optical micrograph of the fabricated GSS
meta-filters array. b) Structure schematic of two meta-filters with corresponding experimental measured transmission spectra. c) Spectral reconstruction

of 300 single-peaked lights at wavelengths of 450—-750 nm (colored curves).

d) Spectral reconstruction results (red curves) corresponding to a series of

dual-peak spectra combining a 532 nm spectral line from a narrowband filter with FWHM of &5 nm and a single-peak spectral generated by a tunable
monochromator. e) Spectral reconstruction results correspond to broad spectra produced by a commercial RGB light panel (color-filled). The black
dashed line represents the spectra measured by a commercial spectrometer, serving as the reference for the spectral reconstruction results.

chalcogenide visible transmissive metasurface platform for visi-
ble spectral engineering.

3. Conclusion

In summary, we innovatively developed a chalcogenide visible
metasurface platform utilizing GSS material. GSS exhibits a high
optical refractive index (n > 2.3) and low optical loss (x < 0.04)
at visible wavelengths. Besides, it can be easily deposited on var-
ious substrates through a simple low-temperature thermal evap-
oration process. Additionally, the high etching selectivity (>6:1)
in ICP dry etching enables the fabrication of high-quality chalco-
genide visible metasurface devices. Subsequently, we experimen-
tally demonstrated metalenses operating at 660 nm, 520 nm, and
488 nm, achieving near-diffraction-limit focusing with focusing
efficiencies of 80.43%, 78.11%, and 71.72%, respectively. By in-
corporating the spiral phase, we designed meta-vortex devices
characterized by topological charges I = 8, 12, and 16. Obser-
vations at the focal plane and defocused positions confirm the
results consistent with the designed distribution of angular mo-
mentum. Besides, the two holographic metasurface devices ex-
hibit satisfactory holographic imaging performance across the
visible bands, despite being designed specifically for wavelengths
of 660 nm. Finally, utilizing nanohole-based meta-filters, we fab-
ricated a computational visible spectrometer operating at 450—
750 nm. The spectrometer performed reconstruction accuracy >
99.97% and central wavelength error < 0.5 nm for narrowband
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single-peak spectra, spectral resolution of 7 nm for narrowband
dual-peak spectra, and spectral accuracy > 99.2% for broad RGB
spectra.

It is noteworthy that although these GSS metasurface de-
vices are based on typical metasurface designs, they already ex-
hibit impressive device performance. This work expands the
material system for visible metasurface optics and provides
new prospects for broader integration and diverse designs of
metasurface in the future, including the development of multi-
functional and high performance metasurface devices through
machine learning and topological optimization. Considering
the capabilities of easy integration and phase change pos-
sessed by chalcogenide materials, our research establishes an
essential foundation for the advancement of flexible metasur-
faces and phase-change chalcogenide metasurfaces at visible
wavelengths.

4. Experimental Section

The experimental details, including fabrication, characterization, simula-
tion, and measurement, are listed in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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