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Long-wave infrared (LWIR) micro-metalens arrays have emerged as highly flexible and multifunctional optical ele-
ments, significantly enhancing the performance of infrared imaging systems. In this work, two types of chalcogenide glass
based LWIR micro-metalens arrays with 10 x 10 array-size and 100% fill factor were designed and investigated. Specif-
ically, the first one possesses a uniform focal length of 110 um, and it can efficiently focus the incident light (9.78 um)
into a spot with a full width at half maximum (FWHM) of approximately 11.5 wm (~ 1.181). Additionally, the second
one features flexible and configurable focal lengths of the respective micro-metalenses in the array, and focal lengths of
102 pum, 149 um, and 182 pum can be achieved on one substrate, while it still retains the same optical performance as
the micro-metalens array with a single focal length. Overall, these all-chalcogenide glass based LWIR micro-metasurface
arrays possess significant potential for integrating within advanced infrared imaging systems in the future.

Keywords: chalcogenide glass, multi-focal micro-metalens array, long-wave infrared, high fill factor

PACS: 42.70.—a, 42.82.Cr, 95.75.De, 78.20.Bh
DOI: 10.1088/1674-1056/add4f5

1. Introduction

The ongoing advancements in long-wave infrared
(LWIR) sensing and imaging applications, such as wave-
front sensing,!'! beam homogenizing,?! superresolution
reconstruction,’! and gas monitoring,* have led to a grow-
ing demand for pixel-level optical components. In light of the
aforementioned emerging essentials, LWIR microlens arrays
(MLAs) comprised of arrays of micron-scale spherical lenses
have been employed to effectively gather the incoming light
on the LWIR focal plane array (FPA), ultimately improving
the infrared imaging quality.>-®!

Presently, the spherical lens based MLAs are fabricated
by using techniques such as thermal reflow,!”] wet etching-
assisted femtosecond laser direct writing, ! ultraprecision di-
amond turning,®! and molding.""! However, it is still a huge
challenge to achieve precise and uniform curvature for a
large number of microlenses in the array. Recently, meta-
surfaces composed of two-dimensional periodic arrays of ar-
tificial micro-structures have emerged as an intriguing plat-
form for light control.!'!=!31 By tuning the geometric param-
eters of these subwavelength optical scatterers, metasurfaces
can effectively manipulate various light properties, including
polarization, amplitude, and phase. Significant progress has

been made in metalens technology, successfully achieving ad-
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vanced optical functionalities such as wide-angle imaging!'®!
and chromatic aberration correction.!!”! Moreover, in terms of
resolution, metalenses can even outperform traditional lenses.
The resolution of lenses is typically constrained by the diffrac-
tion limit, which is generally improved by increasing the nu-
merical aperture (NA). Some reported metalenses have an NA

18,191 As fabrication processes continue to ma-

approaching 1.!
ture, the focus of research is gradually shifting towards large-
area fabrication and array integration,!'”>41 which greatly
expands the practical application prospects of metalenses in
complex optical systems. Metalenses offer greater flexibil-
ity in the design and fabrication of MLAs. For example,
in conventional imaging systems, it is difficult to obtain the
depth information from images. Although spherical artificial
compound eyes can solve this problem, their fabrication and
integration with FPA remain challenging.!*>2%! On the other
hand, flat multi-focal MLAs fabricated by using techniques

[27

like multilayer photolithography,?” three-dimensional (3D)

(28] and femtosecond laser processes!>*% can ad-

lithography,
dress this issue. However, the spherical microlenses prepared
by these methods face the problem of limited design flexibility,
complex processes, and low efficiency.

In contrast, the principle of the metalenses eliminates the

need for complex curvature control in designing parameters to

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

074213-1


https://doi.org/10.1088/1674-1056/add4f5
https://cstr.cn/32038.14.CPB.add4f5
mailto:guchenjie@nbu.edu.cn
mailto:shenxiang@nbu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 34, 074213 (2025)

achieve the desired numerical aperture and focal length. More-
over, the fabrication process of multifocal microlens arrays
based on metasurface technology is compatible with semicon-
ductor processing. The microstructures vary only in geomet-
ric dimensions and arrangement, maintaining the same height,
and requiring only a single exposure and etching process, mak-
ing them suitable for mass production. Furthermore, conven-
tional commercial microlenses are typically circular, with sev-
eral micrometers of spacing between each microlens. In con-
trast, metalens can be designed in arbitrary shapes, such as
squares, and can easily achieve tight packing with a 100%
filling factor, thereby enhancing light energy utilization. Ad-
ditionally, relying on highly efficient and precise microfabri-
cation techniques, the designed microstructures can be trans-
ferred to the substrate with minimal error. For example, Liu
et al. demonstrated an all-silicon LWIR micro-metalens array
with a uniform focal length, which can efficiently focus a CO,
laser beam with a wavelength of 10.6 um with a focusing effi-
ciency of ~ 34%.1311 At this stage, it is worth mentioning that,
although silicon material offers reliable manufacturing capa-
bilities, it exhibits significant absorption beyond 7 um, 32! lim-
iting its performance in the LWIR range. However, other low-
loss LWIR materials, such as some fluorides (CaF; and BaF5),
have low refractive indices. To achieve 27 phase coverage,
high aspect ratio microstructure designs are required, which
are challenging to fabricate. Therefore, ZnS and ZnSe are the
most popular optical materials in the LWIR range, with low
absorption and moderate refractive indices. However, these
materials suffer from slow etching rates, making them unsuit-
able for fabricating microstructures with micron-level heights
in the LWIR range. Germanium (Ge) exhibits low absorption
losses and a high refractive index in the LWIR range. Wang

[33] fabricated a mid-infrared metalens using germanium.

etal
However, the high refractive index of germanium also leads to
significant reflection losses, requiring additional antireflection
coatings to mitigate this problem.**] Furthermore, germanium
has a large refractive index temperature coefficient (dn/dT) of
396 x 107° K~1,1351 which causes the shift of the focal length
due to environmental temperature variations, thereby affecting
image quality.

Chalcogenide glass (ChG) is an amorphous material com-
posed of chalcogen elements (sulfur, selenium, or tellurium),
which offers numerous advantages.*® For example, it has
high refractive index, wide infrared transmission range, low
absorption losses, and low dn/dT, making it an ideal ma-
terial for the fabrication of LWIR micro-metalens arrays. 7]
Among them, As;Ses glass is an excellent commercially avail-
able chalcogenide glass material, and we compare its perfor-
mance with the materials mentioned earlier (see Table S3).

In this paper, we present the design and fabrication of

two types of 10x 10 transmissive and polarization-independent

LWIR micro-metalens arrays based on chalcogenide glass.
The first one possesses a uniform focal length and the other
one is designed to have multi-focal lengths on a single sub-
strate. Each micro-metalens in the array is square-shaped with
100% fill factor. Using the 9.78-pum laser as the light source,
the uniform-focal micro-metalens array can focus the incident
light into a spot with a full width at half maximum (FWHM)
of approximately 11.5 um (~ 1.181) at the focal plane. The
multi-focal micro-metalens array, featuring focal lengths of
102 um, 149 pm, and 182 pum, can focus the incident light
to the specific focal plane with the same optical performance
as obtained on the micro-metalens array with a single focal
length. It is believed that these all-chalcogenide glass-based
micro-metalens arrays will have significant potential for ap-
plications in compact thermal imaging systems.

2. Experiment and equipment

The designed micro-metalens array was fabricated
through electron beam lithography (EBL) patterning and in-
ductively coupled plasma (ICP) etching. The EBL system
(Raith eLINE Plus, Germany) was employed to write the neg-
ative pattern of the micro-metalens array. Subsequently, hard
metals were deposited by sputtering (Lesker PVD 75, USA)
and lifted-off to create a mask with a positive pattern. ICP
(Oxford Instruments, PlasmaPro 100 Cobra, UK) was then
used to etch the micro-metalens array. Scanning electron mi-
croscope (SEM) images of the micro-metalens array morphol-
ogy were also obtained using the EBL system. The light at the
focal point was collected through a reflective objective (ROL,
Thorlabs, LMM-40X-P01) and directed to an infrared FPA
(IRay Technology Co., Ltd., M3640, China) to obtain the fo-
cal spot image. The light source was a quantum cascade laser
(QCL, Ningbo Healthy Photon Co., Ltd., China), emitting col-
limated LWIR light at 9.78 um. For imaging tests, the “N”,
“B”, and “U” letter patterns were irradiated by a blackbody
reference source (CEM, BX-500, China).

3. The micro-metalens array with uniform focus

In this section, we first analyze the refractive index and
transmittance curves of AspSes; glass in the LWIR range
(Fig. S1). The refractive index of As;Ses; glass at a wave-
length of 9.78 um is measured to be 2.781, with minimal vari-
ation in refractive index over the 8—12 pm wavelength range,
exhibiting low dispersion characteristics. Furthermore, in this
wavelength range, the transmittance reaches up to ~ 63% with
no noticeable absorption peaks, indicating its extremely low-
loss properties. We then present the design process of the
all-chalcogenide glass material based micro-metalens array
with the same focus. First, a simple and effective local phase
modulation unit cell is employed, which consists of numbers

074213-2


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/add4f5
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/add4f5

Chin. Phys. B 34, 074213 (2025)

of cylindrical As;Ses; micropillars with varying diameters ar-
ranged in a square lattice. Due to the symmetry of the in-plane
cross-section of the micropillars, the propagation phase is in-
dependent of the polarization of the incident light. When inci-
dent light impinges on the unit cell, each As;Ses micropillar
can be regarded as a truncated micro-waveguide. The electro-
magnetic field shows that the light field is tightly confined in
the micropillars, and the inter-pillar coupling effect can be ne-
glected (Fig. S2). Figure 1(a) shows a schematic of the unit
cell, where the height and diameter of the micropillar are de-
noted by H and D, and the period is denoted by P. Finite-
difference time-domain (FDTD) simulations are used to calcu-
late the corresponding transmission and phase shift curves for
the micropillars (Fig. 1(b)). The diameters of the pillars range
from 2.0 um to 4.8 um, where P =5.5 pum and H = 8 um. It
should be emphasized that the average transmission is mainly
determined by the refractive index of the substrate. Therefore,
compared to LWIR metalenses based on silicon and germa-
nium, the lower refractive index of As,;Se; contributes to a
higher average transmission due to reduced reflection losses.
The phase shift can be expressed as ¢ = konegH, where neg
is the effective refractive index, and variations in neg lead
to phase shift modulation.®® From this equation, it can be
known that larger micropillar diameters induce greater phase
shifts in the transmitted light. Therefore, eight micropillars
with different diameters are selected as the design units for
the micro-metalens. These micropillars introduce linear phase
delays from 0 to 77/4, incremented by 7/4. We also know
that the height H of the dielectric micropillars also influences
the phase shift. When the height of the micropillar is 8 pum, it
is suitable for achieving 27 phase coverage. By spatially ar-
ranging micropillars with varying phase shift capabilities, the
wavefront can be efficiently controlled.

A single micro-metalens can transform a plane wavefront
into a converging wavefront (Fig. 1(c)). The phase profile
¢(x,y) of the micro-metalens under normal incident light can
be described by a radially symmetric phase shift function

2
0(x.y) = S (f ~VEH+ ). M

Here, x and y represent the Cartesian coordinates, with the ori-
gin located at the center of the micro-metalens, ¢ denotes the
phase shift at position (x,y), A is the working wavelength in
free space, and f represents the designed focal length. Ac-
cording to the phase shift function, where the focal length f
is set to 110 um, eight micropillars with different diameters
are arranged in a discontinuous manner to meet the discrete
phase distribution of the single micro-metalens, as shown in
Fig. 1(d). To achieve a 100% fill factor in the micro-metalens
array, the micro-metalenses are designed with a square shape,
each with a side length of 115.5 wm. We then performed sim-
ulations of the focusing characteristics of the designed micro-

metalens array using the FDTD method. For efficiency, a
3 x 3 micro-metalens array was used in the simulations to
reduce the size of the 3D simulation domain. Figure 1(e)
shows the normalized field intensity distribution along the x—z
plane at y = 0 pum, where incident light is tightly focused near
z = 110 um, consistent with the design. Figure 1(f) shows the
normalized field intensity distribution at the focal plane (in the
x—y plane), with the FWHM of the focal spot along the y direc-
tion of 8.7 um. A good focusing effect of the micro-metalens
array can be observed, with no noticeable crosstalk between
adjacent micro-metalenses. Finally, the designed single micro-
metalens is used as the second basic unit element to form a
10 x 10 micro-metalens array for fabrication. Compared to
traditional infrared bulk lenses, which focus by accumulating
propagation phases of curved surface, this metasurface-based
micro-metalens offers advantages such as flatness, thinness,
design flexibility, and simple fabrication.

(a) (b) 100 1.0
80 0.8
. H § 60 0.6 ;E
J < a0 04 5
20 0.2

0
20 25 3.0 3.5 4.0 4.5
D (um)

Phase shift

A=9.78 um

—160 —80 O 80 160

z (um)

—160 —80 0 80 160
@ (um)

Fig. 1. (a) Schematic of a polarization-independent metasurface unit cell.
Both the micropillars and the substrate are made of As,Ses glass. (b) The
transmission intensity 7 and phase shift ¢ of the incident light with a
free-space wavelength A = 9.78 pm as a function of the micropillar diam-
eter D. (c) Schematic of light focusing by a single micro-metalens under
vertically incident plane-wave illumination. (d) Design of an individual
micro-metalens. (e) Simulated normalized field intensity distribution on
the x—z plane at y = 0 um. (f) Normalized field intensity distribution in
the x—y plane at the focal plane z = 110 pum in panel (e).

Figure 2(a) illustrates the fabrication process of the
micro-metalens array device. The chalcogenide glass is first
cut and polished to ensure parallelism and smoothness on both
sides before being used in subsequent processing steps. It
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should be noted that since the smallest diameter of our mi-
cropillars is 2 um, it is suitable for ultraviolet (UV) lithogra-
phy, which facilitates large-area and high-efficiency manufac-
turing. Here, we use EBL for a simple demonstration, avoid-
ing the need for custom masks. First, a positive electron beam
resist layer and a conductive resist are spin-coated on the glass
substrate. The pattern for the negative micro-metalens array
is then generated through EBL. Subsequently, aluminum (Al)
with a thickness of 30 nm and chromium (Cr) with a thick-
ness of 60 nm are successively deposited onto the patterned
photoresist film, followed by a lift-off process to remove the
resist, leaving only the positive pattern on the substrate. The
As,Ses glass with the metal hard mask is then etched away by
using a mixture of CHF3 and CF4 plasma in an ICP system.
Although chalcogenide glasses are considered soft in terms of
mechanical properties, we successfully fabricated micropillars
with a height of 8 pm and a maximum aspect ratio of 4:1 using
an optimized deep etching process. Finally, the residual metal
mask is removed by using hydrochloric acid, completing the
fabrication of the micro-metalens array. Figure 2(b) displays
a representative SEM image of the fabricated As;Se; micro-
metalens array with uniform focal length, showing good mor-
phology and 100% fill factor. Figure 2(c) presents an SEM
image of the fabricated micro-metalens array taken at an in-
clined angle, revealing that the sidewalls of the micropillars
are nearly vertical.

(a) I
S : Conductive coating
Spin-coating Photoresist

EEmE —— I

I
As,Se; glass Photoresist Conductive Cr

coating

(b)

Exposure

& Photoresist
development

C .
evaporation & Lift-off

ICP etching

ettt <+ i

(c)

Cr removal

& Clean

Fig. 2. (a) Process flow for fabricating the micro-metalens array. (b) and
(c) SEM images of the fabricated micro-metalens array with uniform fo-
cal length at different tilt angles. The scale bars in (b) and (c) are 20 pum,
and all insets show magnified views with scale bars of 2 pm.

To evaluate the performance of the fabricated micro-
metalens array, we conducted focusing and thermal imaging
tests. Figure 3(a) shows a schematic of the measurement
setup. A quantum cascade laser emits a collimated beam with
a wavelength of 9.78 um, which is directed through the back
of an unstructured substrate to irradiate the micro-metalens ar-
ray. The transmitted light is collected by a reflecting objective
lens and then guided to an LWIR focal plane array for imag-

ing the focused spots. The resolution of the focal plane array

is 640 x 512 with a pixel size of 12 um x 12 um. Both the
FPA and ROL are mounted on a translation stage (Newport,
M-462-XYZ-M). Figure 3(b) shows the focal spot image of
the fabricated micro-metalens array with a focal length of ap-
proximately 110 um. Figure 3(c) shows the experimental and
simulated normalized intensity distributions along the y-axis
cross-section. The measured actual FWHM at the focus is ap-
proximately 11.5 um (~ 1.184), which is slightly larger than
the simulated value of 8.7 pum.

CCD
Objective lens

(a)
. {4
r=grn il < ' -
DN : !//

Tube lens

Metalens array

(®)

e
N =
=)

—Simulation
----Experiment

IS
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o
o

0.4

(arb. units)

0.2

‘ormolized intens\iﬁy

N

ﬁ - W, o T
—50 -25 0 25 50
y (um)

Fig. 3. (a) The test setup used to characterize the focusing performance
of the fabricated micro-metalens array. (b) Spot image taken at the fo-
cal plane. (c) A cross-sectional plot of the simulated intensity distribu-
tion (black line) and the measured intensity distribution (red dashed line)
along the y-axis at the focal plane.

To further evaluate the imaging performance, we used
the fabricated uniform-focal micro-metalens array to image
the polymer-printed hollow letter patterns “N”, “B”, and “U”
with the high-temperature blackbody as the thermal source.
The results showed that each micro-metalens in the array was
able to produce relatively clear images of the letters “N”, “B”,
and “U”, further confirming the reliability of the fabricated
uniform-focal micro-metalens array. It should be noted that
due to chromatic aberration, the broadband thermal emission
from the high-temperature blackbody source caused slight
blurring at the edges of the letters. The chromatic aberration
that occurs when imaging with a metalens under broadband
light sources arises from factors such as material dispersion
and the strong wavelength dependence of the phase modula-
tion characteristics. These factors lead to different degrees
of displacement of different wavelengths of light on the fo-
cal plane. This wavelength-dependent chromatic aberration
degrades image quality, manifesting as edge halos and blur-
ring. To eliminate this chromatic aberration, designing chro-
matic metalenses can effectively address the aberration at dif-
ferent wavelengths, thereby reducing halo effects and enabling
broadband light source imaging. In recent years, chromatic
metalenses designed using methods such as group delay or

17,3941

plasmonic resonance have been reported, ! I achieving
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phase matching across multiple wavelengths, ensuring that
light focuses onto the same focal plane over a broad wave-
length range. Additionally, a composite structure, such as a
hybrid metalens doublet incorporating a refractive lens and
a metasurface corrector, can also achieve chromatic aberra-
tion and astigmatism correction across a broad wavelength
range.!*?! Moreover, it should be noted that the slight dif-
ferences in imaging clarity of these metalenses may be at-
tributed to the following factors: small angular deviations in
the micro-metalens array sample, inhomogeneity of the black-
body light source, or defects and contamination occurring dur-
ing the manufacturing process. Adjusting the sample angle
to ensure perpendicular light incidence, using a more uniform
light source, and optimizing the fabrication process of the mi-
crolens array (including improving the consistency of overall
microstructure height, ensuring vertical sidewall angles, and
enhancing cleanliness) could improve the uniformity of the
microlens array in imaging tests.

(a) (b) (c)

Fig. 4. Images of the hollow letter logos (a) “N”, (b) “B”, and (c) “U” un-
der high temperature blackbody illumination, captured by the fabricated
uniform-focal micro-metalens array.

4. The micro-metalens array with multiple fo-
cuses

The principle of light manipulation of the metalens of-
fers greater flexibility and convenience in optical parameter
design. Unlike the conventional spherical microlenses, which
rely on complex surface profiles to control wavefronts, micro-
metalenses modulate the wavefront by introducing abrupt
The focal length of multi-focal MLAs is no
longer dependent on the simultaneous control of the curva-

phase shifts.
ture of multiple distinct surface profiles. Instead, it is de-
termined by a different arrangement of subwavelength mi-
crostructural units coming from the same library and having
the same height. This approach significantly simplifies the de-
sign and fabrication process. In the subsequent experiment,
different focal lengths of the micro-metalenses are achieved
by re-selecting and arranging the existing microstructure unit
library according to the phase shift function (Eq. (1)). We
then designed and fabricated a 10 x 10 multi-focal micro-
metalens array with three different focal lengths: f; =102 um,
fo = 149 um, and f3 = 182 um, with each square micro-
metalens having a size of 115.5 um x 115.5 um. The focus-
ing schematic of the multi-focal micro-metalens is shown in
Fig. 5(a), the micro-metalens can focus incident light at three

different depths, thereby extending the depth of field. Fig-
ure 5(b) shows the simulated normalized field intensity dis-
tribution along the x—z plane for a 3 x 3 multi-focal micro-
metalens array. Incident light is focused near f; = 102 um,
Jf> =149 pm, and f3 = 182 pum, confirming the validity of the
design.

(a) e

Fig. 5. (a) Schematic of multi-focus micro-metalens array. (b) Normal-
ized intensity distribution in the x—z plane after passing through the 3 x 3
multi-focal micro-metalens array in the simulation. (c) Simulated inten-
sity distribution in the x—y plane for z = fi, f2, and f3. (d) and (e) SEM
images of the fabricated multi-focal micro-metalens array at different tilt
angles, with scale bars of 20 pm and 10 pum, respectively. All insets are
magnified images, with scale bars of 2 pm.

Additionally, the impact of crosstalk between metalenses
in the array on the focal length was analyzed through simu-
lations (Fig. S3). The focusing efficiencies of the fi, f», and
f3 metalenses are 48%, 53%, and 55%, respectively. It can
be observed that as the focal length increases, the numerical
aperture decreases, leading to a reduction in focusing perfor-
mance. However, the focusing efficiency improves. This can
be attributed to the fact that as the focal length increases, the
FWHM of the metalens also increases, resulting in a greater
light field energy within the calculated spot. The focusing ef-
ficiency is defined as the ratio of the optical field energy within
a circular region, determined by three times the FWHM, at the
focal plane to the total incident optical energy on the metal-
ens. The intensity distribution of light spots at different focal
planes along the z-axis in the simulation is shown in Fig. 5(c).
The multi-focal micro-metalens array follows the same fabri-
cation process, and SEM images of the fabricated sample are
shown in Figs. 5(d) and 5(e), where the morphology of the
microstructures also has good verticality. The arrangement of
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micropillars within each micro-metalens varies according to
the different focal lengths in the multi-focal micro-metalens
array.

We performed imaging tests on the fabricated multi-focal
micro-metalens array, which provides a more intuitive demon-
stration of its unique optical performance. Figure 6(a) illus-
trates the imaging principle for different focal lengths, where
the magnification of the imaging pattern depends on the focal
length of the micro-metalenses with the same aperture size.
A high-temperature soldering iron was used as a broadband
LWIR source, and Fig. 6(b) shows a photo of the soldering
iron. Figures 6(c)-6(e) present the captured images of the
high-temperature soldering iron through the fabricated multi-
focal micro-metalens array, demonstrating its ability to focus
at three different depths. The circles correspond to the imag-
ing effects of the three micro-metalenses with focal lengths of
f1 =102 um, f, = 149 um, and f3 = 182 um, respectively.
It can be observed that good imaging performance is obtained
when focusing at three different image planes, with varying
magnifications due to their different focal lengths. With a con-
stant object distance, the micro-metalens with a larger focal
length forms an image that is both farther and larger. Similarly,
due to chromatic aberration, the broadband thermal emission
of the high-temperature soldering iron also causes slight blur-
ring at the edges of the image.

(a) (b)
Object §=

Fig. 6. (a) Schematic of the imaging principle of multi-focal micro-
metalens array with different focal lengths, showing that the magnifica-
tion of the image depends on the focal length of micro-metalens with the
same aperture. (b) Photo of the soldering iron. (c)—(e) Images of the
soldering iron captured by multi-focal micro-metalens array with focal
lengths f| = 102 pm, f, = 149 um, and f3 = 182 pm.

5. Conclusion

In summary, we have theoretically and experimentally
demonstrated an LWIR uniform-focal and multi-focal micro-
metalens array based on chalcogenide glass. Each micro-
metalens is square-shaped with a 100% fill factor and con-
sists of micropillars with varying diameters, which achieve
high transmittance while covering a phase shift range from
0 to 2. The fabricated uniform-focal micro-metalens array
can effectively focus LWIR light, with the FWHM of the fo-
cal spot approximately 1.184. Additionally, we fabricated a

multi-focal micro-metalens array with flexible phase designs

Due to
its lightweight, easy integration, design flexibility, and sim-

and verified its multi-focal imaging performance.

ple fabrication, the metasurface-based micro-metalens array
has become an effective alternative to conventional MLAs.
We believe these metasurface-based, all-chalcogenide glass
LWIR micro-metalens arrays offer significant potential for
next-generation, multifunctional, efficient, and compact ther-
mal imaging systems.
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