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Abstract: Metasurfaces in the long wave infrared (LWIR) spectrum hold great potential for applications in ther-

mal imaging, atmospheric remote sensing, and target identification, among others. In this study, we designed

and experimentally demonstrated a 4 mm size, all-silicon metasurface metalens with large depth of focus opera-

tional across a broadband range from9 mto 11.5 m. The experimental results confirm effective focusing and

imaging capabilities of the metalens in LWIR region, thus paving the way for practical LWIR applications of met-

alens technology.
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1 Introduction

Miniaturized and lightweight imaging systems are
fast becoming integral to consumer electronics, industri-
al, medical, and automotive sectors [1]. The optical
lens, being the primary component of such systems,
plays a crucial role in focusing light[2]. The atmospher-

ic window of 9-11. 5 wm is particularly significant due to

the peak of infrared radiation from room temperature ob-
ject occurring at 10 pm, making this wavelength range
vital for infrared imaging and detection [3]. However,
traditional infrared lenses tend to be bulky, intricate,
and thus counterproductive to the portability and accessi-
bility of long-wave infrared (LWIR) devices. To correct
chromatic aberration, these lenses need multiple lens
groups, which inherently limits both the depth of focus

Biography: LI Yun-peng(1998- ), Shandong, China, Master of Natural Science, Research area involves micro-nano photonics devices. Email: liyp1998@

163. com

" Corresponding author : Shaowei Wang, Email: wangshw@mail. sitp. ac. cn;Feng Liu, Email: fliu@shnu. edu. cn



2 AN/ RS9 S g o

XX &

(DOF) and imaging resolution. It also impedes its broad-
band performance and actual imaging ability. [4].

Metasurfaces, artificially arranged nanostructures
with sub-wavelength patterned layers [5, 6] , have
birthed a powerful new platform for light manipulation -
the metalens. These metasurfaces control light character-
istics such as amplitude, polarization, and phase [7-9],
enabling metalenses to potentially resolve these issues
and thereby streamline numerous infrared applications.
This results in thinner[ 10] , easier-to-align and package
lenses [ 11], which in turn fosters a broad range of high-
volume applications [ 12]. Metalenses have been widely
reported for use in polarization regulation [13], beam
shaping [ 14 ], holographic imaging[ 15], molecular fin-
gerprint detection[ 16], integrated quantum devices|[ 17 ]
and more [ 18]. Yet, the majority of these studies focus
on the visible [ 7, 19-25] and near-infrared[ 26-29 ] rang-
es, with mid-infrared and far-infrared metalenses still in
their nascent stages of development [2, 30, 31].

Contrary to the short-wave range, LWIR requires
higher imaging tolerances due to its all-weather applica-
bility in military and security sectors, necessitating a
larger DOF [32-36]. However, no reported metalenses
can function wideband in the LWIR spectrum with an
large DOF, due to inherent large dispersion, requiring
specific wavelength light sources for active imaging [ 37,
38]. Lenses with larger DOF are more practical for real-
world applications [ 32, 33] and can gather more object
information and exhibit superior performance in broad-
band application scenarios, while increasing the DOF of
a metalens typically sacrifices resolution [39, 40]. The
reported methodologies that ostensibly realize expanded
depth of focus include Fresnel lens arrays (FLAs), axial
lenses (AXLs) and light sword optical elements (LSOEs)
[41, 42].

Given the diverse and com plex requirements of
long-wave infrared metalenses, including collecting more
light for imaging, expanding the size of the metalens be-
comes essential [3]. However, most currently reported
metalenses are relatively small and have short focal
lengths[29] due to the complex design [ 6] and manufac-
turing precision required for larger sizes and longer focal
lengths. These limitations necessitate the use of high-
cost electron beam lithography for fabrication [1][43].
Further research has not been conducted on the potential
wideband capabilities of existing LWIR metalenses [44].
The reported designs of large-scale metalenses have not
considered their imaging tolerance[ 4, 45]. Our research
addresses these challenges and contributes to the devel-
opment of long-wave infrared metalenses with large DOF
and broad band operation.

In the present study, we introduce a metalens with
extensive DOF for LWIR focusing. Such a metalens is
designed based on propagation phase modulation with sil-
icon and can be realized through a straightforward single-
step UV lithography process, which is capable of per-
forming in the 9- 11. 5 wm wavelength range.

2 Design

The design of the unit cell must balance the high re-
fractive index and low absorption of the material in use.
Many of the cells employed in recent work are complex
media, reducing their process compatibility. Our solu-
tion to these challenges is a silicon cylinder structure re-
lying on propagation phase modulation. As illustrated in
Fig. 1(a), the metalens is composed of circular silicon
nanopillars arranged in a square lattice. The cell period
P and cylinder height h are 6 pm, with cylinder radius R
ranges from 1 to 2. 5 pm.
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Fig. 1 The meta-atoms of metalens. (a) Schematic diagram of
designed meta-atoms. (b) The relationship between propagation
phase and radius of meta-atoms in LWIR. (c) The transmission
spectrum of meta-atoms in LWIR. (d) The electric field distribu-
tion of meta-atoms at wavelength of 9-11. Spm.
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Simulations performed using finite-difference time-
domain (FDTD) methods demonstrate that the propaga-
tion phase can be adjusted by modifying the radius of the
subwavelength meta-atoms. The propagation phase ver-
sus radius is displayed in Fig. 1(b). The silicon nanopil-
lars showcase respectable transmission in the LWIR (9-
11. SMm) region, as evidenced in Fig. 1(¢). The combi-
nation of low loss from the dielectric and an adept struc-
tural design allows for a superior overall transmittance at
10. 5 wm. Fig. 1(d) illustrates the electric field distribu-
tion |E| of the silicon nanopillars with a diameter of 2 pwm
at wavelengths of 9-11.5 wm. The strong optical energy
confinement within the nanopillar implies that wavefront
manipulation using meta-atoms is a localized effect. This
capacity for wavefront regulation is achieved through the
phase accumulation of the electric field within the silicon
column, although it decreases when the operating wave-
length is shifted, still maintains sufficient adjustment po-
tential.

The ideal phase distribution go(x,y) of a metalens
can be expressed as Eq. (1) [46]:

olayd)= 2 (s= JFewy) )
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Here, (x, y) denotes the spatial coordinates of the
unit structure, A represents the free space wavelength,
and f'is the focal length of the metalens. It can be under-
stood from this equation that with the same radial dis-
tance and wavelength, a higher focal length results in a
smaller geometric phase difference. This implies a high-
er requirement for phase regulation accuracy, substan-
tially increasing the fabrication complexity.

For the metalens to have sufficient phase control ca-
pability and focusing efficiency, it’s necessary that the
metalens’ meta-atoms can cover a phase of 27, and that
each meta-atom exhibits high transmittance. Based on
the optical response results displayed in Fig. 1(b-c), we
select the optimal structure as the phase cell library. We
employ interpolation between transmittance phase and
size to choose the meta-atoms, aiming to enhance the fo-
cusing performance [4]. Fig. S1 demonstrates the ar-
rangement of our metalens units in a checkerboard lay-
out, while Fig. S2 displays the phase distribution along
the metalens radius.

The DOF of a lens can be generally expressed as per

Eq. (2) [47]:

7Y/ A — 2)

1-+1-NA

where NA = sin[ arctan(D/(2f)) ], and D is incident ap-
erture. To augment the DOF of the metalens, one can ei-
ther reduce the incident aperture or increase the focal
length. However, reducing the incident aperture will
compromise the metalens resolution, while a significant-
ly larger focal length will enlarge the entire optical sys-
tem. Therefore, continuous optimization is required to
select the appropriate incident aperture and focal length.
According to Huygens’ principle, the phase gradient
over the surface of a metalens determines the propagation
direction of the transmitted light [48]. We can manipu-
late the structural parameters of the meta-atom to subse-
quently alter its phase accumulation. By modifying the
design of the metalens, it is feasible to induce more or
less phase accumulation in some meta-atoms, facilitating
the lengthwise broadening of focal spots. This configura-
tion can be fabricated via a selective area etching effect.

We first designed a metalens structure with a central
wavelength of 10. 5 pwm using the outlined method. Simu-
lation results confirmed a commendable focusing effect
and substantial DOF within the broadband range of 9-
11.5 pm. Fig. 2(a-c) display the focusing impact of the
metalens at wavelengths of 9 pm, 10 pm, and 10.5
pm. Correspondingly, the FWHM at these different
wavelengths are 16.5, 16.3, 16.2 pm, respectively.
The NA and focal length are 0.442, 0. 445, 0.447 and
1.15 mm, 1.05 mm, 1 mm, respectively, correspond-
ing to the DOF of 131, 126, 124 wm. Additionally, the
metalens, due to its substantial DOF, enables a focus
with minimal chromatic aberration at a specific position.
This is due to the large overlapping area of the focal spot
at varying wavelengths.

Next, we studied the focusing deviation of the metal-
ens during broadband operation. Fig. 2 (d-f) compare
the ideal phase distribution with the actual phase distri-
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Fig. 2 The simulation results of metalens in 1 mm diameter. (a-
¢) Simulated focusing effect at the operating wavelength of the
9, 10 and 10. 5 pm for a metalens with a central wavelength of
10. 5 um. (d-f) Comparison of the surface phase distribution of
the metalens at 9, 10 and 10. 5 um. The dot plots are the theoreti-
cal surface phase distribution of the metalens with different oper-
ating wavelengths, and the error bar shows the deviation of the
actual phase distribution.
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bution of the designed metalens structure at wavelengths
of 9 pm, 10 pm, and 10.5 pm. As the deviation be-
tween the actual operating wavelength and the theoretical
design center wavelength increases from 0 to 1.5 pm,
the propagation phase error of the meta-atoms also esca-
lates. We computed the propagation phase error levels
for all meta-atoms of the metalens operating at different
wavelengths and quantified the percentage of each ele-
ment with varying error sizes, as depicted in Fig. S3.
The maximum phase difference was observed to be 15%,
signifying that the dispersion effect is minimal and broad-
band operation is feasible. We obtained similar results
for 11 wm and 11.5 pm in Fig. S4, also with minimal
phase error levels.

3 Experiment

To enhance the practical application performance of
the metalens, we designed a 4 mm diameter metalens
with focal length of 4 mm and central wavelength of 10. 5
pm. Fig. 4b presents the simulated focusing effect of the
cross section of the focal spot at the focal plane, with
FWHM of 11.6 pm and focusing efficiency value of
45.9%.

Subsequently, we fabricated the metalens via photo-
lithography. The fabrication process involved direct utili-
zation of pure silicon wafer to create samples with a sub-
strate thickness of 625 pm. The process commenced
with transferring the pattern from the mask plate onto the
photoresist using ultraviolet lithography. This was fol-
lowed by applying a chromium layer on the sample sur-
face through magnetron sputtering. Afterward, we em-
ployed the lift-off process to wash off the photoresist,
leaving behind the chromium pattern. Inductively cou-
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Fig. 3

The fabrication of metalens. (a) Fabrication process
flow diagram of the metalens. (b) Local view of the fabricated
metalens. (c) Photograph of the fabricated metalens. (d) Full
view of the surface of the metalens.
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pled plasma (ICP) etching technology was used to create
the metasurface and removed the remaining chromium us-
ing ceric ammonium nitrate. This process notably re-
duced the production budget and complexity as it em-
ployed only one-step UV lithography and ICP etching in-
stead of low-temperature deep silicon etching. The pro-
cess flow diagram is shown in Fig. 3 (a). Fig. 3 (b-d)
present photographs of the metalens sample we fabricat-
ed, along with SEM and microscopic images of its compo-
nents. Fig. 3(b) demonstrates the high verticality of the
cylinder. The SEM images reveal that the processed pat-
terns have an excellent morphology that meets the design
requirements. The maximum aspect ratio of the structure
was observed to be 3, indicating the high robustness of
the nanostructures. We discovered during the experi-
ment that increasing the etching depth appropriately can
also amplify phase accumulation in the unit structure.
This, in turn, broadens the focusing spot along the longi-
tudinal direction, thereby increasing the DOF, relevant
details are presented in Fig. S10.

To validate the focusing effect and practical applica-
tion capability of our metalens, we designed and conduct-
ed a series of test experiments. The experimental setup,
as shown in Fig. 4(a), utilized a carbon dioxide laser as
the light source with a wavelength of 10.55 pm. The
spot pattern before passing through the lens group is de-
picted in Fig. S5. The imaging equipment was composed
of a 40x reflective microscope objective (Thorlabs,
LMM-40X-P01) , achromatic doublet infrared lenses
(Thorlabs, AC254-100-E), and an uncooled thermal im-
aging camera (Xenics Gobi+ 640). This equipment was
used to capture intensity images and assess the focusing
performance of the metalens. A motorized stage assembly
moved along the longitudinal direction (z axis) in 2.5
wm steps for the measurements. The reference position,
i. e., the device plane (z=0), was set when the camera
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Fig. 4 Focusing performance test of the fabricated LWIR metal-
ens. (a) Index path of experiment. (b) Simulation intensity of
the focal plane (c) Measured power intensity across the focal
plane. (d) Intensity fitting of the focal spot. The original data
are taken from (¢). (e) Image of the focal spot along the axis of
the metalens.
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can clearly capture the image of the samples. Fig. S6
displays the shot of the optical path. Through the motor-
ized stage, we measured the focal length of the metalens
to be 4. 05 mm, which agrees well with the designed re-
sult. Fig. 4(c) shows the cross-section of the spot at the
focal plane, and Fig. 4(b) presents the focal spot image
of the metalens simulated by FDTD for comparison.
Tests on the focused spot, as shown in Fig. 4(d), re-
vealed a nearly diffraction-limited FWHM of 12. 6 pm.
Additionally, measured Strehl ratios of the metalens is
84. 1%.

Focusing efficiency is defined as the ratio of integrat-
ed power within the circle having radius 1.5 X FWHM to
the incident power on the metalens[ 49 |. The focusing ef-
ficiency value for the metalens is 41. 8%. When compar-
ing the experimental performance with the simulation and
theoretical performance, slight deviations from the simu-
lation results were observed. These data were accurately
computed with the aid of a Gaussian fitting function, with
the focal spot after Gaussian fitting presented in Fig. S7.
The deviations were attributed to discrepancies between
the experimental light source and the simulated light
source. In the DOF measurement, the DOF was defined
as the axial distance when the maximum FWHM of the fo-
cusing spot is reduced to half. The measured DOF was
approximately 11 times of the focus wavelength. Detailed
results are provided in Fig. 4(e).

Subsequently, we used the metalens for passive im-
aging. The experimental setup involved removing the
lens of the traditional infrared camera and replacing it
with our metalens. The distance between the metalens
and the detector plane was adjusted, and the camera’s
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Fig. 5 Metalens imaging experiment results. (a) Photograph of
monitor. (b) Photograph of face. (c) Photograph of hands. (d)
Photograph of fire.
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signal was directly input into the computer for reading.
The optical path diagram of the imaging experiment is
given in Fig. S8. We tested different targets (at the
same distance) and observed good results. Fig. 5 (a-d)
illustrate the infrared imaging effects of a monitor, face,
palm, and candle. The camera was able to clearly cap-
ture the swinging palm and shaking individuals at 1 m
distance. Owing to the large DOF, we can observe clear
images even when the target was moved forward or back-
ward over a large range of 0. 4 m without refocusing. The
results are presented in Fig. SO.

4 Conclusions

Our successful implementation of the infrared imag-
ing experiment demonstrates the versatility of our design.
As these metalens are made of pure silicon, they are com-
patible with the complementary metal-oxide semiconduc-
tor (CMOS) platform and additional devices. This com-
patibility simplifies the building of the light path, mak-
ing system miniaturization achievable.

In conclusion, this letter presents the design and
fabrication of a metalens structure with a substantial DOF
and broad band operation. We have demonstrated the
LWIR focusing capability of an all-silicon metalens
through using the thermal infrared spontaneous broad-
band radiation of the target to achieve passive imaging ex-
periments. This research opens up numerous possibili-
ties for various applications such as low-visibility imag-
ing, robot guiding systems, and portable military detec-
tion etc. We are confident that the 9-11. 5 pm metalens
can be successfully integrated into optical systems, there-
by paving the way for extensive applications in infrared
imaging.

Foundation items :

This work was founded by National Key R&D Pro-
gram of China (2021YFA0715500) , National Natural
Science Foundation of China (NSFC) (12227901), Stra-
tegic Priority Research Program (B) of the Chinese Acad-
emy of Sciences (XDB0580000) and Chinese Academy

of Sciences President’s International Fellowship Initia-

tive (2021PT0007).
Supplemental document
See Supplement 1 for supporting content.

Acknowledgment

The authors thank the Soft Matter Nanolab
(SMN180827). The authors thank Prof. Wenjuan Wang
for providing the software (Lumerical FDTD Solutions,
Ansys).

References

[1]S. M. Wang, P. C. Wu, V. C. Su, Y. C. Lai, M. K. Chen, H. Y.
Kuo, B. H. Chen, Y. H. Chen, T. T. Huang, J. H. Wang, R. M.
Lin, C. H. Kuan, T. Li, Z. L. Wang, S. N. Zhu, and D. P. Tsai, "A
broadband achromatic metalens in the visible," Nature Nanotechnolo-
gy 13, 227-232 (2018).

[2]Q. Q. Cheng, M. L. Ma, D. Yu, Z. X. Shen, J. Y. Xie, J. C. Wang,
N. X. Xu, H. M. Guo, W. Hu, S. M. Wang, T. Li, and S. L.
Zhuang, "Broadband achromatic metalens in terahertz regime, " Sci.
Bull. 64, 1525-1531 (2019).

[3]C. Xia, M. Liu, J. Wang, Y. Wang, S. Zhang, P. Lin, and T. Xu,
"A polarization—insensitive infrared broadband achromatic metalens
consisting of all-silicon anisotropic microstructures, " Applied Phys-
ics Letters 121, 161701 (2022).

[4]). Li, Y. Wang, S. Liu, T. Xu, K. Wei, Y. Zhang, and H. Cui,
"Largest aperture metalens of high numerical aperture and polariza-
tion independence for long—wavelength infrared imaging, " Optics Ex-
press 30, 28882-28891 (2022).

[5]F. Aieta, P. Genevet, M. A. Kats, N. F. Yu, R. Blanchard, Z. Ga-
hurro, and F. Capasso, "Aberration—Free Ultrathin Flat Lenses and
Axicons at Telecom Wavelengths Based on Plasmonic Metasurfaces,
" Nano Letters 12, 4932-4936 (2012).

[6]P. Lalanne and P. Chavel, "Metalenses at visible wavelengths : past,
present, perspectives, " Laser & Photonics Reviews 11, 11 (2017).

[7]). Chen, X. Ye, S. L. Gao, Y. X. Chen, Y. W. Zhao, C. Y. Huang,
K. Qiu, S. N. Zhu, and T. Li, "Planar wide-angle—imaging camera
enabled by metalens array," Optica 9, 431-437 (2022).

[8]V. Saragadam, Z. Han, V. Boominathan, L. Huang, S. Tan, J. E.
Froch, K. F. Bohringer, R. Baraniuk, A. Majumdar, and A. Veera-
raghavan, "Foveated Thermal Computational Imaging in the Wild Us-
ing All-Silicon Meta—Optics," ArXiv abs/2212.06345(2022).

[9]A. Wirth-Singh, J. E. Froch, Z. Han, L. Huang, S. Mukherjee, Z.
Zhou, Z.]J. Coppens, K. F. Bohringer, and A. Majumdar, "Large
field—of—view thermal imaging via all-silicon meta—optics, " Applied
Optics (2023).

[10]G. Yoon, K. Kim, D. Huh, H. Lee, and J. Rho, "Single-step manu-
facturing of hierarchical dielectric metalens in the visible, " Nature
Communications 11, 10 (2020).

[11]M. Khorasaninejad, W. T. Chen, R. C. Devlin, J. Oh, A. Y. Zhu,
and I. Capasso, "Metalenses at visible wavelengths: Diffraction—lim-
ited focusing and subwavelength resolution imaging, " Science 352,
1190-1194 (2016).

[12]M. Khorasaninejad and F. Capasso, "Metalenses: Versatile multi-
functional photonic components " Science 358, 8 (2017).

[13]X. Z. Chen, L. L. Huang, H. Muhlenbernd, G. X. Li, B. F. Bai, Q.
F. Tan, G. F. Jin, C. W. Qiu, S. Zhang, and T. Zentgraf, "Dual-po-
larity plasmonic metalens for visible light, " Nature Communications 3
(2012).

[14]A. M. Shaltout, K. G. Lagoudakis, J. van de Groep, S. J. Kim, J.
Vuckovie, V. M. Shalaev, and M. L. Brongersma, "Spatiotemporal
light control with frequency—gradient metasurfaces, " Science 365,
374-+(2019).

[15]R.J. Lin, V. C. Su, S. M. Wang, M. K. Chen, T. L. Chung, Y. H.
Chen, H. Y. Kuo, J. W. Chen, J. Chen, Y. T. Huang, J. H. Wang,
C. H. Chu, P. C. Wu, T. Li, Z. L. Wang, S. N. Zhu, and D. P. Tsai,
"Achromatic metalens array for full-colour light—field imaging," Na-
ture Nanotechnology 14, 227—+ (2019).

[16]A. Ndao, L. Hsu, J. Ha, J.-H. Park, C. Chang-—Hasnain, and B.
Kanté, "Octave bandwidth photonic fishnet-achromatic-metalens, "
Nature Communications 11, 3205 (2020).

[17]L. Li, Z. X. Liu, X. F. Ren, S. M. Wang, V. C. Su, M. K. Chen, C.
H. Chu, H. Y. Kuo, B. H. Liu, W. B. Zang, G. C. Guo, L. J.



6 AN/ RS9 S g o XX

Zhang, Z. L. Wang, S. N. Zhu, and D. P. Tsai, "Metalens—array—
based high—dimensional and multiphoton quantum source, " Science
368, 1487—+ (2020).

[18]7Z. Xuan, J. Li, Q. Liu, F. Yi, S. Wang, and W. Lu, "Artificial
Structural Colors and Applications, " The Innovation 2, 100081
(2021).

[19]W. T. Chen, A.Y. Zhu, J. Sisler, Z. Bharwani, and F. Capasso, "A
broadband achromatic polarization—insensitive metalens consisting of
anisotropic nanostructures," Nature Communications 10, 7 (2019).

[20]1. Javed, J. Kim, M. A. Naveed, D. K. Oh, D. Jeon, I. Kim, M.
Zubair, Y. Massoud, M. Q. Mehmood, and J. Rho, "Broad-Band
Polarization—Insensitive Metasurface Holography with a Single-
Phase Map, " Acs Applied Materials & Interfaces 14, 36019-36026
(2022).

[21]C. Ogawa, S. Nakamura, T. Aso, S. Ikezawa, and K. Iwami, "Rota-
tional varifocal moire metalens made of single—crystal silicon meta—
atoms for visible wavelengths, " Nanophotonics 11, 1941-1948
(2022).

[22]W. B. Feng, J. C. Zhang, Q. F. Wu, A. Martins, Q. Sun, Z. H. Liu,
Y. Long, E. R. Martins, J. T. Li, and H. W. Liang, "RGB Achromat-
ic Metalens Doublet for Digital Imaging, " Nano Letters 22, 3969—
3975 (2022).

[23]M. Bosch, M. R. Shcherbakov, K. Won, H. S. Lee, Y. Kim, and G.
Shvets, "Electrically Actuated Varifocal Lens Based on Liquid—Crys-
tal-Embedded Dielectric Metasurfaces, " Nano Letters 21, 3849-
3856 (2021).

[24]S. B. Wei, G. Y. Cao, H. Lin, X. C. Yuan, M. Somekh, and B. H.
Jia, "A Varifocal Graphene Metalens for Broadband Zoom Imaging
Covering the Entire Visible Region, " Acs Nano 15, 4769-4776
(2021).

[25]M. Khorasaninejad, A. Y. Zhuit, C. Roques—Carmes, W. T. Chen,
J. Oh, 1. Mishra, R. C. Devlin, and F. Capasso, "Polarization—Insen-
sitive Metalenses at Visible Wavelengths, " Nano Letters 16, 7229~
7234 (2016).

[26] A. Arbabi, Y. Horie, A. J. Ball, M. Bagheri, and A. Faraon, "Sub-
wavelength—thick lenses with high numerical apertures and large effi-
ciency based on high—contrast transmitarrays, " Nature Communica-
tions 6, 6 (2015).

[27]Y. L. Wang, Q. B. Fan, and T. Xu, "Design of high efficiency achro-
matic metalens with large operation bandwidth using bilayer architec-
ture," Opto—Electronic Advances 4, 7 (2021).

[28]Y.J. Wang, Q. M. Chen, W. H. Yang, Z. H. Ji, L. M. Jin, X. Ma,
Q. H. Song, A. Boltasseva, J. C. Han, V. M. Shalaev, and S. M.
Xiao, "High—efficiency broadband achromatic metalens for near-IR
biological imaging window," Nature Communications 12, 7 (2021).

[29]G. Yoon, K. Kim, S. U. Kim, S. Han, H. Lee, and J. Rho, "Print-
able Nanocomposite Metalens for High—Contrast Near-Infrared Imag-
ing," Acs Nano 15, 698-706 (2021).

[30]M. Y. Shalaginov, S. An, Y. F. Zhang, F. Yang, P. Su, V. Liber-
man, J. B. Chou, C. M. Roberts, M. Kang, C. Rios, Q. Y. Du, C.
Fowler, A. Agarwal, K. A. Richardson, C. Rivero—Baleine, H. L.
Zhang, J. J. Hu, and T. Gu, "Reconfigurable all-dielectric metalens
with diffraction-limited performance, " Nature Communications 12
(2021).

[31]K. Ou, F. L. Yu, G. H. Li, W. J. Wang, J. Chen, A. E. Mirosh-
nichenko, L. J. Huang, T. X. Li, Z. F. Li, X. S. Chen, and W. Lu,
"Broadband Achromatic Metalens in Mid-~Wavelength Infrared," La-
ser & Photonics Reviews 15, 9 (2021).

[32]M. Khorasaninejad, F. Aieta, P. Kanhaiya, M. A. Kats, P. Genevet,
D. Rousso, and F. Capasso, "Achromatic Metasurface Lens at Tele-
communication Wavelengths ," Nano Letters 15, 5358-5362 (2015).

[33]Z. B. Fan, Z. K. Shao, M. Y. Xie, X. N. Pang, W. S. Ruan, F. L.
Zhao, Y. ]J. Chen, S. Y. Yu, and J. W. Dong, "Silicon Nitride Metal-

enses for Close—to—One Numerical Aperture and Wide—Angle Visi-
ble Imaging," Physical Review Applied 10, 10 (2018).

[34]H. G. Dong, F. Q. Wang, R. S. Liang, Z. C. Wei, H. Y. Meng, L.
H. Jiang, H. F. Cen, L. Wang, S.J. Qin, and C. L. Wang, "Visible—
wavelength metalenses for diffraction—limited focusing double polar-
ization and vortex beams, " Optical Materials Express 7, 4029-4037
(2017).

[35]L. Huang, J. Whitehead, S. Colburn, and A. Majumdar, "Design
and analysis of extended depth of focus metalenses for achromatic
computational imaging," Photonics Research 8, 1613-1623 (2020).

[36]E. Bayati, R. Pestourie, S. Colburn, Z. Lin, S. G. Johnson, and A.
Majumdar, "Inverse designed extended depth of focus meta—optics
for broadband imaging in the visible, " Nanophotonics 11, 2531-
2540 (2022).

[37]M. Pan, Y. Fu, M. Zheng, H. Chen, Y. Zang, H. Duan, Q. Li, M.
Qiu, and Y. Hu, "Dielectric metalens for miniaturized imaging sys-
tems: progress and challenges, " Light-Science & Applications 11
(2022).

[38] Q. B. Fan, M. Z. Liu, C. Yang, L. Yu, F. Yan, and T. Xu, "A high
numerical aperture, polarization—insensitive metalens for long—wave-
length infrared imaging," Applied Physics Letters 113, 4 (2018).

[39]X. F. Zang, W. W. Xu, M. Gu, B. S. Yao, L. Chen, Y. Peng, J. Y.
Xie, A. V. Balakin, A. P. Shkurinov, Y. M. Zhu, and S. L. Zhuang,
"Polarization—Insensitive Metalens with Extended Focal Depth and
Longitudinal High-Tolerance Imaging, " Advanced Optical Materials
8,9 (2020).

[40]Y. Q. Hu, X. D. Wang, X. H. Luo, X. N. Ou, L. Li, Y. Q. Chen, P.
Yang, S. Wang, and H. G. Duan, "All-dielectric metasurfaces for
polarization manipulation: principles and emerging applications, "
Nanophotonics 9, 3755-3780 (2020).

[41]K. Petelezye, S. Bara, A. C. Lopez, Z. Jaroszewicz, K. Kakarenko,
A. Kolodziejezyk, and M. Sypek, "Imaging properties of the light
sword optical element used as a contact lens in a presbyopic eye mod-
el," Optics Express 19, 25602-25616 (2011).

[42]K. Kakarenko, I. Ducin, K. Grabowiecki, Z. Jaroszewicz, A.
Kolodziejezyk, A. Mira—Agudelo, K. Petelczyc, A. Sktadowska, and
M. Sypek, "Assessment of imaging with extended depth—of—field by
means of the light sword lens in terms of visual acuity scale, " Bio-
medical Optics Express 6, 1738—1748 (2015).

[43]N. Ishizuka, J. Li, W. Fuji, S. lkezawa, and K. Iwami, "Linear po-
larization—separating metalens at long—wavelength infrared, " Optics
Express 31, 23372-23381 (2023).

[44]1.. Huang, Z. Coppens, K. Hallman, Z. Han, K. F. Béhringer, N.
Akozbek, A. Raman, and A. Majumdar, "Long wavelength infrared
imaging under ambient thermal radiation via an all-silicon metalens,
" Optical Materials Express 11, 2907-2914 (2021).

[45]L. Huang, Z. Coppens, K. Hallman, Z. Han, K. F. Béhringer, N.
Akozbek, A. Raman, and A. Majumdar, "All-Silicon Metalens for
Long Wavelength Infrared Imaging, " in Conference on Lasers and
Electro—Optics, Technical Digest Series (Optica Publishing Group,
2022), SSIB.8.

[46]N. F. Yu and F. Capasso, "Flat optics with designer metasurfaces, "
Nat. Mater. 13, 139-150 (2014).

[47]C. Chen, W. E. Song, J. W. Chen, J. H. Wang, Y. H. Chen, B. B.
Xu, M. K. Chen, H. M. Li, B. Fang, J. Chen, H. Y. Kuo, S. M.
Wang, D. P. Tsai, S. N. Zhu, and T. Li, "Spectral tomographic im-
aging with aplanatic metalens, " Light=Science & Applications 8, 8
(2019).

[48] A. V. Kildishev, A. Boltasseva, and V. M. Shalaev, "Planar Photon-
ics with Metasurfaces , " Science 339, 1232009 (2013).

[49]F. Balli, M. A. Sultan, A. Ozdemir, and J. T. Hastings, "An ultra-
broadband 3D achromatic metalens, " Nanophotonics 10, 1259-
1264 (2021).



