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Abstract:

We present the design and demonstration of polarization insensitive all-dielectric meta-
lenses operating in the mid-wave infrared (MWIR) region at around 4.6 um based on the
high refractive index PbSe thin film on the BaF2 substrate.
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1. Introduction

Mid-wave IR (MWIR) thermal imaging is widely employed in applications such as surveillance, navigation, med-
ical diagnostics, building inspections, and hazardous gas leak detection [3,4]. However, its widespread adoption
is limited by challenges in conventional mid-IR lenses, which are essential for imaging systems. High imaging
quality often necessitates multiple cascading lenses, resulting in bulky setups and complex alignment. Diffractive
lenses, which manipulate light through the spatial arrangement of microstructures via constructive interference [5],
offer a planar alternative. However, these are often constrained by low efficiency, high dispersion, shadowing ef-
fects, and integration challenges [2]. Recent advancements in metasurface-based flat lenses, or metalenses, address
many of these limitations. Metasurfaces, composed of two-dimensional arrays of subwavelength artificial struc-
tures, provide a versatile platform for comprehensive light manipulation, enabling compact, high-performance
optical systems [7]. Metalenses focus light by imparting abrupt phase changes locally through subwavelength
structures known as meta-atoms. Most mid-IR metalens designs are based on silicon and germanium materials.
However, silicon’s absorption losses, particularly in the LWIR range, and germanium’s high temperature coeffi-
cient of refractive index present certain limitations [6]. In this study, we investigate the potential of using PbSe
material to design all-dielectric metalenses for MWIR imaging, specifically engineered to focus light 4.6 um.
The metasurface leverages the optical properties of PbSe, particularly its high refractive index, combined with
a BaF; substrate with a relatively low refractive index, resulting in a thinner overall structure. PbSe meta-atoms
with a height of 1.8 pm and varying diameters are utilized for efficient wavefront control. The metalenses achieve
nearly diffraction-limited focusing and are capable of resolving features at the wavelength scale, with a numerical
aperture (NA) of 0.447.

2. Method and Summary

We outline the design methodology for a MWIR metalens utilizing high-refractive-index PbSe meta-atoms. The
metalens is constructed from PbSe nanopillars arranged on a BaF, substrate. Its primary function is to focus
collimated incident light into a spot in transmission mode. Each nanopillar at a given position (x,y) imparts a
phase defined by the equation:

0(x.y) = —21/A (VR P+ ). M

where f is the focal length. To enhance efficiency, we optimized the nanopillar height (H) and the unit cell pe-
riod (P) for the design wavelength of 4.6 um. In this design, the phase accumulation mechanism relies on the
propagation phase, requiring the nanopillars to have sufficient height to achieve full 27 phase coverage across a
range of diameters [7]. Thanks to the high refractive index of PbSe, the proposed metasurface can achieve full 27
phase coverage with a nanopillar height of 1.8 um. Figure 1(b,c) illustrates the transmittance and phase delay as
functions of the height and diameter of the nanopillars for light incident from the substrate side. The results in
Figure 1(d) demonstrate substantial phase variation with the diameter, while the transmission remains above 90%
across all radii at the optimized height of 1.8 pm . Our objective is to design a metalens with a 500 um aperture
diameter and a 500 pum focal length, corresponding to a numerical aperture (NA) of 0.447. The unit cell period



(P) is kept below A /(2NA), to satisfy the Nyquist sampling criterion [1].

The wavefront manipulation achieved by the designed metasurface is confirmed through a beam steering simula-
tion. The unit cell comprises eight structures arranged linearly along the x-axis (Figure le), with each structure
imparting a phase delay incrementally increasing from 0 to 77/4 in steps of 7 /4. The simulation demonstrates
that light incident normally from the substrate onto the structures is deflected by 22° from the normal after passing
through the meta-atoms. This result confirms the metasurface’s capability for independent phase control. Figure
1(f) shows the phase profile of the metalens. Full-wave simulations were performed using the finite-difference
time-domain (FDTD) method to evaluate the focusing performance of the metalens. Figure 1(g) illustrates the
normalized electric field distribution in the x-y plane at the focal plane, where the full-width at half-maximum
(FWHM) of the focal spot is 5.5 pm, close to the diffraction limit. Figure 1(h) shows the propagating electric
field in the x-z plane at y = 0 um . The incident light is sharply focused around z = 500 pm (focal point), verifying
the effectiveness of the design methodology.
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Fig. 1. (a) Schematic of the MWIR PbSe metalens. (b,d) Transmission and phase diagram as func-
tions of the meta-atom radius (R) and height (H), for a wavelength of 4.6 um and a lattice constant
(P) of 1.5 um. (c) Transmission and phase of meta-atom with different radius for the optimized
P=15 pumand H= 1.8 um. (¢) Transmitted field profile of a beam deflector with a deflection
angle of 22°. (f) Phase profile of the PbSe metalens with a diameter of 500 um. (g) The normalized
field intensity on x-y plane at the focal plane. (h) Normalized field intensity on x-z plane at Y = 0,
showing the focal point at around 500 pm

Lastly, besides the design work as mentioned, we will also share our experimental efforts to fabricate the PbSe
metalens, including the deposition, patterning and etching process, and the characterization results at the confer-
ence.

References

1. Wei Ting Chen, Alexander Y Zhu, Mohammadreza Khorasaninejad, Zhujun Shi, Vyshakh Sanjeev, and Federico Ca-
passo. Immersion meta-lenses at visible wavelengths for nanoscale imaging. Nano letters, 17(5):3188-3194, 2017.

2. Jacob Engelberg and Uriel Levy. The advantages of metalenses over diffractive lenses. Nature communications,
11(1):1991, 2020.

3. Oliver Faust, U Rajendra Acharya, EYK Ng, Tan Jen Hong, and Wenwei Yu. Application of infrared thermography in
computer aided diagnosis. Infrared Physics & Technology, 66:160-175, 2014.

4. Nathan Hagen, Robert T Kester, Christopher G Morlier, Jeffrey A Panek, Paul Drayton, Dave Fashimpaur, Paul Stone,
and Elizabeth Adams. Video-rate spectral imaging of gas leaks in the longwave infrared. In Chemical, Biological,
Radiological, Nuclear, and Explosives (CBRNE) Sensing XIV, volume 8710, pages 36—42. SPIE, 2013.

5. Kun Huang, Fei Qin, Hong Liu, Huapeng Ye, Cheng-Wei Qiu, Minghui Hong, Boris Luk’yanchuk, and Jinghua Teng.
Planar diffractive lenses: fundamentals, functionalities, and applications. Advanced Materials, 30(26):1704556, 2018.

6. HW Icenogle, Ben C Platt, and William L Wolfe. Refractive indexes and temperature coefficients of germanium and
silicon. Applied optics, 15(10):2348-2351, 1976.

7. Meiyan Pan, Yifei Fu, Mengjie Zheng, Hao Chen, Yujia Zang, Huigao Duan, Qiang Li, Min Qiu, and Yueqiang Hu. Di-
electric metalens for miniaturized imaging systems: progress and challenges. Light: Science & Applications, 11(1):195,
2022.



