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Abstract: 

Arthropods' remarkable ability to maintain clear vision in humid environments, owing to the 
water-repellent and anti-fogging properties of their compound eyes, provides significant 
inspiration for advancements in optical imaging technology. Metasurfaces, composed of 
periodically arranged optical nanostructures on a flat surface, can control the wavefront of 
incident light, leading to lighter and more compact optical integration. For metasurface, a 
hydrophobic surface is crucial for ensuring long-term operational stability when exposed to 
outdoor conditions. While protective or hydrophobic coatings can be integrated into 
metasurface designs by accounting for their refractive indices during the design phase, such 
coatings would reduce the refractive index contrast for devices based on low-index materials, 
which necessitate a substantial increase in the nanostructure height to achieve the required 
phase modulation, thereby increasing fabrication complexity and aspect-ratio requirements. 
Here, we introduce a method for fabricating low-cost and highly efficient hydrophobic 
metasurfaces using high-resolution nanoimprint lithography technology. As a proof-of-concept, 
the light field control capability of the hydrophobic spiral phase plate is demonstrated, the 
imaging capability of the hydrophobic metalens in harsh environments is explored, and their 
potential applications in advanced optical systems are demonstrated.  
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Introduction 

The remarkable ability of arthropods to maintain clear vision in humid environments, due to 
water-repellent properties of their compound eyes, offers significant inspiration for 
advancements in optical imaging technology. Compound eyes are precision imaging systems, 
honed by natural selection over millions of years, and their ability to acquire visual information 
is fundamental to the survival of species [1-3]. For species such as mosquitoes, which are 
frequently active in humid or rainy environments, the condition of their compound eyes is 
critical for maintaining imaging quality. Water vapor condensation or the adhesion of 
contaminants can disrupt optical interface integrity, thereby compromising visual information 
acquisition [4-6]. Consequently, these organisms have evolved hydrophobic surfaces to ensure 
their optical systems maintain long-term, stable performance in complex and variable 
environments. This nature-derived solution provides a crucial design principle for next-
generation optical elements, especially those whose functionality depends on precise 
nanostructures, ensuring stable performance in adverse environments. 

Optical metasurfaces, composed of subwavelength nanostructure arrays, are gaining 
attention for their ability to control amplitude, phase, and polarization of light within a planar 
configuration [7-11]. Through precise meta-atoms design, optical metasurfaces demonstrate 
great potential across a wide range of applications, including optical analogue computing [12-
18], quantitative phase imaging [19-23], optical imaging encoding [24-26]. Specifically, vortex 
phase plates (VPP) generate donut-shaped beams, with broad applications in super-resolution 
imaging, optical tweezers, and optical communication [27-31]. Meanwhile, a hyperbolic phase 
profile enables metasurfaces to function as focusing elements (metalens), which are used in 3D 
imaging, image processing, and quantum emitters [32-36]. Mainstream fabrication methods for 
metasurface, such as electron-beam lithography, X-ray lithography, and deep-ultraviolet 
photolithography are complex and costly, limiting large-scale production [37-38]. In contrast, 
Nanoimprint Lithography (NIL) mechanically transfers patterns, bypassing the diffraction 
limits and expensive equipment inherent to traditional photolithography [39-42]. This method 
enables low-cost, high-resolution mass production by replicating a single, durable master stamp. 
Since its introduction by Stephen Y. Chou in 1995 [43], NIL has developed rapidly [44-46] and 
is considered more environmentally friendly, as it avoids harmful photoresist solutions [47-48]. 

The optical functionality of metasurfaces depends on their nanostructures. When 
contaminants, such as airborne moisture or impurities, infiltrate these nanostructures, they alter 
the surrounding dielectric environment, causing the optical path differences to deviate from the 
design, degrading or destroying the device's functionality. For metasurfaces exposed to variable 
environments, hydrophobicity is critical for long-term stability. The common approach is to 
deposit a thin hydrophobic film post-fabrication [49-51]. However, this conflicts with metalens, 
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as any additional material can block gaps and alter the refractive index contrast between the 
nanostructure and its surroundings, distorting the phase distribution and reducing efficiency. 
This highlights the need for an alternative solution.  

As a proof of concept, the resolution fringes test was used to prove that there was a resolution 
of less than 100 nm in the lateral direction by NIL technology. Additionally, we utilized a VPP, 
which is a device with a gradually varying height. The maximum height difference across the 
0 to 2π range was 1.5 μm, which verified that optical elements requiring continuous height 
variation along the Z-axis can also be fabricated with high precision using this method. Finally, 
based on the processing capabilities mentioned above, inspired by the waterproof properties of 
insects’ compound eyes, we propose a bio-inspired hydrophobic metasurface fabricated using 
NIL. The device preserves its imaging ability in complex environments, maintaining stable 
optical performance without the additional cleaning steps required by traditional metalenses. In 
the future, this approach will allow the metasurface to transition from lab settings to real-world 
applications in outdoor, industrial, and consumer electronics. 

 

Fig. 1 Design inspiration of the mosquito-eye-inspired hydrophobic metalens. (a) Bio-inspiration from a mosquito's compound eye. 

The left panel shows SEM images of a mosquito compound eye (scale bar, 50 μm). (b) A photograph of the UV-curable hydrophobic 

polymer material used for nanoimprint, along with its chemical structure. (c) High-resolution XPS spectrum of the O 1s peak from 

the hydrophobic metalens surface. (d)-(e) Contact angles of the hydrophobic and hydrophilic metalens, respectively. The inset 

shows a photograph of those samples. 

Imaging and hydrophobic functions of mosquito eyes have been illustrated in Fig. 1. The 
hydrophobicity of the mosquito eye originates from two key factors [52-56]. Structurally, it 
possesses intricate, multi-scale micro- and nanostructures on its surface. Chemically, the 
mosquito eye's primary constituent is low-surface-energy biopolymer chitin, which provides 
the chemical basis for its hydrophobic function, as shown in Fig. 1a. Inspired by this, a 
hydrophobic resin with main component of silicone-modified polyurethane acrylate was 
employed in the NIL technology for the fabrication of optical devices. The hydrophobic resin 
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appears as a clear and transparent solution, whose hydrophobicity is derived from its 
organosilicon functional groups, as shown in Fig. 1b. Its chemical composition was confirmed 
by X-ray photoelectron spectroscopy in Fig. 1c. The O 1s spectrum, which corresponds to the 
photoelectrons emitted from the innermost 1s orbital (K-shell) of oxygen atoms [57], revealed 
a prominent peak at 532.45 eV attributed to siloxane (Si-O-Si), confirming the organosilicon 
component. Additionally, a significant peak at 533.47 eV corresponded to ester functionalities 
(O=C-O), while the component at 531.7 eV was attributed to N-C=O bonds characteristic of 
the polyurethane acrylate backbone. These conclusions are further substantiated by additional 
XPS data in Figs. S1 and S2. The contact angles of metalens fabricated with hydrophobic and 
hydrophilic resin have been displayed in Figs. 1d-1e, respectively. It is evident that the metalens 
made from the hydrophobic resin has a much larger contact angle (103°) than the one made 
from the hydrophilic resin (32°). The insets further reveal that the water droplet forms a near-
hemispherical shape on the hydrophobic metalens, while it assumes a flattened dome on the 
hydrophilic one. 

 

Fig. 2 Fabrication and characterization of the hydrophobic metalens. (a) Schematic of the fabrication of the metalens using NIL 

technology. (b)-(d) Fourier-Transform Infrared Spectroscopy spectrum, Dynamic Mechanical analysis, and Thermogravimetric 

analysis curve of the hydrophobic resin, respectively. (e1)-(e2) Image and SEM result of TOPAS obtained through hot embossing, 

respectively. (f1)-(f2) Image and SEM result of the sample obtained through NIL technology, respectively. 

As a proof of concept, to fabricate a polarization-independent metalens that integrates both 
surface hydrophobicity and an optical focusing function, a precision molding technique based 
on NIL was employed in this work. The specific fabrication process is illustrated in the 
schematic in Fig. 2a. The pattern from a master stamp is replicated onto a flexible material via 
a hot-pressing process to create a secondary stamp. The TOPAS film was selected as the 
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substrate for the secondary stamp. The relatively low glass transition temperature (Tg=78°C) 
enables the high-precision replication of nanostructures from the master stamp onto the TOPAS 
film under milder conditions. Subsequently, hydrophobic resin was spin-coated onto this 
TOPAS stamp and then cured by irradiation with 365 nm UV light, completing one NIL 
fabrication of the metasurface. The resin's chemical structure was confirmed by Fourier-
transform infrared spectroscopy, which revealed characteristic absorption bands for N-H 
stretching (3356 cm⁻¹) and C-H stretching (2850-3000 cm⁻¹). An intense, sharp peak at 1719 
cm⁻¹ was attributed to C=O (carbonyl) stretching from the polyurethane and acrylate moieties, 
accompanied by an N-H bending vibration at 1538 cm⁻¹. Crucially, strong absorption bands in 
the fingerprint region at 1090 cm⁻¹, 1020 cm⁻¹, and 806 cm⁻¹ are characteristic of Si-O-Si and 
Si-O-C asymmetric stretching, confirming the siloxane backbone [58]. The combination of 
these peaks confirms the material is a silicone-modified polyurethane acrylate composite resin. 

Thermodynamic properties are essential for assessing material stability, processability, phase 
behavior, and performance, guiding device optimization and design. The Dynamic Mechanical 
analysis (DMA) results indicate sluggish chain segment motion between 70°C and 130°C, 
which manifests as a broad glass transition temperature range for the material. This is evident 
in the DMA as an inconspicuous step decrease in the storage modulus E’, and a broad peak in 
the loss factor 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡. This behavior is also reflected in the loss modulus E”, which shows a 
correspondingly broad peak in the same temperature range in Fig. 2c. And in the DSC curve as 
a wide endothermic step in Fig. S3. Furthermore, Thermogravimetric Analysis (TGA) was 
performed to assess the resin's thermal stability, as shown in Fig. 2d. The material exhibits 
thermal stability up to approximately 300°C with the primary mass loss occurring between 
300°C and 550°C. The total weight loss upon heating to 800°C is approximately 90.75%, which 
is mainly attributed to the thermal cleavage of the organic segments of the resin, such as the 
polyurethane and acrylate components. To validate that the NIL technique, in conjunction with 
the hydrophobic resin, is capable of fabricating nanoscale features, we initially imprinted 
simple rectangular nanostructures by this process. Figures 2e1 and 2f1 show the TOPAS stamp 
and the final sample fabricated with the hydrophobic resin, respectively. As evidenced by their 
corresponding SEM results (Figs. 2e2 and 2f2), the nanostructures were successfully 
transferred from the stamp to the sample, these results demonstrate that the process can reliably 
achieve a fabrication resolution below 100 nm. The high structural integrity and dimensional 
uniformity over large-area patterns are further detailed in Figs. S4 and S5. The sustainability of 
the NIL process is further highlighted by the reusability of the master stamp, as detailed in Fig. 
S6. 
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Fig. 3 Experimental characterization of the NIL VPP. (a) Schematic of the MZI setup used to characterize the VPP. The inset 

illustrates the light field evolution within the far-field sample arm. (b) Image of the fabricated VPP sample, with a DIC microscopy 

image (top right inset) and a SEM image (bottom right inset). (c) 3D surface profile of the VPP measured by a white-light 

interferometer. (d) Experimentally measured far-field intensity distribution after the beam passed through the VPP. (e) Interference 

pattern obtained from the setup in Fig. (a). 

To further validate the potential of NIL for manufacturing optical elements with subtle height 
variations, the spiral stamp has been employed to fabricate a sample capable of generating 
donut-shaped beam. A series of characterizations were conducted to ensure the replication 
fidelity of the VPP sample and evaluate its optical performance. A Mach-Zehnder 
interferometer (MZI), depicted in Fig. 3a, was constructed to demonstrate the phase modulation 
capabilities of VPP sample. In this system, a coherent laser source is divided by the first beam 
splitter (BS) into two coherent paths, a sample arm (purple path) and a reference arm (green 
path). The NIL VPP sample is positioned in the sample arm. As the beam traverses this sample, 
it converts the initial Gaussian intensity profile into a "donut" shaped distribution with a central 
intensity null, as illustrated in the inset of Fig. 3a. Concurrently, the beam in the reference arm 
(green path) is guided by mirrors for the subsequent interferometric measurement. An image of 
the VPP sample presented in Fig. 3b, with insets showing results from Differential Interference 
Contrast (DIC) microscopy result (top right) and SEM image (bottom right). The successful 
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replication of these structures via the NIL process strongly demonstrates the high Z-axis 
replication fidelity of this method for continuous surface profiles. The SEM image confirms 
that the imprinted surface is smooth and uniform, indicative of a high-quality replication 
process. 

 

Fig. 4 Optical characterization of the fabricated metalens. (a) Schematic diagram of the optical path for collecting the light field 

distribution propagating along the x-z plane. (b) Image of the metalens sample. (c) SEM image of metalens (scale bar, 100 μm). 

(d) Magnified SEM image from (c) (scale bar, 500 nm). (e1) The zoomed-in focusing profile of the metalens stamp. The measured 

focal length is 4.97 mm (white dashed line). (e2)-(e3) The point spread function of the focal spot. (f1)-(g3) The results of 

hydrophobic and hydrophilic metalens under the same measurements as (e1)-(e3), respectively. 

The 3D morphology of the VPP sample was measured using a white-light interferometer 
(ZYGO) as shown in Fig. 3c. The resulting height map is analogous to a spiral staircase 
distribution. The maximum measured height difference across the structure was approximately 
1.49 µm, which is in agreement with the design. Validation of the optical performance was 
conducted in two stages. First, a direct measurement of the far-field intensity distribution was 
performed. As shown in Fig. 3d, when the incident beam passed through the VPP sample, an 
annular intensity distribution was recorded in the far-field which is a signature of a vortex beam. 
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To definitively confirm the integrity of its phase structure, the interferometric measurement was 
essential. The sample was placed within the MZI, allowing the modulated vortex beam to 
collinearly interfere with the reference beam at the second BS. The resulting interferogram 
captured by the CCD camera is presented in Fig. 3e. The forked fringe provides evidence of a 
topological charge of 1. This outcome demonstrates the capability of the above NIL scheme to 
achieve high-precision fabrication of optical elements featuring subtle, multi-level height 
variations. 

The designed metalens stamp is composed of many tiny cylinders with different radii, the 

required phase profile for focusing is given by the formula 𝜑𝜑(𝑅𝑅, 𝜆𝜆) = −�2𝜋𝜋
𝜆𝜆
�√𝑅𝑅2 + 𝐹𝐹2 − 𝐹𝐹��, 

where 𝜑𝜑  is required phase distribution, 𝜆𝜆  is working wavelength, 𝑅𝑅  and 𝐹𝐹  represent the 
working distance and the focal length of metalens, respectively. The simulations results of the 
metalens have been summarized in Figs. S7 and S8. Fig. 4b displays an image of the 
hydrophobic metalens fabricated via the NIL described above, and its transparency corroborates 
the high transmittance property. The SEM result has been observed at low magnification (Fig. 
4c) which reveals the layout of concentric annular. As the magnification is increased (Fig. 4d), 
the array of individual subwavelength nanopillars that constitute these zones can be clearly 
resolved. The results corresponding to Topas and sample of the metalens can be found in Fig. 
S9. A system in Fig. 4a was constructed to validate the optical performance of the metalens 
fabricated via NIL. A collimated laser (wavelength 532 nm) was used as the input source. It 
was followed by an absorptive density filter to prevent saturation of the CCD camera. The 
incident beam subsequently illuminates the metalens, which is followed by an objective used 
to magnify the minute light field distribution near the focal point. Finally, a CCD camera 
mounted on a high-precision motorized translation stage is responsible for acquiring the images 
that carry the light field intensity information. By scanning along the z-axis, a series of 2D light 
field slice images is collected and used to reconstruct the complete light field intensity 
distribution near the focus. The magnified intensity distribution obtained from the master stamp 
in the x-z plane (Fig. 4e1) shows the beam focus at the position of approximately 4.9 mm with 
white dashed line. At this position, the 2D and 3D point spread functions (PSFs) of the metalens 
are shown in Figs. 4e2-4e3, respectively. These results further indicate that the focal spot with 
a compact energy distribution, which confirms that the theoretical design can achieve focusing. 
The hydrophobic metalens was tested in Fig. 4f. The result in Fig. 4f1 displays a focused beam 
with its focal length measured to be approximately 4.9 mm. Analysis of the PSF at the focal 
plane (Figs. 4f2-4f3) reveals the background light intensity around the focal spot is low, 
indicating that the device possesses focusing efficiency. For subsequent imaging performance 
tests, a metalens fabricated from a hydrophilic resin but with an identical nanostructure 
geometry was used as the control in a comparative experiment (Fig. 4g). This hydrophilic 
metalens exhibited the strongest intensity measured at the white dashed line at approximately 
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4.9 mm (Fig. 4g1). The PSF at its focal plane (Figs. 4g2-4g3) shows that the hydrophilic 
metalens also shows good focusing efficiency, which further demonstrates the reliability and 
repeatability of NIL for fabricating metalens. 

 

Fig. 5 Experimental imaging demonstration of the metalens. (a) Schematic of the metalens imaging system. (b1)-(b3) The surface 

and imaging results of the hydrophobic metalens that have not undergone pollution source treatment. (c1)-(c3) The surface and 

imaging results of the hydrophobic metalens that has been cleaned once. (d1)-(d3) The surface and imaging results of hydrophilic 

metalens that have not undergone pollution source treatment. (e1)-(h3) The surface and imaging results of the hydrophilic metalens 

that has been cleaned once, twice, a third and a fourth time, respectively. 

The anti-fouling ability of the fabricated hydrophobic metalens was investigated further after 
its optical focusing performance had been validated. The imaging principle for this experiment 
is shown schematically in Fig. 5a. When light from an object "META" on the object plane 
𝑓𝑓(𝑥𝑥,𝑦𝑦) is incident on the metalens plane, each meta-atom on the surface radiates with a pre-
designed hyperbolic phase profile. Finally, the light focusses on the image plane 𝑔𝑔(𝑥𝑥, 𝑦𝑦) , 
forming an image of "META". The hydrophobic metalens was evaluated in the blue-boxed 
region of Fig. 5. In uncontaminated state, the surface of the metalens is free of impurities, as 
shown in Fig. 5b1. It is capable of clearly resolving the target numbers "4" and "5" in Figs. 5b2-
5b3. Subsequently, its surface was rinsed with a suspension containing powder particles and 
then dried to simulate dust contamination in a real-world environment. After subjecting the 
contaminated lens to a single, simple rinse with deionized water, it was tested again. 
Remarkably, after just one cleaning, the majority of the impurities were washed off the surface 
of the hydrophobic metalens (Fig. 5c1), and its imaging capability was nearly indistinguishable 
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from its original state (Figs. 5c2-5c3), with the resulting image showing minimal differences in 
clarity and contrast compared to before contamination.  

In a control experiment, a surface image of the hydrophilic metalens was also free of 
impurities (Fig. 5d1) and possessed good imaging capabilities in its original state (Figs. 5d2-
5d3). However, after undergoing the same contamination and the first cleaning, a large number 
of contaminant particles remained firmly attached to its surface (Fig. 5e1), and the imaging 
quality suffered a catastrophic decline, with the image becoming extremely blurry and 
unrecognizable (Figs. 5e2-5e3). The results showed that the imaging quality gradually 
improved with the number of cleanings, after the second cleaning (Fig. 5f), the image clarity 
improved significantly but it had not yet reached an ideal state. It was not until the third and 
fourth rinses with deionized water were completed (Figs. 5g-5h) that the imaging quality of the 
hydrophilic metalens was finally restored to a level comparable to its original state. However, 
the phenomenon of localized aggregation and pinning of contaminants appeared on its surface. 
This phenomenon is particularly evident in the lower right corner of Figs. 5f1-5h1. This 
contamination phenomenon is attributed to two primary mechanisms, where high surface 
energy enhances particle adhesion [59] and the capillary force of receding water films 
concentrates particles into stable aggregates via a "coffee-ring effect" [60]. These comparative 
experiments thus demonstrate that the hydrophobic metalens possesses significant anti-fouling 
capability compared to its hydrophilic counterpart. This attribute is key to maintaining long-
term high performance and stability in practical applications, especially in dusty, humid, or 
liquid-contact environments. Detailed analysis of the optical performance recovery is provided 
in Fig. S10. Furthermore, the long-term reliability of the metalens under UV exposure, thermal 
cycling, and chemical immersion is validated in Figs. S11-16. 

Inspired by the mosquito eye, this work utilizes the NIL technique to fabricate hydrophobic 
metasurfaces with high precision. Specifically, a silicone-modified polyurethane acrylate is 
used as the fabrication material. Unlike conventional fabrication methods that struggle with 
cost and complexity, our proposed approach utilizes NIL to achieve high-resolution, sub-100 
nm nanostructure fabrication. This technology introduces a scalable and cost-effective 
manufacturing method while ensuring the high-fidelity transfer of intricate optical patterns. The 
versatility of this approach was demonstrated by successfully fabricating a VPP with continues 
height variations and metalens with different diameter nanostructures. The optical 
characterization confirmed that the VPP generated the vortex beam with the intended 
topological charge. The experimental results demonstrate that the fabricated hydrophobic 
metalens possesses imaging capabilities. To investigate its durability in real-world application 
scenarios, we subjected it to an imaging capability test in a harsh environment, the hydrophobic 
metalens exhibits anti-fouling capabilities, preserving imaging quality where traditional 
hydrophilic devices fail. Its unique combination of anti-fouling functionality, high 
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manufacturing precision, and low production cost makes it a key technology for next-
generation optical systems. By bridging the gap between laboratory design and real-world 
durability, this bio-inspired strategy opens unique perspective for the application of 
metasurfaces in outdoor imaging, industrial sensing, and advanced consumer electronics. 

 

Data availability 

The data supporting the findings of this work are available from the corresponding authors upon 
reasonable request. 

 

Acknowledgements 

This work was financially supported by the ECS scheme 21206223 and PolyU Startup grant. 

 

Author contributions 

X. W. and J. Z. conceived the idea for this work. X. W. and J. Z. supervised the research. D.X. 
fabricated the tested objects and conducted experimental measurements. Q. Z., Z. L., J. Z., and 
Q. L. performed data processing and analysis. All the authors discussed the results and 
contributed to the preparation of the manuscript and discussions. 

 

Conflict of interest 

The authors declare no competing interests. 

 

References 

1. Briscoe, A. D. & Chittka, L. The evolution of color vision in insects. Annual Review 
of Entomology 46, 471-510 (2001).  

2. Kelber, A., Balkenius, A. & Warrant, E. J. Scotopic colour vision in nocturnal 
hawkmoths. Nature 419, 922-925 (2002).  

3. Paterson, J. R. et al. Acute vision in the giant Cambrian predator Anomalocaris and 
the origin of compound eyes. Nature 480, 237-240 (2011).  

4. Gao, X. et al. The dry-style antifogging properties of mosquito compound eyes and 
artificial analogues prepared by soft lithography. Advanced Materials 19, 2213-2217 

 
ACCEPTED ARTICLE PREVIEW 

 

 



(2007).  

5. Kim, J. J. et al. Biologically inspired artificial eyes and photonics. Reports on 
Progress in Physics 83, 047101 (2020).  

6. Yong, J. L. et al. Mini-review on bioinspired superwetting microlens array and 
compound eye. Frontiers in Chemistry 8, 575786 (2020).  

7. Yu, N. F. & Capasso, F. Flat optics with designer metasurfaces. Nature Materials 13, 
139-150 (2014).  

8. Zhou, J. X. et al. Kerr metasurface enabled by metallic quantum wells. Nano Letters 
21, 330-336 (2021).  

9. Xu, D. Y., Wen, S. C. & Luo, H. L. Metasurface-based optical analog computing: 
from fundamentals to applications. Advanced Devices & Instrumentation 2022, 0002 
(2022).  

10. Chen, G. H. et al. Infrared color-sorting metasurfaces. Nanoscale 16, 14490-14497 
(2024).  

11. Cui, T. J. et al. Roadmap on electromagnetic metamaterials and metasurfaces. 
Journal of Physics: Photonics 6, 032502 (2024).  

12. Silva, A. et al. Performing mathematical operations with metamaterials. Science 
343, 160-163 (2014).  

13. Zhou, J. X. et al. Optical edge detection based on high-efficiency dielectric 
metasurface. Proceedings of the National Academy of Sciences of the United States 
of America 116, 11137-11140 (2019).  

14. Mohammadi Estakhri, N., Edwards, B. & Engheta, N. Inverse-designed 
metastructures that solve equations. Science 363, 1333-1338 (2019).  

15. Xu, D. Y. et al. Inverse design of Pancharatnam–Berry phase metasurfaces for all-
optical image edge detection. Applied Physics Letters 120, 241101 (2022).  

16. Zhou, J. X. et al. Nonlinear computational edge detection metalens. Advanced 
Functional Materials 32, 2204734 (2022).  

17. Cordaro, A. et al. Solving integral equations in free space with inverse-designed 
ultrathin optical metagratings. Nature Nanotechnology 18, 365-372 (2023).  

18. Xu, D. Y. et al. All-optical object identification and three-dimensional reconstruction 
based on optical computing metasurface. Opto-Electronic Advances 6, 230120 (2023).  

19. Zhou, J. X. et al. Fourier optical spin splitting microscopy. Physical Review Letters 

 
ACCEPTED ARTICLE PREVIEW 

 

 



129, 020801 (2022).  

20. Wu, Q. Y. et al. Single-shot quantitative amplitude and phase imaging based on a 
pair of all-dielectric metasurfaces. Optica 10, 619-625 (2023).  

21. Zhou, J. X. et al. Eagle-eye inspired meta-device for phase imaging. Advanced 
Materials 36, 2402751 (2024).  

22. Li, L. et al. Single-shot deterministic complex amplitude imaging with a single-layer 
metalens. Science Advances 10, eadl0501 (2024).  

23. Zhou, J. X. et al. Advanced quantitative phase microscopy achieved with spatial 
multiplexing and a metasurface. Nano Letters 25, 2034-2040 (2025).  

24. Huang, L. L. et al. Broadband hybrid holographic multiplexing with geometric 
metasurfaces. Advanced Materials 27, 6444-6449 (2015).  

25. Huang, Y. W. et al. Aluminum plasmonic multicolor meta-hologram. Nano Letters 
15, 3122-3127 (2015).  

26. Li, X. et al. Multicolor 3D meta-holography by broadband plasmonic modulation. 
Science Advances 2, e1601102 (2016).  

27. Beijersbergen, M. W. et al. Helical-wavefront laser beams produced with a spiral 
phaseplate. Optics Communications 112, 321-327 (1994).  

28. Hell, S. W. & Wichmann, J. Breaking the diffraction resolution limit by stimulated 
emission: stimulated-emission-depletion fluorescence microscopy. Optics Letters 19, 
780-782 (1994).  

29. Simpson, N. B. et al. Mechanical equivalence of spin and orbital angular 
momentum of light: an optical spanner. Optics Letters 22, 52-54 (1997).  

30. Klar, T. A. et al. Fluorescence microscopy with diffraction resolution barrier broken 
by stimulated emission. Proceedings of the National Academy of Sciences of the 
United States of America 97, 8206-8210 (2000).  

31. Wang, J. et al. Terabit free-space data transmission employing orbital angular 
momentum multiplexing. Nature Photonics 6, 488-496 (2012).  

32. Khorasaninejad, M. & Capasso, F. Metalenses: versatile multifunctional photonic 
components. Science 358, eaam8100 (2017).  

33. Wang, S. M. et al. A broadband achromatic metalens in the visible. Nature 
Nanotechnology 13, 227-232 (2018).  

34. Lin, R. J. et al. Achromatic metalens array for full-colour light-field imaging. Nature 

 
ACCEPTED ARTICLE PREVIEW 

 

 



Nanotechnology 14, 227-231 (2019).  

35. Chen, W. T. et al. A broadband achromatic polarization-insensitive metalens 
consisting of anisotropic nanostructures. Nature Communications 10, 355 (2019).  

36. Chen, J. et al. Planar wide-angle-imaging camera enabled by metalens array. 
Optica 9, 431-437 (2022).  

37. Leng, B. R. et al. Meta-device: advanced manufacturing. Light: Advanced 
Manufacturing 5, 5 (2024).  

38. Seong, J. et al. Cost-effective and environmentally friendly mass manufacturing of 
optical metasurfaces towards practical applications and commercialization. 
International Journal of Precision Engineering and Manufacturing-Green Technology 
11, 685-706 (2024).  

39. Schift, H. Nanoimprint lithography: an old story in modern times? A review. Journal 
of Vacuum Science & Technology B 26, 458-480 (2008).  

40. Lucas, B. D. et al. Nanoimprint lithography based approach for the fabrication of 
large-area, uniformly-oriented plasmonic arrays. Advanced Materials 20, 1129-1134 
(2008).  

41. Choi, H. et al. Realization of high aspect ratio metalenses by facile nanoimprint 
lithography using water-soluble stamps. PhotoniX 4, 18 (2023).  

42. Kim, J. et al. Scalable manufacturing of high-index atomic layer-polymer hybrid 
metasurfaces for metaphotonics in the visible. Nature Materials 22, 474-481 (2023).  

43. Chou, S. Y., Krauss, P. R. & Renstrom, P. J. Nanoimprint lithography. Journal of 
Vacuum Science & Technology B 14, 4129-4133 (1996).  

44. Wang, J. & Kostal, H. Diffractive optics: nanoimprint lithography enables fabrication 
of subwavelength optics. Laser Focus World 41, 76-81 (2005).  

45. Rowland, H. D. et al. Impact of polymer film thickness and cavity size on polymer 
flow during embossing: toward process design rules for nanoimprint lithography. 
Journal of Micromechanics and Microengineering 15, 2414-2425 (2005).  

46. Wang, L. et al. Plasmonic nano-printing: large-area nanoscale energy deposition 
for efficient surface texturing. Light: Science & Applications 6, e17112 (2017).  

47. Sun, H. Nanoimprint technology (in Chinese). Publishing House of Electronics 
Industry (2011). 

48. Miyauchi, A. Nanoimprinting and Its Applications. (Boca Raton: Jenny Stanford 

 
ACCEPTED ARTICLE PREVIEW 

 

 



Publishing, 2019). 

49. Viechineski, F. N. et al. Preparation of transparent hydrophobic polymeric films
spray-deposited on substrates. Surface Engineering 34, 121-127 (2018).

50. Ellinas, K. et al. A review of fabrication methods, properties and applications of
superhydrophobic metals. Processes 9, 666 (2021).

51. Poddighe, M. & Innocenzi, P. Hydrophobic thin films from sol–gel processing: a
critical review. Materials 14, 6799 (2021).

52. Song, Y. Y. et al. Mosquito eyes inspired surfaces with robust antireflectivity and
superhydrophobicity. Surface and Coatings Technology 316, 85-92 (2017).

53. Wang, Y. B. et al. Mosquito’s compound eyes as inspiration for fabrication of
conductive superhydrophobic nanocarbon materials from waste wheat straw. ACS
Sustainable Chemistry & Engineering 7, 3883-3894 (2019).

54. Liu, J. et al. A mosquito-eye-like superhydrophobic coating with super robustness
against abrasion. Materials & Design 203, 109552 (2021).

55. Bello, E., Chen, Y. T. & Alleyne, M. Staying dry and clean: an insect’s guide to
hydrophobicity. Insects 14, 42 (2023).

56. Qian, L. et al. What happens when chitin becomes chitosan? A single-molecule
study. RSC Advances 13, 2294-2300 (2023).

57. Moulder, J. F. et al. Handbook of X-ray Photoelectron Spectroscopy. (Eden Prairie:
Perkin-Elmer Corporation, 1992).

58. Zhangyang, J. H. et al. Synthesis and properties of silicone-modified polyurethane
acrylate for magnetically driven blue light photocurable superhydrophobic coatings.
The Journal of The Textile Institute 116, 1521-1533 (2025).

59. Johnson, K. L., Kendall, K. & Roberts, A. D. Surface energy and the contact of
elastic solids. Proceedings of the Royal Society A: Mathematical, Physical and
Engineering Sciences 324, 301-313 (1971).

60. Deegan, R. D. et al. Capillary flow as the cause of ring stains from dried liquid
drops. Nature 389, 827-829 (1997).

ACCEPTED ARTICLE PREVIEW 


	模板最新-AAP-LAM2025120220
	manuscript10

