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Highlights: 

⚫ Nanoimprint lithography (NIL) is reviewed as a promising technique for the low-cost and large-scale 

fabrication of metasurfaces. 

⚫ Hybrid materials and particle-embedded resin (PER) processes are analyzed to overcome the low 

refractive index limitation of conventional NIL resin. 

⚫ PER-based metasurfaces are demonstrated to operate across ultraviolet (UV), visible, and infrared (IR) 

wavelength ranges, and can be applied to curved (LiDAR) and biodegradable (food label) substrates. 

Abstract: Metasurfaces, composed of two-dimensional meta-atoms with subwavelength dimensions, 

enable precise manipulation of light wavefronts, facilitating lensing, color filtering, holography, and 

augmented reality in a compact form factor. To realize desired optical functionalities, metasurface 

fabrication requires nanoscale patterning of high‑refractive‑index (high-index) materials. Conventionally, 

electron beam lithography (EBL) has been widely utilized in combination with deposition techniques such 

as plasma-enhanced chemical vapor deposition. Despite offering high-resolution capabilities, EBL suffers 

from low throughput, high cost, and limited scalability due to its direct-writing nature. To overcome 

these limitations, nanoimprint lithography (NIL) has emerged as a promising low-cost, high-throughput 

alternative. However, conventional NIL resins have low refractive indices (~1.5), restricting their direct 

optical use and necessitating additional steps to enhance the refractive index. To address this challenge, 

we review two strategies for the scalable fabrication of metasurfaces: hybrid materials, which apply 

high‑index atomic layer deposition (ALD) coatings onto imprinted patterns, and particle‑embedded 
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resins (PERs), which incorporate high‑index nanoparticles directly into the imprint resin. This review 

highlights recent progress in these NIL‑based approaches and discusses their potential to bridge the gap 

between laboratory‑scale demonstrations and large‑scale industrial production of metasurfaces. 

Keywords: nanoimprint lithography; metasurface; commercialization of metasurfaces; metaphotonics; 

manufacturing platform; high refractive index 

1. Introduction 

Metasurfaces, composed of subwavelength-scale meta-atoms, offer precise control over the light 

wavefront, including amplitude, phase, and polarization. Owing to their compact form factor 

compared to conventional bulky optical components, they have been widely adopted in diverse 

applications such as holography [1–9] and color filtering [10–17]. They play a crucial role in the 

development of compact and high-performance optical systems, being extensively utilized in 

metalenses [18–27] and augmented reality (AR) devices [28–31]. More recently, metasurfaces have 

demonstrated remarkable versatility, enabling integration with diverse fields and opening new 

opportunities for advanced optical platforms such as biosensing [32–35] and other emerging 

photonic technologies [36–43]. To enable such functionalities, the fabrication of metasurfaces 

typically requires nanoscale patterning of high-refractive-index (high-index) materials. Electron beam 

lithography (EBL), which benefits from the extremely short de Broglie wavelength of electrons, 

provides virtually diffraction-free patterning with resolutions down to ~80 nm. Consequently, a 

common fabrication route involves depositing high-index materials via plasma-enhanced chemical 

vapor deposition (PECVD), followed by EBL patterning. However, the direct-write nature of EBL 

imposes inherent limitations in terms of scalability, due to its high cost, low throughput, and slow 

processing speed. To overcome these challenges and bridge the lab-to-industry gap, significant efforts 

have been devoted to alternative fabrication strategies. 

As a promising alternative, nanoimprint lithography (NIL) has emerged as a high-throughput 

fabrication technique [44–50]. By using a soft mold similar to a stamp, NIL enables the repeated 

replication of nanostructures once the initial master mold is created, offering a cost-effective and rapid 

production process [51–54]. This makes NIL particularly attractive for the commercialization of 

metasurfaces. However, conventional imprint resins typically have a low refractive index (~1.5), which 

limits their direct use in optical applications. As a result, NIL has primarily been employed as an etching 

mask to transfer patterns into underlying high-index materials rather than serving as the functional 

metasurface itself. Therefore, the integration of NIL into the fabrication of metasurfaces directly has 

been long studied. 

To overcome these limitations, two primary strategies have been developed to enhance the effective 

refractive index (effective index) of imprint resins. These approaches enable the direct use of NIL for 

high-performance metasurface fabrication. The first strategy involves the use of hybrid materials, in 

which a high-index thin film is conformally deposited onto the imprinted metasurface via atomic layer 

deposition (ALD). In this approach, a metasurface is first patterned in a low-refractive-index (low-index) 

resin using NIL, followed by a conformal ALD coating of materials such as TiO2 (for visible 

wavelengths) or ZrO2 (for ultraviolet (UV) wavelengths). This conformal coating increases the 

effective index of the resulting nanostructures and significantly improves their optical performance. An 
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alternative strategy incorporates high-index nanoparticles directly into the imprint resin. These 

nanoparticle-embedded resins (PER) can be cured by UV exposure, initiating a photopolymerization 

reaction for rapid crosslinking [55–63]. Alternatively, they can be also cured through thermal 

annealing to promote solidification [64–66]. This one-step PER-based NIL (PER-NIL) process enables 

direct patterning of functional optical metasurfaces without any additional process.  

In this review, we aim to introduce NIL‑based fabrication lithography as a scalable, cost effective, 

and highly efficient approach compared with other lithography techniques (Table 1). To emphasize the 

benefits of NIL‑based methods, this review is organized into three chapters outlining the progress of 

metasurface fabrication. In the first chapter, conventional methods using EBL and PECVD are briefly 

introduced. Subsequently, Chapter 2 describes traditional NIL method as an alternative to conventional 

EBL approaches and explains its limitation arising from the low-index commercial imprint resins. 

Chapter 3, the main part of this review, presents NIL‑based scalable fabrication methods. This chapter 

is further divided into three sections: hybrid materials, PER, and the applications of PER methods. 

Table 1. Comparison of various nanopatterning methods in terms of throughput, process 

complexity, cost, and optical efficiency. 

Patterning Methods Throughput Cost General Procedure Efficiency 

EBL + PECVD [67] Very low Very high 

1. High-index film deposition 
2. E-beam exposure 

3. Hard mask deposition 

4. Etching 

Very high 

DUV Lithography [68] High Very high 

1. Photomask preparation 

2. High-index film deposition 
3. DUV exposure 

4. Hard mask deposition 

5. Etching 

Very high 

Nano transfer printing [69]  Medium Medium 
1. Mold preparation 

2. Material deposition onto mold 

3. Pattern transfer 

High 

NIL [70] Very high Low 
1. Mold preparation 

2. Pattern transfer 
Low 

PER-NIL [65] Very high Low 
1. Mold preparation 

2. Pattern transfer 
High 

2. Results 

2.1. Conventional fabrication methods for metasurfaces 

The fabrication of metasurfaces requires two key elements: high-resolution patterning and the use of 

high-index materials. In order to fulfill these requirements, this chapter provides an overview of the 

conventional metasurface fabrication process based on EBL and PECVD. 

2.1.1. Electron beam lithography and plasma-enhanced chemical vapor deposition 

To pattern high-resolution nanostructures, EBL is particularly advantageous due to the extremely short 

de Broglie wavelength of electrons, which overcomes the diffraction limit inherent to optical 

lithography. EBL enables direct writing using a tightly focused electron beam with a sub-nanometer 
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spot size, allowing for the definition of features well below 100 nm. On the other hand, to implement 

high-index materials, PECVD is commonly employed to deposit thin films with desirable optical 

properties. These films can then be patterned via EBL, combining material performance with nanoscale 

resolution for metasurface fabrication. The representative fabrication process for metasurface is shown 

in Figure 1a. The process begins with the deposition of a high-index material onto the substrate, followed 

by spin-coating a photoresist layer on top. The nanopatterns are defined in the photoresist layer using 

EBL. The exposed patterns are then developed in developer at 0 °C for approximately 12 minutes. A 

chromium (Cr) layer is subsequently deposited to serve as a hard mask for etching. Finally, plasma etching 

is employed to vertically transfer the patterns into the high-index material, forming the meta-atoms. 

 

Figure 1. Conventional approach to metasurface fabrication. (a) Representative fabrication flow 

of metasurfaces employing plasma-enhanced chemical vapor deposition (PECVD) and electron beam 

lithography (EBL) techniques; (b) Demonstration of visible range (365–635 nm) beam-deflector 

metasurfaces fabricated with reduced extinction coefficients through optimized PECVD 

conditions. Scanning electron microscope (SEM) images show representative metasurfaces 

designed for 365, 532, and 635 nm operation [67]. Reprinted with permission. Copyright 2021 

John Wiley and Sons; (c) Multilayer metasurface fabrication enabled by EBL overlay lithography, 

demonstrating a dual-band vectorial metahologram operating at an ultraviolet (UV) wavelength 

of 325 nm and a visible wavelength of 532 nm [1]. Reprinted with permission. Copyright 2022 

American Chemical Society. 

As a demonstration, the fabrication of low-loss silicon metasurfaces using EBL and PECVD is 

demonstrated as illustrated in Figure 1b [67]. The metasurfaces are designed to operate as beam 

deflectors across the visible spectrum (365–635 nm). In this process, hydrogenated amorphous silicon 

(a-Si:H) is used as the material, and the PECVD parameters, such as temperature, pressure, and gas 

mixture are optimized to minimize material’s optical loss. This optimization significantly reduces the 

extinction coefficient (k), which is critical for enhancing conversion efficiency in metasurfaces. As a 

result, the fabricated metasurfaces exhibit high deflection efficiency up to 75% and clear beam deflection 

angles of 9.9°, 12.7°, and 11.3° for wavelengths of 450 nm, 532 nm, and 635 nm, respectively. They 
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provide a platform for fabricating low‑loss metasurfaces and, in combination with EBL, demonstrate its 

potential for dielectric metasurfaces operating in the visible range. 

With the growing interest in high degree-of-freedom metasurfaces, overlay techniques in EBL have 

been actively explored by various research groups. By employing alignment markers, layer-by-layer 

fabrication becomes feasible, enabling the precise registration of a second layer onto the first with an 

alignment accuracy of 20 nm [1]. This multilayer approach allows for the stacking of different materials, 

as well as the integration of features with varying heights and lateral dimensions, thereby expanding the 

design freedom and functionality of metasurfaces. As a representative demonstration of the EBL overlay 

method, multilayer dual-band vectorial metahologram is reported operating in both UV (325 nm) and 

visible (532 nm) spectral regions (Figure 1c). This device is realized by sequentially stacking two 

independently designed metasurfaces, each optimized for a specific wavelength band. Using alignment 

markers and high-precision stage control, dual-band metasurface is successfully fabricated. The overlay 

process begins with the fabrication of a visible-band metasurface using silicon nitride (SiNx) deposited 

by PECVD, followed by spin coating of a 100 nm-thick spin-on-glass (SOG) silica spacer layer. The 

UV-band metasurface is then aligned and patterned atop the spacer layer using EBL. Optically, each 

metasurface layer is engineered to exhibit high cross-polarization efficiency at its target wavelength 

while remaining largely inactive at the other wavelength. The UV meta-atom (meta325) shows high 

cross-polarization and low co-polarization efficiency at 325 nm, but low cross-polarization and high 

co-polarization efficiency at 532 nm. Conversely, the visible meta-atom (meta532) maintains high 

cross-polarization efficiency at 532 nm while exhibiting low efficiency in the UV range. This approach 

allows for the integration of multiple vectorial holograms encoded in different spectral bands, with the 

UV metasurface achieving a conversion efficiency of 72% and 17.9% at 325 and 532 nm, respectively. 

The successful realization of metasurface with dual-band operation underscores the potential of EBL 

overlay lithography for complex, high-capacity metasurface platforms. 

2.2. Conventional nanoimprint lithography 

EBL offers high resolution [71,72] and compatibility with high-index materials [73]. While it also 

provides suitability for overlay processes [74–78], its serial, direct-writing nature inherently limits 

throughput, resulting in high cost and slow processing speed. As interest in the commercialization of 

metasurfaces continues to grow, the demand for alternative fabrication methods to overcome these 

limitations has emerged. Accordingly, this chapter introduces NIL as a scalable, low cost, and high 

throughput lithography technique. 

2.2.1. Nanoimprint lithography with low-refractive-index resin 

NIL has emerged as a promising lithographic approach, combining low cost, high throughput, and 

versatile patterning capabilities. Depending on the resin curing mechanism, NIL is typically divided into 

thermal NIL and UV-NIL. In thermal NIL, a thermoplastic resist is patterned and solidified through 

heating, whereas in UV-NIL, a UV-curable resist is crosslinked upon UV irradiation [79]. The thermal 

NIL process generally proceeds through the following steps (Figure 2a) [70]. First, the thermoplastic 

resist is heated above its glass transition temperature (Tg), where it transitions into a rubbery, deformable 

state. A mold is then pressed into the softened resist to replicate the nanoscale features. Once imprinting 
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is complete, the system is cooled below Tg, solidifying the resist. Throughout the cooling phase, 

pressure is maintained to preserve pattern fidelity. Finally, the mold is separated from the solidified 

resist, leaving the imprinted nanostructures [45]. By leveraging this mechanism, Chou et al. 

demonstrate the fabrication of dot arrays with diameters of 25 nm and trenches with widths of 60 nm 

and depths of 100 nm [44]. They utilize polymethyl methacrylate (PMMA) as a thermoplastic resist; 

the PMMA layer and the mold are both heated to 200 °C, exceeding the Tg of 105 °C, and pressed under 

a pressure of approximately 13.1 MPa. 

 

Figure 2. Schematic diagrams of the conventional nanoimprint lithography (NIL) process. (a, b) 

The schematic illustration of the overall fabrication processes of thermal NIL and UV-NIL, 

respectively [70]; (c) The process schematic showing the use of SU-8 photoresist as an etching 

mask. The size of the etching mask decreases with etching time, resulting in variations in the 

structure size [80]; (d) Schematic illustration of roll-to-plate (R2P) process for fabricating 

achromatic metalenses; (e) Photographs of the master mold, replica mold, and fabricated 

metalenses, along with large-scale fabrication results [81]. 

In contrast, UV-NIL has emerged as a promising alternative to thermal NIL, overcoming limitations 

such as time-consuming thermal cycles and pattern distortion caused by the thermal expansion 

mismatch between the mold and the substrate. It utilizes low-viscosity photoresists composed of 

photocurable monomers and a photo-initiator. The typical UV-NIL process begins with the preparation 

of high-resolution master molds (Figure 2b) [70]. A low-viscosity, spin-coatable UV-curable resin is 

then uniformly deposited onto the substrate. Then, the mold is aligned and brought into contact with the 

coated substrate. UV light is subsequently applied to initiate a photopolymerization reaction, resulting in 

rapid curing of the resin. Once the curing is complete, the mold is separated from the substrate, leaving the 
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imprinted structures on the substrate. A residual layer is inherently formed on the substrate during the 

imprinting process, but it can be effectively removed by plasma etching after the imprint step is completed. 

For a successful UV-NIL process, the properties of the UV-curable resin must be carefully selected based 

on factors such as UV curing time, resolution, viscosity, and polymerization shrinkage [82]. 

Recently, an approach has been proposed in which the imprinted structure is directly used as an 

etching mask, avoiding the need for depositing separate etching masks [80]. In Figure 2c, a thin SU-8 

photoresist layer is spin-coated and patterned via a soft mold to form an etching mask. Oxygen reactive 

ion etching (RIE) is used to remove the residual layer and further tune the mask dimensions both 

vertically and laterally, enabling control of nanopillar size during subsequent silicon etching. In this 

method, precise control of the etching process is essential, as insufficient etching leaves residual layers, 

while excessive etching leads to the formation of grass-like structures around nanostructure edges. 

As such, although NIL offers a simpler fabrication route for metasurfaces as a replacement for the 

EBL method, the low refractive index of commercially available imprint resins makes their direct use as 

final meta-atoms challenging. Despite this limitation, an achromatic lens fabricated directly from a 

commercial imprint resin with a refractive index of ~1.5 are demonstrated in Figure 2d,e [81]. The 

metalenses have been successfully fabricated using Roll-to-Plate (R2P)-based NIL, involving the 

following steps: First, a high-resolution master mold is fabricated via high-speed EBL. A replica mold 

is then produced by coating the master mold with MINS-311RM resin and overlaying it with a flexible 

polyester film, followed by UV curing. Next, MINS-311RM resin is spin-coated onto a 4-inch glass 

substrate, which is gradually brought into contact with the replica mold to allow the resin to fill the 

nanostructures. Once full contact is achieved, the chamber is sealed under vacuum, and a uniform 

pressure of up to 19 kN is applied. The resin is rapidly cured under UV light, typically within one minute. 

Finally, the mold is separated. To enable high-throughput continuous patterning, the replica mold is 

rolled stepwise across the substrate, and a total of 16 achromatic metalenses are uniformly imprinted 

on each 4-inch wafer. Analysis of the metalens characteristics shows that the focal position deviation 

at 635 nm is 5.77 µm, which demonstrates its achromatic performance with nearly identical focal 

positions for red, green, and blue wavelengths. The focusing efficiencies are also measured to be 10.05%, 

10.64%, and 9.51% at wavelengths of 450, 532, and 635 nm, respectively, indicating consistent 

performance across the spectral range. Despite the achromatic performance of metalenses, their 

efficiency remains limited because the low refractive index necessitates taller meta-atoms to achieve the 

required phase control. In large-scale mass production, however, the structure height cannot be increased 

beyond certain limits, underscoring the need for imprint resins with higher refractive indices to improve 

efficiency without compromising manufacturability. 

2.3. Nanoimprint lithography for scalable metasurface fabrication 

Despite the scalable, low-cost, and high-throughput advantages of the NIL process, its application in 

metasurface fabrication has been limited by the low refractive index (~1.5) of commercial imprint resins. 

Therefore, developing a high-index resin is crucial, as a sufficient optical path length is required to fully 

control the phase of light. In this chapter, we introduce two notable high-index NIL methods that are 

widely used in metasurface fabrication while maintaining the inherent benefits of NIL. 
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2.3.1. Hybrid material 

The first approach to increasing the effective index of imprint resin is the use of a hybrid material, which 

involves coating an ALD film onto the imprinted metasurfaces [18]. Here, ALD enables conformal 

coating and the formation of high-index films, which can effectively confine light within the high-index 

layer, thereby increasing the effective index of metasurfaces. The overall procedure of hybrid approach 

is illustrated in Figure 3a–e. To begin with, a scalable master mold is fabricated using photolithography 

method. Photolithography is suitable for large-area fabrication, but it has been considered unsuitable for 

high-resolution applications since the resolution is proportional to source wavelength according to the 

Rayleigh criterion [83–86]. For instance, the resolution has been limited to ~400 nm for i-line 

steppers and ~200 nm for krypton fluoride (KrF) steppers. To address the resolution limitation, argon 

fluoride (ArF) excimer lasers are employed to achieve a resolution as low as 40 nm, suitable for 

metasurfaces spanning from infrared (IR) to UV [68,87]. Then, a resin-based soft mold is replicated 

from the master mold to ensure high process stability and suitability for repeated production. By using 

a soft mold as a stamp, metasurfaces can be repeatedly replicated onto the imprint resin under UV 

irradiation. Finally, to enhance the refractive index at a targeted wavelength, a conformal thin film is 

deposited via ALD process. 

 

Figure 3. Fabrication of metasurfaces using hybrid material consisting of imprint resin and ALD 

layers. (a, d) Schematic illustration of NIL utilizing a hybrid material composed of imprint resin 

and ALD coatings; (b) SEM image of the fabricated master mold, and (c) the replicated soft mold; 

(e) Schematic diagram illustrating the geometrical parameters of the fabricated meta-atom [18]; 

(f) Photograph of the fabricated visible metalens formed by TiO2 ALD coating on the imprinted 

metasurface [88]; (g) Photograph of the fabricated UV metalens formed by ZrO2 coating on the 

imprinted metasurface [18]. 

Since the operating wavelength strongly depends on material properties, it can be readily tuned by 

depositing different materials. A representative example is the fabrication of a visible‑range metalens by 

depositing a TiO2 thin film via ALD (Figure 3f) [88]. Owing to its low optical loss and high refractive 
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index of approximately 2.3–2.5 in the visible range (450–635 nm), the TiO2 thin film effectively 

enhances the effective index of the imprinted metalenses. The overall process is similar to that shown in 

Figure 3a–e, using tetrakis (dimethylamido) titanium (IV) (TDMAT) as the titanium precursor in 

plasma‑enhanced ALD (PEALD). In PEALD, titanium precursor is oxidized by oxygen plasma, forming 

a TiO2 thin film on the sample [89]. The thickness of the TiO2 thin film is set to 23 nm, yielding 

maximum conversion efficiencies of 68.2% at 450 nm, 89.6% at 532 nm, and 79.7% at 635 nm. They 

also demonstrate the scalability of the hybrid method, achieving 1‑cm visible metalenses fabricated on 

4-, 6-, 8-, and 12-inch wafers. In addition, mass-produced metalenses are applied to a compact virtual 

reality (VR) prototype, using transmissive eyepieces to reduce the optical path and device volume. This 

demonstrates that NIL with hybrid materials can be integrated into practical VR systems while 

maintaining high performance. 

In the UV range, maintaining low optical loss is particularly challenging because most high‑index 

materials exhibit significant absorption. To address this, ZrO2, with its wide bandgap of 6.195 eV, is 

selected for its low loss in the UV region. Furthermore, its high refractive index exceeding 2.2 across 

250–400 nm makes it well suited for use in UV-range metalenses. Figure 3g shows UV metalenses with 

a diameter of 1 cm imprinted on 12‑inch wafers using a ZrO2‑based hybrid material. Here, tetrakis 

(dimethylamino)zirconium (TDMAZr) is used as the zirconium precursor. The structure is designed 

with a 15 nm ALD layer and a meta‑atom height of 550 nm, achieving a conversion efficiency of 80% 

at 325 nm. As a demonstration, they fabricate UV metalens using geometric phase control and verified 

their performance through simulations and experiments. The device achieves diffraction‑limited 

focusing with an FWHM of ~1.2 µm and an average focusing efficiency of 45% across a 4‑inch wafer, 

while imaging tests with a 1951 USAF target confirmed its high‑resolution capability. 

2.3.2. Particle-embedded resin 

The other promising strategy is to incorporate high-index nanoparticles directly into the imprint 

resin [90–94]. By employing the PER process, metasurfaces can be fabricated in a single step, eliminating 

the need for additional refractive index enhancement and thereby simplifying fabrication [95]. The resin 

used in the PER-NIL process consists of nanoparticles, monomer, solvent, and UV or thermal initiator. 

The matrix resin, consisting of the monomer and initiator, functions as a crosslinker between 

nanoparticles, thereby influencing the transferability of metasurfaces. Also, since the refractive index 

of PER is strongly affected by nanoparticle concentration, both the resin and nanoparticle contents 

require precise optimization. The fabrication of conventional PER-NIL follows the steps illustrated in 

Figure 4a [65]. A master mold is first created using EBL, followed by the preparation of hard 

polydimethylsiloxane (h-PDMS). A thin, stiff h-PDMS layer is coated over the master mold to replicate 

the fine features, and a flexible PDMS buffer layer is subsequently coated to form a soft mold. This 

bilayer structure enables high-resolution pattern transfer, as the h-PDMS provides sufficient stiffness for 

accurate replication, while the underlying PDMS offers mechanical flexibility and reusability. PER is 

then spin-coated either onto the substrate or directly onto the soft mold. Patterning is achieved by 

applying appropriate pressure while heating or exposing the resin to UV light. Finally, careful 

detachment of the soft mold from the substrate leaves the imprinted metasurfaces on the substrate. 
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Figure 4. Fabrication of metasurfaces using particle-embedded resin (PER) consisting of 

matrix resin and nanoparticles. (a) The overall fabrication process of conventional PER-based 

NIL (PER-NIL) [65]. Reprinted with permission. Copyright 2021 American Chemical Society; 

(b) Nanoimprint lithography using a water-soluble polyvinyl alcohol (PVA) soft mold to 

enable demolding without shear stress. SEM images of various replicated structures include 

(c) nanopillars in a square array, (d) nano cones in a hexagonal array, (e) nano lines, and (f) 

high-aspect-ratio (HAR) pillar patterns (aspect ratio = 6) [96]; (g) Schematic illustration of the 

tape-assisted PER-NIL process for residual layer-free metasurfaces; (h) 15° tilted SEM image before 

residual layer removal (i) 15° tilted SEM image after residual layer removal. Energy-dispersive 

X-ray spectroscopy (EDS) analysis for Si showing (j) no Si signal from the substrate due to 

coverage by the residual layer (TiO2), and (k) Si signal detected in region where the residual layer 

has been removed [97]. 

In PER-NIL process, high-aspect-ratio (HAR) structures are often required for full 2π phase 

coverage. However, during the physical demolding step, HAR structures are prone to damage due to the 

large shear stress exerted on the sidewalls. To overcome this limitation, a water-soluble polyvinyl 

alcohol (PVA) soft mold has been recently introduced as part of a NIL process in which the mold is 

dissolved in water (Figure 4b–f) [96]. The PVA soft mold, with its high tensile modulus of 2.936 MPa, 

is suitable for replicating metasurfaces with features below 100 nm. In addition, it removes the need for 

the vapor-phase self-assembled monolayer (SAM) coating process typically required for conventional 

h-PDMS molds to prevent pattern adhesion during demolding. Since PVA is a water-soluble polymer, 

the PVA mold covering the substrate dissolves in water, leaving only the replicated TiO2 nanostructures 

on the substrate. Unlike conventional NIL, which introduces shear stress into cured nanostructures, the 

water-soluble mold demolding method used in this study enables defect-free replication. Using this 
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method, various nanostructures are fabricated with a PER composed of 30 nm TiO2 nanoparticles. Since 

no shear stress is introduced during demolding, precise replication of nanopillars (Figure 4c), nano cones 

(Figure 4d), and nano lines (Figure 4e) are achieved, including HAR pillar patterns (Figure 4f) with an 

aspect ratio of 6. Furthermore, centimeter-scale HAR TiO2 metalens arrays have been fabricated, 

achieving diffraction-limited focusing and a focusing efficiency of 28% at a wavelength of 532 nm. 

Although PER‑NIL enables one‑step fabrication of metasurfaces, it has long been constrained by 

the high‑index residual layer left on the substrate. The residual layer, composed of nanoparticles and 

matrix resin with different etching rates, cannot be fully removed by plasma etching and leads to optical 

losses such as reduced transmittance and light scattering. Here, a tape-assisted PER-NIL method has 

been developed to fabricate residual layer-free metasurfaces without the need for additional plasma 

etching [97]. This process is based on a high-index PER, composed of UV-curable resin uniformly 

dispersed with 60 wt% of TiO2 nanoparticles (30 nm). The PER is first spin-coated onto a soft mold, 

and a polyethylene tape with optimized adhesion strength is then used to selectively peel off the residual 

layer without damaging the meta-atoms. Subsequently, UV curing is performed to enable clean transfer 

of the meta-atoms to the substrate (Figure 4g). To remove only the residual layer without damaging the 

meta-atoms, tape adhesion level is optimized. Excessive adhesion can partially peel off the meta-atoms 

along with the residual layer, whereas insufficient adhesion fails to remove the residual layer effectively. 

Through this optimization process, polyethylene tape is selected as the most suitable material. SEM and 

Energy-dispersive X-ray spectroscopy (EDS) analyses confirmed complete residual layer removal 

(Figure 4h–k). To demonstrate the optical potential of residual layer-free metasurfaces, structural color 

metasurfaces are fabricated. In such metasurfaces, a residual layer causes dual reflection peaks, while 

residual layer-free metasurfaces induce single-mode, high-purity reflection. The resulting residual 

layer-free metasurface exhibits a wide color gamut that nearly covers the entire sRGB space and 

demonstrates defect-free patterning of 3 × 3 arrays over an area of 1 cm2, thereby proving the potential 

of tape-assisted PER-NIL. In addition, residual-free hologram metasurfaces exhibit improved 

transmittance of light and reduced light scattering, resulting in high-quality holograms with clearer 

images at 450, 532, and 635 nm. 

2.3.3. Applications  

PER offers the advantage of enabling the transfer of high-index materials without requiring additional 

deposition methods such as ALD or PECVD. Consequently, by simply changing the nanoparticle 

material in the PER solution, the transferred material and thus the operating wavelength can be easily 

modified. For instance, the incorporation of ZrO2 [98], TiO2 [97], and Si [65] nanoparticles enables 

coverage across the full spectral range from UV to visible and IR (Figure 5a–c). For UV metasurfaces, 

the fabrication of meta-atoms is particularly challenging because the required feature sizes scale down 

with the short operating wavelengths. To address this, efforts have been made to develop one-step 

printable approaches. Notably, the introduction of ZrO2-based PER has enabled direct printing of UV 

metasurfaces. Owing to the high refractive index (~2.1) and low extinction coefficient of ZrO2 

nanoparticles across near- to deep-UV wavelengths, metaholograms operating at 325 nm and 248 nm 

have been successfully demonstrated. These devices achieve conversion efficiencies exceeding 70% 

and 48%, respectively, underscoring the practicality of this method for scalable UV optical systems 

(Figure 5a). For visible metasurfaces, which are central to a wide range of applications including 
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imaging and display technologies, single-step fabrication is particularly critical. In this spectral range, 

TiO2 nanoparticles are employed due to their high refractive index (~1.94) and low extinction coefficient 

at visible wavelengths such as 532 nm. As shown in Figure 5b, structural color metasurfaces are realized 

using TiO2‑PER imprinting. These metasurfaces confine light strongly within the meta-atoms and 

selectively reflect specific wavelengths, thereby producing vivid coloration. By tuning the structural 

period and gap parameters for each color, simulation results reveal reflectance peaks at approximately 

92%, 90%, and 88% for red (~635 nm), green (~532 nm), and blue (~450 nm) metasurfaces, respectively. 

Furthermore, optical microscopy images confirm that R, G, and B colors are experimentally reproduced 

at the corresponding wavelengths. Notably, by developing a residual layer‑free imprinting process, the 

PER-based structural color metasurfaces achieve an expanded color gamut on the CIE 1931 chromaticity 

map, demonstrating their potential for high-fidelity color generation. IR metasurfaces enable compact 

and multifunctional imaging applications ranging from biomedical monitoring and 3D sensing to 

thermal cameras and gas detection. In Figure 5c, an IR metalens is fabricated using a Si 

nanoparticle‑dispersed resin. Because Si strongly absorbs UV light due to its small bandgap, uniform 

curing is challenging in UV‑NIL. Therefore, thermal NIL is employed to cure the Si‑PER and realize 

high‑index IR metalenses. The Si nanocomposite achieved a refractive index of ~2.2 across a broad 

spectral range (0.4–1 µm) with minimal shrinkage (~10%) after curing. Using this approach, metalenses 

with a diameter of 4 mm operating at 940 nm with 47% focusing efficiency are demonstrated. As a proof 

of concept, vein images beneath human skin are captured using the IR metalens integrated with a CMOS 

sensor, an adjustable aperture, and an NIR bandpass filter. 

 

Figure 5. Broad applications of PER. (a) Holographic images in the UV range generated by a 

UV metasurface fabricated using a ZrO2-PER [98]; (b) CIE 1931 chromaticity mapping of residual 

layer-free structural color metasurfaces in the visible range, fabricated using TiO2-PER [97]; (c) 

Infrared (IR) metalens fabricated using Si-PER, with corresponding IR imaging results [65]. 

Reprinted with permission. Copyright 2021 American Chemical Society; (d) Metasurface-driven 

structured-light light detection and ranging (LiDAR) system. Left: metasurface transferred on 

curved surface of safety glass. Right: Concept schematic of metasurface-driven LiDAR system [99]; 

(e) Metasurface-based food label using biodegradable and water-soluble hydroxypropyl 

cellulose (HPC)-based TiO2-PER [100]. 
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Another notable advantage of PER is its ability to transfer metasurfaces onto curved surfaces, 

where conventional lithographic techniques are unable to achieve patterning. Patterning onto the 

curved surfaces provides significant advantages, enabling compact and lightweight optical systems 

for space-constrained applications such as mobile imaging, AR/VR headsets, and wearable sensors. 

Building on these advantages, metasurface-driven light detection and ranging (LiDAR) system is 

demonstrated using PER imprinting method [99]. The metasurface generates high-density (~1000) 

diffraction points over a full 180° field of view, enabling wide-angle and three-dimensional imaging. 

Crucially, metasurface for LiDAR system is directly transferred to the curved substrate, exemplified by 

safety-glass prototypes for compact AR depth sensors (Figure 5d). This study demonstrates the 

feasibility of PER-NIL integration into LiDAR systems and ergonomically suitable designs. Another 

notable example is the use of hydroxypropyl cellulose (HPC)-based PER in metasurface-enabled food 

labeling applications [100]. HPC is utilized for its biocompatible and water-soluble properties, enabling 

safe integration into food products [101]. Since it can be directly applied as a label on food and easily 

removed with water, it ensures no harm to the human body. In this work, TiO2 nanoparticles are 

dispersed within an HPC matrix to produce a structural color-based label operating in the visible range. 

Importantly, these labels are successfully imprinted directly onto curved biological surfaces such as 

apples, demonstrating compatibility with non-planar food products and flexible packaging (Figure 5e).  

3. Conclusion 

In summary, this review covers the lithographic techniques for the fabrication of metasurfaces. We 

focus on NIL-based approaches that enable scalable and low-cost fabrication of metasurfaces. The 

progress in metasurface fabrication processes is summarized through three main chapters, and various 

applications enabled by scalable fabrication techniques are presented in the final section. To fabricate 

metasurfaces, EBL and PECVD have long been employed for high‑resolution metasurface fabrication, 

but their slow throughput and high cost hinder scalable manufacturing. NIL has emerged as a low‑cost, 

high‑throughput alternative by replicating nanostructures with soft molds, yet its commercial resins 

suffer from low refractive indices that limit optical modulation. To overcome those limitations, two 

strategies have emerged: the use of hybrid materials and PERs. Hybrid materials use ALD coating after 

imprinting to raise the effective index, while PER mix high‑index nanoparticles into the resin. Both 

approaches have successfully enabled scalable metasurface fabrication by overcoming the low‑index 

limitation of commercial NIL resins, while maintaining the inherent advantages of high throughput and 

low cost. Depending on the purpose, desired feature sizes, and operating wavelengths, one of the two 

methods can be appropriately selected (Table 2). 

Commercial interest in metasurfaces continues to rise, yet scalable fabrication has been hindered 

by the challenge of high‑index materials and nanoscale patterning. To address this challenge, two 

NIL-based approaches can be considered. The first involves the use of hybrid material and PER 

strategies, as reviewed in this manuscript. Another promising direction is to combine NIL with other 

lithographic techniques. For instance, Damascene lithography [74,102], which is widely employed in 

dielectric metasurface fabrication, could be integrated with NIL. In such processes, NIL using 

photoresists [103,104] could serve as an alternative to the nanopatterning step in EBL, thereby enabling 

scalable, low-cost, and high-throughput manufacturing of metasurfaces. Further investigations into such 
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combined approaches could provide valuable insights and open new opportunities for advancing scalable 

metasurface fabrication. 

Table 2. Comparison of hybrid materials and particle-embedded resin materials with respect to 

operating wavelengths, materials, and minimum feature sizes. 

 Hybrid Material Particle-Embedded Resin 

UV region 

λ [reference] 

ZrO2 thin film 

350 nm [18] 

ZrO2 nanoparticles 

248, 325 nm [95] 

Visible region 

λ [reference] 

TiO2 thin film 

450–635 nm [79] 

TiO2 nanoparticles 

450–635 nm [96] 

IR region 

λ [reference] 
- 

Si nanoparticles 
940 nm [65] 

Minimum feature size [reference] 60 nm [18] 60 nm [95] 

4. Lessons learned 

In this section, we share practical insights based on our firsthand experience with NIL using PER 

and hybrid material. Integrating PER and hybrid materials into NIL has shown strong potential for 

scalable metasurface manufacturing, but industrial-scale demonstrations are still lacking. To replace 

conventional diffractive optical elements, these processes must be combined with high-throughput 

methods such as roll-to-roll (R2R) or roll-to-plate (R2P). Here, we identify two main challenges: 

(1) The high-index residual layer of PER can cause scattering and reduced transmittance of light, 

making it difficult to maintain consistent efficiency in mass-produced metasurfaces. Although our group 

has developed a tape-based removal method, further research is needed to assess its applicability to 

scalable fabrication. 

(2) Temporal ALD, the most common ALD method, can hinder high-throughput processing because 

each cycle requires separate steps for precursor dosing, purging, and deposition. Therefore, alternative 

high-throughput ALD techniques are needed. 

Commercializing metasurfaces could shift bulky optical systems toward compact, high-performance 

devices. Continued advances in fabrication will be essential, and we hope this review serves as a step in 

that direction. 

In addition, for the industrial-scale implementation of NIL processes, it is essential to repeatedly 

use a single mold without damage or deformation, while ensuring accurate replication of the 

nanostructure patterns. To achieve this, specific materials [105] are coated onto the mold to reduce its 

surface energy, thereby decreasing the adhesion between the mold and the resin [106–108]. This is 

accomplished by coating the surface with self-assembled monolayers (SAM). The key requirement is 

that the SAM molecules must strongly adhere to the mold surface, while the opposite side which comes 

into contact with the resin should interact weakly to enable easy separation. When SAM coating is 

successfully performed, the surface energy decreases, resulting in a hydrophobic surface. Such surface 

treatment enhances the durability of the mold and enables stable demolding during repetitive imprinting 

processes, suggesting that further studies on surface treatment are still required. 
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