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Abstract

Metasurfaces, planar structures made on a subwavelength scale, enable state-of-the-art
manipulation of light and have become a promising solution for compact optical devices.
However, fabrication of these nanoscale structures relies on demanding processes, limiting
their integration into diverse structures, including three-dimensional ones. In this study,
we develop a manufacturing and transfer technique that renders the manipulation and
deposition of metasurfaces achievable with high freedom by embedding the nanostructure
into a flexible polymer matrix. A metasurface consisting of a TiO, nanoparticle array
fabricated by nanoimprint lithography was encapsulated within a poly(methyl methacry-
late) (PMMA) layer through spin-coating. The layer containing the metasurface was then
detached from the original SiO, substrate using wet-etching, becoming a free-standing
soft sheet carrying nanostructures that can be transferred onto various surfaces. After the
transfer, the layer thickness was further tuned through reactive ion etching to modulate the
optical response. Incident-angle-resolved transmittance exhibited no significant change in
optical bands before and after transfer, confirming that the nanostructure, as well as the
photonic band, was well preserved. Thickness reduction of the PMMA cladding induced
a clear optical resonance shift, demonstrating controllability of the optical response. This
approach provides a versatile route for the installation of metasurfaces and expands the
design possibilities for nanophotonic devices.
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1. Introduction

Metasurfaces [1], i.e., planar optical components consisting of artificial nanoscale struc-
tures, have emerged as a powerful platform for controlling amplitude [2], phase [3], and
polarization of light [4] down to subwavelength resolution. By engineering metasurfaces

with tailored geometry and arrangement of the nanoscale resonators inside, sophisticated

ncieckioriodates functionalities such as wavefront shaping [5], light confinement [6], and photoluminescence

Received: 15 March 2026 enhancement [7] can be achieved. Owing to these features, together with compact size and
Revised: 21 April 2026 design freedom, metasurfaces are increasingly being explored and utilized for advanced
Accepted: 29 April 2026 applications as diverse as imaging [8], sensing [9], and lasing [10].

Published: 4 May 2026 Despite this progress, most metasurfaces are directly fabricated on rigid flat substrates

Copyright: © 2026 by the authors.

using top-down nanofabrication methods like lithography [4]. This limits their practical
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use when integration is required with complicated structures, such as non-planar [11-15] or
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conditions of the Creative Commons  transfer techniques [21-24], as alternatives to in situ construction, offer promising solutions.
Attribution (CC BY) license. On the other hand, conventional layer transfer processes for metasurfaces often have

Photonics 2026, 13, 453 https://doi.org/10.3390 / photonics13050453


https://crossmark.crossref.org/dialog?doi=10.3390/photonics13050453&domain=pdf&date_stamp=2026-05-04
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://doi.org/10.3390/photonics13050453

Photonics 2026, 13, 453

20f13

restrictions on adhesion compatibility, etching selectivity, and process complexity. As
a result, constructing metasurfaces directly onto unconventional or three-dimensional
structures remains challenging [4].

To overcome these limitations, various polymer materials have been proposed as
suitable matrices to be employed in a transferable layer for carrying nanostructures, for
their high capability to be manipulated, as manifested in several transfer strategies al-
ready published. Among these works, poly(ethylene terephthalate) (PET) [13], poly(vinyl
chloride) (PVC) [25], poly(dimethylsiloxane) (PDMS) [11,16,18,26-28], and poly(methyl
methacrylate) (PMMA) [29-32] are commonly used as the layer matrix because of their
favorable optical transparency, structural homogeneity, flexibility, and adhesion compati-
bility with a wide range of substances, rendering the transfer process smoothly feasible.
Nonetheless, certain aspects of these transfer methods are not optimal enough for practical
applications including especially large-scale implementations, such as confined pattern size
and significant time consumption. For example, the area of the transferable metasurface
region is typically of the order of micron squared, whereas the transfer process normally
takes up to 10 h.

To address these issues, we here propose an improved fabrication and transfer ap-
proach exploiting a PMMA layer in which a metasurface is embedded, forming a free-
standing optical layer that is transferable and, in addition, effortlessly modifiable post-
transfer. In particular, we transfer a TiO, nanoparticle array encapsulated in a PMMA
matrix. We hypothesize that the metasurface layer can be detached, relocated, and after-
ward modified smoothly, while maintaining its optical characteristics across the transfer
process. The metasurface layer is initially fabricated on a SiO, substrate using lithography,
subsequently peeled off from the substrate through wet-etching, and eventually transferred
onto a new substrate followed by a reactive ion etching (RIE) post-treatment. The metasur-
face is designed to support surface lattice resonances (SLRs), the hybridized mode between
local Mie resonance and in-plane diffraction [33-35]. Through optical characterization, we
track the evolution of SLRs and other spectral features and confirm that the structural fea-
tures are well preserved throughout the transfer. Furthermore, by controlling the thickness
of the PMMA cladding via RIE, the resonance behavior and hence optical properties of the
structure can be tuned exactly as desired without introducing degradation. This approach
enables flexible manipulation of the metasurface regardless of the original substrate and
allows redeposition onto diverse target surfaces without compromising structural and
material compatibility. Compared to existing processes [29-31], the main improvements
achieved in our work include larger metasurface size transferable with area brought from
of the order of um? to of the order of mm?, faster transfer with process duration shortened
from hours to minutes, and precise control of residual layer thickness on the nanometer
scale, taking advantage of the replacement of the time-consuming and risky wet-etching
generally applied as post-transfer treatment with a rapid and safe RIE [36] process. More-
over, as the cladding thickness of the metasurface layer can be accurately adjusted after
transfer, the optical response of the resonator is largely and efficiently tunable [37] at once
along with the completion of the process, thereby expanding the flexibility of post-process
optimization of device performance. These results validate the effectiveness of the method
and highlight its potential as a versatile route for integrating metasurfaces into devices
with complex structures like curved planes and stacked layers.

2. Materials and Methods

The fabrication and manipulation process is illustrated in Figure 1a, which is divided
into three substeps described below. The characterizing methods, both experimental and
numerical, are also shown.
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Figure 1. Illustration of the fabrication and manipulation (i.e., transfer and post-transfer process)
of the metasurfaces used in this work. (a) Schematic of the experimental process flow and sample
design information. (b) Etch-rate characterization of the dry oxygen-plasma RIE process, showing a
nearly linear PMMA removal rate of about 10 nm/s in etch depth.

2.1. Fabrication of Metasurface

A metasurface consisting of a nanoparticle array of rutile-crystalline TiO, was fabri-
cated through thermal oxidation of a metallic Ti nanoparticle array [38]. A titanium thin
film with a thickness of 150 nm was deposited onto the SiO, substrate by electron beam
evaporation (EB1200, CANON ANELVA, Kawasaki, Japan) under a vacuum pressure of
1.5 x 10~* Pa, followed by spin-coating of a TU7-170 resist (Obducat, Lund, Sweden).
Separately, a silicon master mold for nanoimprint was made through electron beam lithog-
raphy (F7000S-KYTO01, Advantest, Tokyo, Japan) and deep ICP etching (RIE-800iPB-KU,
Samco, Kyoto, Japan). This master mold was employed to pattern the TU7-170 resist using
nanoimprint lithography (Eitre3, Obducat, Sweden). Then, the titanium nanoparticle array
was formed by reactive ion etching (uUGmni-200E, Ulvac, Chigasaki, Japan) through the
Ti film with a resist pattern as the mask. The titanium nanoparticle array was converted
into a rutile-TiO, nanoparticle array through oxidation by rapid thermal annealing at
750 °C in O, atmosphere for 10 min. The rutile-TiO, nanoparticle array thus obtained had
a nanoparticle arrangement in a square lattice, a periodicity of 370 nm, a particle diameter
of 200 nm, and a particle height of 190 nm. These geometrical parameters were set so that
the resulting metasurface could support a desirable optical resonance [26,39,40].
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2.2. Transfer Using PMMA Layer

Subsequently, the metasurface was transferred onto another SiO, substrate. The
metasurface was first coated with a ~1 um thick PMMA through spin-coating with a
solution of 10 wt% PMMA molecules (average molecular weight: 996,000) in anisole,
followed by baking on a hot plate at 120 °C for 5 min. The whole sample was then
immersed in a 5 wt% HF aqueous solution for selective wet-etching of the SiO, substrate.
As a result, the metasurface layer lifted off from the substrate and floated on the surface of
the solution, thereby becoming ready for transfer. The transfer process was finalized by
picking up the metasurface layer from the solution, placing it onto a new SiO, substrate and
draining and expelling the gap between the layer and the substrate using air gas pressure.

2.3. Post-Transfer Thinning and Removal of PMMA

After the transfer of the metasurface, the residual PMMA matrix was precisely thinned
or completely removed by a dry-etching process. Specifically, the PMMA cladding was
tailored via a selective RIE (RIE-10NR, Samco, Japan) with oxygen plasma. The etching
process was carried out under 10 Pa chamber pressure with a 20 sccm oxygen gas flow and
a 100 W RF discharge power, resulting in a steady etch rate of around 10 nm/s, as shown
in Figure 1b. This opens a smooth path for post-fabrication adjustment and optimization of
the optical properties of the metasurface as its resonance behavior is largely determined by
the layer thickness [37,41,42]. As this solvent-free approach eliminates liquid-phase events
such as flow or flushing, this gentle post-transfer process is particularly friendly to devices
with a weak interlayer adhesion.

2.4. Optical Characterization

The optical characteristics of the metasurface layer were determined by examining
the angle-dependent transmission spectrum [43]. This angle-resolved spectrum of the
metasurface was measured using a home-built optical platform combining a transmission
setup with a motorized rotational sample stage.

A halogen lamp was utilized as the broadband source. White light was emitted from
the lamp and then coupled to the optical platform via a fiber, collimated by objective lenses,
and passed through an iris hole for alignment and beam shaping. The incident beam was
then linearly polarized to TE polarization using a plate polarizer. This collimated and
polarized beam was directed onto the sample, which was mounted on a motorized rotation
stage. The transmitted light was gathered into the tip of an optical fiber by a focal lens and
detected by a spectrometer. An incidence angle ranging from —20° to +20° was scanned
over in the zx plane, with the metasurface being placed on the xy plane as illustrated
in Figure 2a.

2.5. Simulation

To analyze the optical resonance of the metasurface layer, a numerical full-wave
electromagnetic simulation based on the finite element method was carried out using com-
mercial software COMSOL Multiphysics® (6.1). The model built for simulation consisted
of a unit cell of square lattice arrangement containing a semi-ellipsoid nanoparticle, with
refractive index n being 2.4 representing TiO,, at its center, on an SiO, substrate (1 = 1.46).
A Floquet periodic boundary condition was set up for each pair of boundaries in the x and
y dimensions with a unit cell size of 370 nm X 370 nm. In the z dimension, the whole cell
was sandwiched by a pair of perfectly matched layers to assure effective infiniteness in the
vertical directions. The diameter and height of the nanoparticle were set to be 200 nm and
190 nm, respectively. An extinction spectrum for TE-polarized light at normal incidence
was computed for varied PMMA (1 = 1.49) cladding thickness from 0 nm to 1222 nm.
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Figure 2. Optical resonance behavior characterization. (a) Schematic of the setup of the transmittance
measurement. (b) Pictures of the transferable metasurface sample (from left to right), as-coated,
transferred, and etched. (c) Angle-resolved extinction spectra of the sample at the corresponding
stages, measured for TE-polarized illumination while scanning the incidence angle in the zx plane.
The dotted lines refer to the in-plane diffraction conditions, i.e., Rayleigh anomalies. (d) Direct
comparison between the extinction spectra at normal incidence for the three stages.

3. Results

3.1. Optical Characterization

The optical pictures are compared between the samples, as-coated, after the trans-
fer process, and after a 100 s etching of the PMMA cladding, in Figure 2b. The whole
metasurface area (6 mm X 6 mm) is transferred with a PMMA cladding. The samples’
angle-dependent transmission spectra are plotted in Figure 2c. Extinction, defined as
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1-transmittance, is exhibited instead of transmittance for a more straightforward data
interpretation. The information-rich spectra reveal the photonic band structure [44], as a
fingerprint of the optical resonance behavior of the metasurfaces. For the as-coated and
as-transferred samples, the extinction maps consist of two linearly dispersive bands and
one parabolic one, which are crossed at A = 570 nm at normal incidence. Also shown in
the map as dotted lines are the in-plane diffraction conditions or Rayleigh anomalies for a
square lattice with period 370 nm and #n = 1.49. The linear and parabolic features follow
Rayleigh anomalies with a redshift. As revealed with the aid of simulation, the parabolic
band is magnetic SLR where the magnetic dipoles (MDs) excited in each nanoparticle are
coupled via diffraction, while the linear ones are electric SLRs between electric dipoles (EDs)
and diffraction. Also, the fringe pattern at shorter wavelengths comes from Fresnel-type
interference in the PMMA layer. The fringe pattern is sensitive to the film thickness, and
the almost-identical patterns indicate the PMMA layer thickness is unchanged during the
transfer process. On the other hand, when the PMMA cladding is etched for 100 s down to
a lower thickness, the photonic resonance behavior of the sample is largely altered. The SLR
features are preserved, though they are blueshifted, implying the nanoparticle patterns are
retained [45] while thinning the PMMA reduces the effective refractive index surrounding
PMMA. The fringe pattern vanishes completely due to the etching.

Figure 2d compares extinction spectra at normal incidence. The similarity between
the spectra before and after transfer is further confirmed. It is noted that the spectra are
not normalized, meaning that the extinction intensity is also retained. This means that
the PMMA thickness, nanoparticle size and array arrangement are preserved during the
transfer. The etched sample shows only one peak at A = 546 nm, which is the magnetic SLR.

3.2. Simulation Study

The simulated spectra at normal incidence with varying PMMA thickness are shown
in Figure 3a. For the thickest layer of 1200 nm, a MD SLR peak appears at A = 574 nm,
and Fresnel-type fringes are observed at shorter wavelengths. As the thickness decreases,
the MD SLR peak continuously blueshifts and the number of fringes decreases. The
fringe disappears at a PMMA thickness of 100 nm, and finally the MD SLR disappears
when PMMA is completely removed, and a small dip at A = 536 nm appears which is
the RA condition. For the as-coated sample and that etched for 100 s, the best fit to
the experimental spectra was achieved for PMMA thicknesses of 1222 nm and 80 nm,
respectively (Figure 3b,c).

Figure 3d,e show the spatial distribution of magnetic field at several characteristic
wavelengths. The field distribution at A = 524, 496, 464, and 434 nm exhibits a standing wave
inside the layer with different number of nodes depending on the wavelength. The 80 nm
(Figure 3d) case corresponds to the transferred and etched metasurface (right after the
100 s oxygen-plasma dry-etching) where the optical response is dominated by a single MD
resonance with all higher-order modes switched off. The best fit by the simulation result
after etching indicates a removal depth of 1142 nm. This is deeper than the value predicted
from the etching rate in Figure 1b, where a 1000 nm PMMA layer was removed during
the 100 s etching. Because this etching rate was obtained for the flat PMMA film on the
unstructured substrate, the etch rate would be different for that on the nanoparticle arrays.

From the result of simulation, it is perceived that the optical response of the meta-
surface alters and shifts continuously along with the PMMA thickness. Moreover, the
adjustability of metasurface optical behavior by layer thickness originates from the simulta-
neous multi-resonance modes [37] of the metasurface induced by the collective in-plane
magnetic dipolar SLRs [46,47] and slab waveguiding supported by the high-refractive-index
PMMA layer [48]. When the PMMA cladding is truncated down to an ultrathin, subwave-
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length thickness such as 80 nm, the multi-resonance modes are switched off, leaving
alone the magnetic-dipole SLRs without any accompanying higher-order quasi-waveguide
modes [48-51] coupled to the nanoparticle resonance [35].
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Figure 3. Simulated thickness-dependent optical response of the transferable rutile-TiO, metasurface
and comparison with experiment at representative cladding thicknesses. (a) Normal-incidence
extinction spectra computed by full-wave finite element method simulation (COMSOL Multiphysics®)
for metasurface layer with varied PMMA cladding thickness. (b,c) Normal-incidence extinction
spectra simulated for (b) PMMA = 1222 nm and (c) 80 nm. Also shown are the experimental spectra
for (b) as-transferred sample and (c) after etching for 100 s. (d) Magnetic field profiles of the multi-
resonance modes observed in (b) the 1222 nm thick cladding sample. (e) Magnetic field profiles of
the modes observed in (c) the 80 nm thick cladding sample. The arrows in (d,e) denote the flow of

magnetic field.

3.3. Benchmarking

In most cases, a removal of PMMA cladding is necessary after the metasurface is
transferred for subsequent manipulation and implementation of the optical resonator,
such as integration of the nanostructure with liquids or gases as a sensor. The post-
transfer treatment on PMMA by dry-etching is capable of not only precisely adjust its
thickness, but also removing all residual PMMA efficiently and safely. In this subsection,
the extinction spectrum of the metasurface with its PMMA cladding over-etched for 5 min
is compared with a benchmark spectrum. The benchmark was obtained after the as-
transfer sample underwent a 120 °C bake for 30 min followed by a 1 h ultrasonic bath in
acetone, a typical wet-cleaning procedure commonly used in previous studies to completely
remove PMMA [29,30]. Furthermore, it is also achievable to recoat a PMMA covering of
arbitrary thickness. To prove this concept, a PMMA cladding with the same thickness
as the initially fabricated and coated metasurface was recoated onto the transferred and
over-etched metasurface.
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The optical picture and extinction maps are shown in Figure 4a,b, respectively. The
good agreement between the results of the two approaches, dry-etch and wet-etch, validates
the successful and complete removal of PMMA and the dry post-processing method
proposed in this work as a competent alternative to the conventional wet-treatment method.
The extinction for the recoated sample exhibits that the original photonic behavior is
largely retrieved, confirming that the geometry of the nanoparticle resonators is protected
throughout the whole process and that the metasurface layer supports and withstands
repeatable and flexible manipulation.
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Figure 4. Benchmarking of post-transfer process method on the transferable metasurface. (a) Photos
and schematics of the transferred metasurface sample (from left to right), after 5 min dry-etching
(over-etched), 1 h wet-cleaning (wet-cleaned), and recoating with PMMA (recoated). (b) Angle-
resolved extinction spectra of the sample at the corresponding stages. The dotted lines refer to the
in-plane diffraction conditions, i.e., Rayleigh anomalies. (c) Normal-incidence extinction spectra of
the sample at the corresponding stages.

Specifically, normal-incidence extinction spectra are shown in Figure 4c for the trans-
ferred metasurface after complete removal of the PMMA cladding using the two above-
mentioned post-transfer treatments: oxygen-plasma dry-etching for 5 min and a conven-
tional wet-cleaning treatment consisting of a 120 °C bake for 30 min followed by a 1 h
ultrasonic bath in acetone. Again, the close agreement between the extinction spectra
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obtained by the two methods confirms the effective and complete removal of PMMA by
the dry-etching approach. In addition, the extinction spectrum of the metasurface after
recoating a PMMA cladding with the same thickness as the initially fabricated and coated
layer (as-coated, prior to transfer) is presented, showing that the original optical response
is largely retrieved. These results show not only the reliability of the oxygen-plasma dry-
etching post-processing as a gentle and efficient alternative to conventional wet-cleaning,
but also the robustness and repeatable tunability of the transferred metasurface under
successive removal and reapplication of its polymer cladding.

4. Discussion

The results presented in this work demonstrate a versatile strategy for transferring and
post-processing metasurfaces while conserving their nanostructure integrity and optical
functionality. A key outcome of this study is the observation that the photonic band
structure of the rutile-TiO, nanoparticle metasurface remains essentially unchanged during
the transfer process, as evidenced by the angle-resolved extinction spectroscopy. This
indicates that the nanoscale geometry and layer thickness of the metasurface, which govern
the resonance behavior, are not significantly distorted during the process. Compared
with previously reported metasurface transfer methods, the present PMMA-supported
transfer approach realizes a substantially larger transferable pattern size (of an area up to
6 mm x 6 mm) together with an in situ tunable, faster, and gentler post-transfer treatment
(as compiled in Table 1) by exploiting nanoimprint lithography for metasurface fabrication
and RIE for PMMA cladding thinning, thereby offering an improved mechanical stability,
reproducibility, and scalability towards potential industrial application.

Table 1. Comparison of representative PMMA-assisted metasurface transfer approaches.

. Post-Transfer Treatment PMMA Removal; Post-Transfer
Transfer Method Size Scale on PMMA Thickness Fine-Tune Processing Time Remarks
Solvent-based lift-off [29,30] <50 pm Bake adhesion & Yes; No >30 min Limited area, .wet
acetone wash post-processing
Fiber-tip punching [31,32] 100 um UV irradiation adhesion No; No 10 min Limited post-transfer

modifiability

This work

Large area, fast,
6 mm Dry-etch thinning Yes; Yes 120s solvent-free, & tunable
post-processing

The ability to precisely tailor the optical response of the transferred metasurface
through exactly controlled thinning of the PMMA cladding constitutes another major
advantage of the proposed method. Both experimental characterization and numerical
simulation reveal that the resonance behavior of the metasurface evolves continuously as
the PMMA thickness is reduced, with multi-resonance branches progressively blueshift-
ing and disappearing. This behavior can be understood as the gradual suppression of
slab-waveguide modes supported by the high-refractive-index PMMA layer and their cou-
pling to the collective in-plane magnetic-dipole resonance of the nanoparticle resonators
positioned in a square lattice. In the ultrathin-cladding regime, where the PMMA layer
thickness becomes subwavelength, the optical response feature converges to a dominant
MD resonance. This continuous and predictable thickness-dependent tuning provides a
practical route for in situ optimization of metasurface performance after redeposition.

From a practical standpoint, replacing conventional wet-etching treatments with
oxygen-plasma dry-etching for post-transfer PMMA matrix modification or removal signif-
icantly enhances material compatibility and process efficiency. Wet-cleaning approaches
based on organic solvents such as acetone may introduce architectural or chemical incom-
patibility with functional layers, particularly in integrated or multilayer photonic devices.
In contrast, the solvent-free dry-etching process demonstrated here allows gentle, rapid,

https://doi.org/10.3390 / photonics13050453


https://doi.org/10.3390/photonics13050453

Photonics 2026, 13, 453

10 of 13

and nanoscale-precise layer thickness control while minimizing the possibility of mechani-
cal and chemical damage. The benchmarking result further shows that complete PMMA
removal and subsequent recoating can be performed without degrading the metasurface,
highlighting the reconfigurability and durability of the transferred layer.

Opverall, this work displays transferable metasurfaces not merely as a passive structures
that are relocated from one substrate to another, but as actively tunable optical components
whose properties can be engineered in situ after integration. This capability is particularly
relevant for applications involving curved structures, stacked photonic architectures, or
functional overlays such as metalenses, sensing layers, or organic emitters. Future studies
may extend this approach to other high-refractive-index dielectric materials and explore
curved-plane and/or stacked-layer architectures by combining the transferable metasurface
with multifarious optical structures and devices.

5. Conclusions

In summary, we have developed and demonstrated a flexible, efficient, and highly
controllable fabrication and transfer technique for dielectric metasurfaces by embedding a
rutile-TiO, nanoparticle array into a PMMA matrix. The resulting transferable metasur-
face layer can be cleanly detached from its original substrate, transferred onto arbitrary
target substrates, and subsequently modified through a solvent-free oxygen-plasma dry-
etching process. Angle-resolved optical characterization confirms that the photonic band
structure and resonance features of the metasurface are well preserved throughout the
transfer process.

By precisely tuning the thickness of the PMMA cladding after transfer, the optical
response of the metasurface can be continuously and predictably adjusted, ranging from
multi-mode resonance behavior to a single magnetic-dipole resonance. Full-wave electro-
magnetic simulations corroborate experimental observations and elucidate the physical
origins of the thickness-dependent resonance evolution. Compared with conventional wet-
etching-based post-transfer treatments, the proposed dry-etching approach offers superior
precision, speed, and compatibility with solvent-sensitive materials and weakly bonded
multilayer systems.

The presented method expands the toolbox for metasurface manipulation, integration,
and post-fabrication in situ optimization, enabling the deployment of high-performance
nanophotonic components in complex and unconventional device architectures. This
approach paves the way toward scalable, reconfigurable, and application-oriented meta-
surface technologies for sensing, integrated photonics, and advanced optical systems.
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