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a b s t r a c t

Exposed nanostructure surfaces often suffer from external dynamic wear, particularly when used in
human interaction, resulting in surface defects and the degradation of plasmonic resonance properties
particularly in terms of transmittance extinction rate and peak-to-valley slope. In this work, a method for
the fabrication of flip-covered silver nanostructure-arrayed surfaces is shown to enhance wear re-
sistance. Selectively transferred silver dot and silver webbed-trench exposed reference samples were
fabricated by metal nanoimprint, and flip-covered samples were created by flipping and bonding re-
ference samples onto a PET film coated with an adhesive layer. The samples' spectral transmittance was
measured before and after a dynamic wear test. Some spectral shift was observed due to the change in
refractive index of the surrounding media, but this was not as significant as the effects of the other
chosen geometry factors. It was found that dynamic wear had a greater effect on the plasmonic re-
sonance behavior of the exposed samples than in those that had been flip-covered. This suggests that
flip-covering may be an effective strategy for the protection of plasmonic resonators against dynamic
wear. It is expected that the slight variations in spectral transmittance could be compensated through
proper tuning of the sample geometry.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

Periodic nanostructure arrays have been shown to be effective
for various modes of electromagnetic manipulation such as re-
fractive index gradients, waveguide gratings, diffractive-coupling,
and plasmonic resonance. Through the design of periodic nanos-
tructure arrays, various unique nanophotonic properties have been
assigned to films, windows, lenses, and various nanophotonic
devices [1–3]. In particular, plasmonic metal nanostructures can be
used to control light–matter interactions at nanoscale through
resonant matching of the radiating photons, resulting in resonant
extinction, localized field confinements and out-coupling to near-
field optical modes, and enhanced radiative decay rates [4–6].
These effects have been reported to be useful for improving the
efficiency of sensing, light-emitting and optoelectronics [7–11].

Nanoimprinting is a simple, inexpensive, and high-quality na-
nolithographic technique, commonly used in the fabrication of
periodic metal nanostructure arrays. Additional process steps

require deposition [12–15], lift-off [16,17], direct nanoimprinting
[18,19], metal etching [20,21], or transfer [22–25] processes to be
performed on the predefined nanoimprint template patterns.
These nanostructures are often contained by additional layer de-
position in multilayer devices [26–28] or exposed by a window or
flexible film. In the latter case, wear resistance should be guar-
anteed, particularly when exposed to environmentally harsh
conditions, or human interaction [29–31]. Therefore, attempts
have been made to identify harder and more robust nanostructure
materials, particularly for use in antireflective windows [32–34].
Robust plasmonic substrates are more demaded to applications
such as tip-enhanced Raman spectroscopy, surface-enhanced
spectroscopy, and enhanced optical and optoelectronic nano-
sensors. Hence, protective films such as diamond-like carbon
[35,36], ultrathin (3 nm) SiOx [37], and ultrathin (3 nm) AlOx [38],
have been investigated to enhance surface hardness and wear
resistance in working environments.

Unprotected nanostructures have a limited resistance to re-
petitive external abrasion, the evaluation of which requires dy-
namic wear testing, rather than static hardness tests. According to
the dynamic wear test scheme described in [36,39], the contact
force is moved across the sample surface with a fixed normal force
and speed. More effective protection strategy of the
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nanostructured surfaces is required against repetitive dynamic
forces. Planarization with coating materials and physical bonding
are methods that could be used to provide protection. Planarized
nanostructures have been shown, using various filling techniques
[40–44], to reduce corrugation-drive current leakage in multilayer
optoelectronic devices. Alternatively, physical bonds form air-gaps
between the nanostructure surfaces and bonding substrates, re-
portedly optimizing light extraction efficiency [45–47]. This is
achieved through anodic bonding of the patterned surface to the
device substrate [45,46] using thermal degradation-induced cal-
cination [47] to decrease the dielectric constant in a nanochannel-
formed poly-methyl-silsesquioxane (PMSSQ) layer. The basic idea
of these techniques can contribute to optimizing the dynamic
wear stability of the metal nanostructure surfaces, given that the
protection methods used do not significantly alter the plasmonic
resonance properties of the exposed nanostructure surface.

In this work, a method for the fabrication of flip-covered flex-
ible plasmonic films is developed, based on previously reported
metal nanoimprint transfer techniques [48], enhancing dynamic
wear resistance with respect to exposed reference samples.
Spectral transmittance profiles were measured, to investigate the
wavelength shift and profile variations between the exposed and
flip-covered samples, before and after the dynamic wear tests. The
damage caused by the wear testing was evaluated qualitatively
and quantitatively by scanning electron microscopy (SEM) analysis
and measurement of the spectral transmittance and its variations.
The results suggest that flip-covering may be an effective techni-
que by which plasmonic resonators can be protected against dy-
namic wear, increasing the number of potential applications.

2. Experiments

The metal imprint transfer process starts with the preparation
of nanoimprint molds replicated in polyethylene terephthalate

(PET), as shown in Fig. 1. Two designs of the hexagonal hole array
patterns were used in this work, 150 nm diameter holes with a
300 nm period, and 200 nm diameter holes with a 400 nm period.
These master patterns were fabricated by KrF optical lithography,
followed by a well-established anisotropic etching procedure, at
the National Nanofab Center in Daejeon, Korea. The patterns were
replicated in mold resin (OrmoStamps, MRT GmbH, Berlin, Ger-
many) dispensed on a PET film with the reversed pillar pattern
profiles for the transfer-imprint mold. The surface of the replicated
mold nanopattern was made hydrophilic by surface treatment
with trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich),
so that the metal layer could be removed more easily in the
afterward.

A 10–30 nm layer of silver was deposited on the replicated
nanoimprint mold, using an E-beam evaporator under the opti-
mized condition to minimize the side wall deposition, as shown in
Fig. 1(a). An epoxy-based hybrid (thermal & UV curable) resist
(mrI-6000E; MRT GmbH, Berlin, Germany) was deposited on PET
filmwith the thickness of 50–100 nm for the adhesion to the silver,
prior to the imprint transfer. The silver-coated mold pattern was
placed on the adhesive layer-coated PET film, and roll-pressed
with a mild pressure (�0.1 MPa) at 65 °C to ensure that only the
silver on the top surface of the mold pattern came into contact.
The mold was released after UV exposure, transferring the silver to
the adhesive layer. As a result, the receiving film in Fig. 1(b) and
the donating mold in Fig. 1(c) were produced simultaneously. As-
transferred silver dots were trapped in the imprinted trenches of
the adhesive layer in the receiver, whereas the silver in the tren-
ches of the mold patterns remained to create the silver webbed-
trench and pillar array in the donor. Both the receiver and the
donor had exposed nanostructure surfaces at this stage. Flip-cov-
ered samples were obtained by flip-bonding them onto additional
adhesive layer-coated PET films, as shown in Fig. 1(d) and (e).

The dynamic wear tests for exposed and flip-covered samples

Fig. 1. Fabrication process for the exposed silver nanostructure surface and its flip-covered sample counterpart. (a) Silver deposition on a nanoimprinted mold nanopattern,
(b) the receiver with the transferred silver dot array, (c) the donor after transfer, (d) flip-covered receiver film, and (e) flip-covered donor film.
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