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ABSTRACT

Plasmon color technology based on aluminum has re-
cently been firmly established as a route towards struc-
tural coloring of polymeric materials. We report on the
fabrication of colors by localized surface plasmon res-
onances (LSPR) using roll-to-roll printing and demon-
strate a route for scalable production and commercial
uptake of plasmonic colors.

Keywords: plasmonics, surface plasmons, color, nano-
lithography, roll-to-roll printing

1 INTRODUCTION

Today colorants, such as pigments or dyes, are used
to color plastic-based consumer products, either as base
for solid colored bulk polymer or in inks for surface dec-
oration. After usage, the products must be mechani-
cally sorted by color before recycling [1], limiting any
large-scale efficient recycling effort. As an alternative to
chemistry-based coloring, nano-scale structural coloring
has been proposed [2] to reduce the number of mate-
rials needed and to increase pattern resolution. Here
colors are created by structural based light-matter in-
teractions in the surface. Thereby, the sorting by color
can be avoided in the recycling state, as destruction
of the nano-scale texture removes any color perception
leaving a (semi)-transparent bulk polymer ready for re-
processing. Nano-scale structural coloring provides new
perspectives for recycling and sustainability of plastic
products.

Recently, plasmon color technology based on alu-
minum has been firmly established as a route towards
structural coloring of polymeric materials [3, 4]. Alu-
minum has been shown to be superior to typical plas-
monic materials, such as silver [5] and gold [6], due to its
natural abundance, low cost, protective oxide layer for
high durability [7, 8, 9] and attractive plasmonic prop-
erties in the visible range [10, 11, 12, 13, 14, 15, 16, 17].
Based on aluminum, reflective plasmonic colors utiliz-
ing the concept of localized surface plasmon resonances
(LSPR) have been presented [3, 4, 18, 19]. Here, the
hybridization between LSPR modes [20] in aluminum
nanodisks and nanoholes has been used to design and
fabricate bright angle-insensitive colors tunable across

the visible spectrum. Finally, the structural color ef-
fects can be made robust for everyday use by applying
a protective coating on top, which leads to a red-shift of
the plasmonic resonances [3].

Due to these considerable advances, the research and
development targets are now shifting from proof-of-concept
based on LSPR modes in aluminum towards increas-
ing the color gamut and introduce scalable fabrication
methods, such as injection molding and roll-to-roll print-
ing, for commercial viability compared to traditional
pigment-based coloring.

Roll-to-roll printing is an emerging technology in the
context of manufacturing micro- and nano-scale pat-
terns and has been attracting interest because of its
inherent advantages of low cost, high throughput and
large area patterning [21, 22, 23, 24, 25, 26]. In re-
cent years, a number of commercial applications have
emerged, particularly optical displays, functional coat-
ings and multifunctional films based on micron-sized
structures [27]. Recently thermal roll-to-roll nanoim-
print lithography with 100 nm one-dimensional grooves
has been demonstrated [23], however general adaptation
from the micro-scale to the nano-scale has proven diffi-
cult due to viscoelastic recovery in relatively fast print-
ing processes. For these reasons thermal and pressure
control of the imprint media are crucial. Based on previ-
ous work [28, 29] we now demonstrate two-dimensional
115 nm surface plasmon resonance structures with a
high edge quality suitable for plasmonic color applica-
tions on a relatively large area.

Even though the printing speed used here is mod-
est (0.3 m/min), the continuous roll process inherently
makes it possible to process e.g. 500 m of film without
stopping. By optimizing printing parameters, higher
manufacturing speeds may be achieved if the pressure
can be increased correspondingly. The web width (cur-
rently 60 mm) is completely scalable and thereby the
system holds mass-volume capability.

Consequently, we report on plasmon structural col-
ors produced by pattern transfer from a silicon master
original, via a nickel shim, to a polymer surface using
roll-to-roll techniques and subsequent metalization. Our
study provides an engineering method to define a phys-
ical surface pattern that will yield a desired structural
color, quantified by reflectance measurements. The use
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Figure 1: Fabrication process for 200 nm periodic structures from pattern definition to polymer metalized replica
(blue area). a) Sketch. b) SEM images of Si master. ¢) SEM images of nickel master. d) SEM images of roll-to-roll
polymer replication with aluminum on top. e) Photographs of the finished A-PET polymer surface without coating
for 200 nm period (blue) and 300 nm period (green) areas of size 0.5 mm x 0.5 mm.

of roll-to-roll printing enables mass-volume production
of plastic consumer surfaces with nano-scale based col-
oration for a wide range of applications.

2 FABRICATION

The fabrication process for making the plasmon col-
ored samples is outlined in Fig. 1. First a silicon mas-
ter was patterned by electron beam lithography and
anisotropic dry etching. Subsequently, the silicon mas-
ter was used in a double pattern inversion scheme to
make a nickel shim with a thickness of 100 pm and a
structure depth of 44 nm. The relatively thin nickel
shim thickness was chosen due to the good bendabilty.

The replication process was carried out using a cus-
tom thermal roll-to-roll tool described in detail in Ref
[21]. The nickel shim containing the structures for plas-
monic colors was wrapped around a 66 mm diameter
and 60 mm wide imprinting roll. Then a heated roll
was pressed against a cold backing roll with a force
of 600 N, resulting in a force between the rolls (NIP)
of approximately 1000 N. The web materials tested in-
cluded 100 um to 125 um thick polymethylmetcarylate
(PMMA), polycarbonate (PC), amorphous polyethylene
terephthalate (A-PET) and cellulose acetate (CA).

The temperature of the imprinting roll was adjusted
to be above the film softening temperature, which is
typically slightly below the glass transition temperature

of the different materials. Roll-to-roll process printing
temperatures are usually kept slightly below the film
glass transition or the melting point temperature to
avoid bending, wrinkling or other changes to the sur-
face occurring at the glass transition temperature. Glass
transition temperature for the used films, such as CA
and PMMA, is 105 °C. For the A-Pet film, the glass
transition temperature is 72 °C, but the melting tem-
perature is 250 °C. A speed of 0.3 m/min was used,
leading to an imprint time of roughly 0.3 s with a 3 mm
contact length between the rolls. The contact length
was varied by tuning the hardness of the backing roll.
The best replication, with a disc diameter of 115 nm
measured by SEM and a polymer structure depth of 40
nm measured by AFM, were obtained on A-PET at a
printing temperature of 110 °C (4 2 °C).

After replication of the polymer samples, an alu-
minum metal layer was applied by electron beam evap-
oration in 2 x 10~% mbar vacuum, see Fig. 1d. The
deposition rate was 0.5 nm/s for a thickness of 16 nm
measured by quartz crystal microbalance during deposi-
tion. Finally, samples were coated by approximately 50
pum of scratch-resistant commercial automotive lacquer.
In terms of coating, the bulk part acts as a diffuser,
mimicking the scattering properties of traditional paint,
whereas the top surface of the coating creates a high-
gloss visual appearance.
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Figure 2: Sample after coating. a) Photographs with fixed light at different orientations. 200 nm period area has
stable color response. b) Measured reflectance spectra by integrating sphere at 8 degrees incidence of 200 nm period
area compared to non-structured aluminum surface. A red-shift is seen after coating.

3 RESULTS

Photographs taken under fixed light conditions of the
sample after coating are shown in Fig. 2a. The sam-
ple scratches are due to the industrial grade film itself
(CA from Clarifoil) and tear-and-wear mold degrada-
tion. The pattern with 200 nm period yields a distinct
blue, angle-insensitive color-response, in agreement with
simulation results (see supplemental material Figure S2
for Ref. [3]). Combined with the protective properties
of the coating, our approach provides up-scalable pro-
duction of durable structural colors.

In contrast to the blue 200 nm period pattern, the
color-response of the 300 nm period pattern varies strongly
with the orientation of the sample with respect to the
light source and camera (see supplemental material).
This dependence is well-described in literature [30, 3]
and illustrates the requirement, due to the frequency-
range of the human visible spectrum, for nano-scale pat-
terns with periodicities in the order of 200 nm or smaller.

In Fig. 2b, measured reflection spectra by integrat-
ing sphere using a silicon specular reference can be seen
for the 200 nm period pattern compared to the non-
structured aluminum sample surface. A maximum in re-
flectance around a vacuum wavelength of 439 nm in the
blue part of the spectrum is observed, as longer wave-
lengths are absorbed to a higher degree by the LSPR
located in the red part of the spectrum. After coating, a
red-shift of the maximum reflectance of approximately
42 nm can been be measured (the low ultra-violet re-
flectance is a property of the coating). This red-shift
can also be directly observed by comparing photographs
before and after coating (see Fig. le and 2a), where the
blue color shifts to a blue-green color after coating. The
red-shift of the maximum reflectance corresponds to a
LSPR red-shift [3] and implies that the optical proper-
ties of the coating are important for the appearance.

4 CONCLUSION

In conclusion, we reported on the fabrication of plas-
mon color technology based on aluminum by LSPR us-
ing roll-to-roll printing on polymeric films. The use
of the inherent mass-volume technique demonstrates a
route for scalable production, which may lead to low-
cost pattering and commercial uptake of plasmonic col-
ors. Finally, nano-scale structural coloring provides new
perspectives for recycling and sustainability of plastic
products, as the colors are based on removable phys-
ical structures in the surface rather than traditional
chemistry-based colorants.
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