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ABSTRACT: We present reflective plasmonic colors based on
the concept of localized surface plasmon resonances (LSPR) for
plastic consumer products. In particular, we bridge the widely
existing technological gap between clean-room fabricated
plasmonic metasurfaces and the practical call for large-area
structurally colored plastic surfaces robust to daily life handling.
We utilize the hybridization between LSPR modes in aluminum
nanodisks and nanoholes to design and fabricate bright angle-
insensitive colors that may be tuned across the entire visible

spectrum.
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igment-based coloring of polymers is used in the

fabrication of almost any type of plastic-based consumer
product, either as base color in the bulk polymer or in surface-
decoration inks. The mixing of many colorants in a single
product is both costly and limits the possibilities for recycling as
separation of the different colorants is impossible. Structural
colors offer an attractive approach to reduce the number of
needed materials in a given product and it provides new
perspectives for recycling and sustainability.

Various strategies may be taken toward structural colors.
Inspired by nature® pure dielectric structures based on
photonic crystals in one or more dimensions have been
demonstrated®* and recently the use of ultrathin high-loss
dielectrics on top of metal have led to bright colors.” The works
on plasmonic colors have widely emphasized filters working in
transmission®® while only more recently plasmonic cavity
resonances and LSPR concepts have been used for filters
working in reflection.'®™"® The resonant behavior of the
plasmonic systems often leads to large field enhancements that
are advantageous in other applications such as surface-enhanced
Raman spectroscopy.lé_20

The structural color effects must possess at least three
important properties to become relevant for use in consumer
products. First, the color effect should be insensitive to varying
viewing angles. Furthermore, it should be robust for everyday
use. Finally, it should be up-scalable and economically
affordable. We demonstrate a plasmonic metasurface that
possesses all these qualities. Recently plasmonic resonators
consisting of silver and gold have been used for color printing
with resolution beyond the diffraction limit.">"> We use insight
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from hybridization theory”" to build upon the work of Kumar"°

toward coloration of volume-produced plastic components,
addressing the three criteria mentioned above: angle
independence, wear resistance, and up-scalability.

Thin metal nanodisks can be tuned in size to modulate the
optical response through the visible and near-infrared spectral
range.”” In our work, the colors are based on metal disks on top
of dielectric pillars and hovering above a holey metal film, see
Figure la—c. Rather than employing the common choice of
silver or gold, we explore aluminum, which is a widely
employed material in industrial processes while so far mainly
being conceptually studied as a new plasmonic material.>>~>’
Silver and gold are commonly preferred over aluminum for
plasmonic applications due to lower ohmic losses. However, we
find an advantage of the specific interband absorption
properties of aluminum, which gives a pronounced difference
in the dispersion of the surface plasmon polaritons (SPPs)
supported by the metal—dielectric interfaces of the continuous
(holey) film. As demonstrated later, the excitation of SPPs
constitutes the main limitation on the angle independence of
the observed color and here SPPs supported by aluminum have
an advantage over SPPs on silver surfaces due to their k-space
existence closer to the “light line” in the frequency range of the
visible spectrum. In addition to this, gold has the disadvantage
of having an interband transition threshold centered in the
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Figure 1. Basic concept of fabrication and working mechanism. (a) The reflected light is modified due to absorption resonances in the plasmonic
nanostructure leading to colored reflections upon white-light illumination. The reflected color can be varied by tuning the surface geometry. (b) A
SEM image of fabricated disks elevated above the holey plane seen from 15° above the horizon. (c) Cross-sectional SEM image obtained using
focused ion-beam for sample preparation. (d) A master mold comprising nanohole arrays is used for the fabrication of polymer pillar arrays using hot
embossing or injection molding. The photography shows a macroscopic sample with three different hole sizes leading to three different colors in the
final sample. (e) A polymer pillar array replication of the master mold. (f) Aluminum is evaporated on top, creating the disk-hole structure thereby

revealing colors due to the underlying polymer topography. (g) The structure is coated with a transparent material to protect from greasy
contamination, fingerprints, and scratches. The resonance redshift introduced by the coating leads to clearly altered colors.
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Figure 2. Plasmon hybridization due to disk-hole coupling. (a) Energy diagram illustrating the hybridization of the coupled plasmonic modes of the
disks and holes of the structure into a low energy mode (bonding) and a high energy mode (antibonding). The simulated charge distributions of the
pure disk and hole arrays show the dipolar nature of their resonances. For the full structure, the symmetric and antisymmetric coupling leads to an
energy splitting. The shown structure is for D = 80 nm, A = 200 nm, & = 50 nm, and t = 20 nm embedded in material of refractive index of 1.5. It
shows the symmetric and antisymmetric coupling between the disks and holes. (b) Reflectance spectra for same parameters as panel a but for varying
pillar height, h. The two modes are seen as dips in the spectra. The coupling and thereby the energy splitting decreases with increasing pillar height
leading to a shift of the resonances toward the natural resonances of the disk and hole arrays.

4500 dx.doi.org/10.1021/n15014986 | Nano Lett. 2014, 14, 4499—4504



Nano Letters

a c d
D [nm] 54 59 63 68 72 82 :2ﬁ14? g‘ 750
No coating — 120 . .
With coating EEEE . 2 700 E > [l 0.5| ™ With coating
E 4 £, 100 - )
~< s R o @ No coating
b < 650 < 80| n
D-82nm D < go Lz - 0.4 .I
« o5 O" Foeoo @ w 00 - g ki T
@ [% Q n L
2 06 & 550 o = 03 ""u athe
© s ted n
S 0.4 @ 500 o .
-g 8 fmi (o 0.2 ! mounm
© 0.2 T 450 = With coating [
o With coating| S g 0 e No coating oo
0 & 400 ot - - . 0.1
400 500 600 700 o 60 80 100 120 0.1 0.2 0.3 0.4 0.5
Wavelength, A [nm] Diameter, D [nm] Xpes

Figure 3. Diameter-dependent resonance and colors. (a) Images in bright-field microscopes of 0.8 X 0.8 mm?” squares with period A = 200 nm and
varying diameter. The coating-induced redshift is evident. (b) Reflectance spectra of structure with D = 82 + 2 nm with and without coating

indicating the change in resonance wavelength A4

res

due to the coating. (c) Resonance position as a function of disk diameter for A = 200 nm. The

shift in resonance due to the coating is seen to be approximately linear with diameter. (d) CIE 1931 chromaticity coordinates of the fabricated
samples for both the coated and the uncoated case (spectra in Supporting Information Figure S2). The color of each spot indicates the color of the

corresponding sample.

visible spectrum whereas aluminum only facilitates interband
transitions in a narrow wavelength range outside the visible
spectrum.”® For large-volume use of plasmonic metasurfaces in,
for example, plastic consumables, the abundance and cost of
aluminum makes it attractive. The integration in mass-
fabrication systems is also eased significantly compared to, for
example, silver where the need for an adhesion layer (such as
titanium or chromium) and a capping layer (such as gold) to
protect against sulphidation, complicates the metal deposition.

The fabrication scheme is presented in Figure 1d—g. A
master mold is fabricated in silicon using electron-beam
lithography (EBL) and dry etching. A fast single spot writing
technique was employed,”>® which allows writing speeds
higher than 1 cm?®/hour in the production of the silicon
masters. This leads to a wider size distribution of the
nanostructures than for conventional EBL resulting in
inhomogeneous broadening of the resonances. This is however
acceptable and compensated by the very large decrease in
writing time. The finalized master consists of periodic hole
arrays with period A, hole diameter D, and hole depth h. The
master is a negative of the desired polymer surface, a periodic
pillar array, which is fabricated in a hot embossing step. After
replication, the desired pattern is practically invisible as the
polymer—air index contrast is too low to significantly alter the
surface reflectance of the nanostructured polymer surface.
However, bright and angle-independent colors emerge when a
thin aluminum film of thickness ¢ is deposited on top of the
textured polymer surface, see Figure 1f. The metal deposition
must be directional in order to facilitate the creation of isolated
metal disks. For situations with very large sample size and small
evaporation source, this may lead to undesired side-wall
deposition thereby defining the maximum sample size. When
using roll-to-roll systems, this issue may be avoided due to the
continuous deposition of metal.

Finally, a protective coating is deposited on top with a
thickness significantly larger than the coherence length of
broadband white light in order to avoid Fabry—Pérot
interference affecting the color experience. The coating causes
an increase in the effective refractive index surrounding the
disk-hole nanostructure, which leads to a redshift of the
resonances in the system and a corresponding color change as
seen in the last step of Figure 1. The top coating is necessary to
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protect the structure from mechanical damage, fingerprints,
greasy residue, and so forth. In this work, a UV-curable
organic—inorganic hybrid material (Ormocomp, Micro resist
technology GmbH) with good scratch resistance’’ has been
used, but many different types of coatings are already used in
large scale production to protect evaporated metal films of
various kinds.

The colors of the structure are due to resonant absorption in
the aluminum nanostructures. Both the disks and holes possess
dipolar resonances on their own, which leads to increased
absorption at specific wavelengths. When brought very close
together the two modes hybridize into two new modes, a
“bonding” mode that is characterized by a lower resonance
frequency (longer wavelength) and an “antibonding” mode
with higher resonance frequency.”" Simulated surface charge
distributions of the relevant modes are shown in Figure 2a for
the specific structure of period A = 200 nm, diameter D = 80
nm, aluminum thickness ¢ = 20 nm, and pillar height # = 50 nm.
The low-energy mode is characterized by the charge oscillations
in the disk and the hole being out-of-phase whereas for the high
energy mode the charge oscillations are in phase. The effect on
the reflectance spectrum is illustrated in Figure 2b where each
of the two hybrid modes appear as significant dips in the
reflectance spectra. It is seen how the energy splitting decreases,
when the pillar height, h, increases thereby decreasing the
coupling between the resonators. It is also seen that the
strength of the “bonding” mode is highly dependent on low
pillars (large coupling) and above h = 70 nm the hybridization
is not seen in the reflectance spectra. For even higher pillars,32
the behavior of the system moves toward a Fabry—Pérot-like
regime where the disk array and the hole array each acts as
separate mirrors with resonant reflection coefficients. It is found
that when using aluminum as the plasmonic material a strong
resonance of the hybrid “bonding” mode is key to the creation
of tunable colors. This is seen from simulations (Supporting
Information, Figure S1), which demonstrate how it is possible
with strong coupling (low pillars) to obtain resonances across
the entire visible spectrum by tuning the pillar diameter, while
for vague coupling (high pillars) no such tuning is possible.
Because we mainly utilize the “bonding” mode resonance we
will in the following just denote the wavelength of this

resonance A,
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Figure 4. Angle dependence of reflected spectrum. (a) Measured angle-resolved spectra of coated sample with A =200 nm and D = 86 + 2 nm. The
white dashed line indicates the reflectance minimum and the black dashed lines indicate the theoretical excitation of SPPs (odd and even modes) in a
20 nm Al film embedded in material of refractive index 1.5. The dotted line indicates the appearance of new diffraction orders (Rayleigh wavelength).
The resonance is seen to shift very little even at very high angles. (b) Single spectra at four different angles of the same sample as in panel a. (c)
Pictures of macroscopic patterns viewed at four different angles. The colors are seen to be almost identical even for very large angles. The gray

background is the unstructured surface of the samples.

While securing the existence of the important hybrid
“bonding” mode by fabricating very low pillars one must
keep in mind that it is of great importance that the disks are
separated from the lower lying film to avoid short circuiting of
the capacitively coupled disk and hole planes. By preparing a
cross section sample, using focused ion beam (FIB), we can
confirm that in majority of cases the disk and the lower lying
film are separated, see Figure 1lc.

In the fabrication of the polymer pillars a certain rounding at
the pillar end-face should be expected, compared to the perfect
cylindrical shape used in simulations. The rounding is seen in
Figure lc. This effectively reduces the vertical gap between the
disk and hole, which is why it is necessary to fabricate the pillars
slightly higher than predicted by simulations for achieving
comparable coupling. Fabricated pillars were & = 56 + 4 nm
high, measured by atomic force microscope, and the aluminum
thickness was ¢ 20 nm, measured by quartz crystal
microbalance during deposition.

The fixed pillar height and metal thickness leave the diameter
and period as design parameters. In this work, diameters
between 40—160 nm and periods ranging from 160 to 240 nm
have been studied experimentally. Figure 3a shows color photos
of A = 200 nm samples with and without the presence of a
protective coating. Colors across the entire visible spectrum are
produced at will by varying the disk diameter at fixed period.
The measured reflectance spectra of disks with diameter 82 + 2
nm are shown as example in Figure 3b. The coating induces a
redshift AA,, of the resonance due to increase in effective
refractive index around the nanostructure. One should notice
the high off-resonant reflectance in contrast to the low
reflectance at resonance, which leads to very bright colors.
For both the coated and uncoated case, the resonance position
increases almost linearly with diameter. Specifically for the
coated case, the resonance may be tuned on the wavelength
interval 400—700 nm by tuning the diameter on the interval
50—110 nm. The coating-induced redshift is also found to
increase linearly with diameter. Reflectance spectra for the
other periods and diameters are provided in the Supporting
Information (Figure S2). The effect of the period on the
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resonance position is less pronounced as it only influences the
mutual coupling of neighboring resonators. The nearest-
neighbor coupling does however influence how much a change
in diameter alters the resonance position (the slope of Figure
3c). For a coated sample with A = 160 nm, a 1 nm increase in
diameter leads to an approximate redshift of 7 nm whereas for
A =240 nm it only leads to an approximate redshift of 4 nm
(see Supporting Information Figure S3). Although the period
does not influence the resonance position significantly, it plays
an important role in relation to the angular dependence.

The range of colors that may be produced using the
proposed method is illustrated in Figure 3d where all
experimentally measured spectra (see Supporting Information
Figure S2) have been converted to CIE1931 chromaticity
coordinates, thereby illustrating the color gamut of the method.
It is noteworthy that there are points all around the achromatic
point, illustrating the large degree of color tuning ability. There
are however some colors that are difficult to produce when the
effect is based on a spectral dip originating from resonant
absorption. Very chromatic red and green are examples of such
colors.

The angle independence of the reflective colors was
investigated on larger samples (4 X 6 mm?). The specular
reflectance was measured with unpolarized light for incident
angles at 3—70°, see Figure 4. Data are shown for a coated
sample with A = 200 nm and D = 86 + 2 nm. In the surface
plot of Figure 4a, the broad dip in the reflectance is observed
around a vacuum wavelength of 580 nm and is slightly red
shifted by approximately 20 nm for increasing angle of
incidence. This is the diameter-dependent plasmonic absorp-
tion resonance described previously. Individual reflectance
spectra for four different angles are shown in Figure 4b, and the
photographs in Figure 4c illustrate the angle independence of
the color appearance. The changes of the CIE1931 chromaticity
coordinates due to changing angles have been calculated based
on the angle-resolved spectra and are presented in the
Supporting Information (Figure S4). As seen in panels a and
b, the strength of the resonance dip decreases with increasing
angle of incidence. This is due to a decreasing component of
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the electric field of the TM mode parallel to the dipole axis
under consideration. A weak angle-dependent feature is
observed at vacuum wavelength below 500 nm, which is
caused by grating-assisted excitation of SPPs at the metal—
dielectric interfaces. The dashed black lines indicate the
calculated dispersion of the odd and even modes for a 20 nm
aluminum film embedded in a material of refractive index 1.5.
The Rayleigh line, where the first diffraction order appears, is
plotted as a dotted line. Of the three anomalies, the even (high
loss) SPP mode lies in the center of the angle-dependent dip,
and in Figure 4b the circles indicate the position of this mode.
It corresponds well with the dips in the measured reflectance
spectra and the feature is attributed to this mode. The positions
of the SPP anomalies depend on the grating-induced change in
momentum paralle] to the surface and are therefore highly
dependent on the structure period. A longer grating period, A,
will result in the anomalies appearing at lower angles, implying
a higher degree of angle dependence, whereas a shorter period
will lead to less impact on the spectra (see Figure SS in
Supporting Information). This implies a trade-off between
obtaining low angular dependence and fabrication limitations
due to dense structures with small grating period. Properties of
the SPP modes have been investigated using near-field scanning
optical microscopy (NSOM). The data are presented in the
Supporting Information (Figure S6).

While the position of the Rayleigh line only depends on the
grating period and the refractive index of the materials
surrounding the metal, the dispersion relation for the SPPs
also has a strong dependence on the dielectric constant of the
metal. Hence, the position of the angle-dependent SPP modes
(relative to the localized mode) makes the feasibility of angle-
independent plasmonic structural colors strongly material
dependent. As an example, we compare aluminum and silver
in the Supporting Information (Figure SS). For aluminum, the
SPP modes lie very close to the Rayleigh line and may therefore
be moved out of the visible spectrum, even for high incident
angles by using small periods. On the other hand, for silver
films SPPs are excited at normal incidence, even for very short
periods whereby the SPP modes spectrally intersect with the
localized modes. This leads to phenomena such as avoided
crossing between the two intersecting modes resulting in
significant angle-dependent behavior of the color-producing
mode. Because this is a property originating from the electronic
structure of the chosen metal, this promotes aluminum over
silver for use in this application.

Because of the subwavelength periodic nature of the
structure, the color effect is only seen in the specular reflection.
This limits the applicability under certain lighting conditions.
For diffuse lighting conditions, an observer will experience
uniform color, while illumination by very directional light
sources will lead to a more varying color experience. To
overcome this problem, one may introduce scattering in the
protective film either by particles, surface roughness or by using
semicrystalline (translucent) polymers as coating material. This
will allow for diffuse reflectance from the surface similar to that
of inks.

In conclusion, we demonstrate angle-insensitive scratch-
resistant structural colors, where aluminum is used as a cheap
and abundant plasmonic material. We utilize a hybrid disk-hole
plasmonic mode, which provides angle-independent resonances
tunable across the entire visible spectrum. Expensive nano-
lithography should only be carried out once due to the
subsequent replication-based fabrication and the structure
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geometry allows for a fast EBL technique to define macroscopic
wafer-sized patterns. The functional structures are covered by a
protective dielectric coating, causing a redshift of the plasmon
resonance. The method holds potential for large scale
implementation of structural colors in plastic products for
daily use.
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Details about fabrication process, optical characterization, and
simulations as well as supplementary figures (Figures S1—S6).
This material is available free of charge via the Internet at
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