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Structural color generation by plasmonic and other means has attracted significant interest as a solution
to avoid inks based on dyes. Prominent advantages include better robustness compared with organic
dyes while also providing high chromaticity and brightness in ultrathin films. However, lack of cheap and
scalable fabrication techniques has so far limited structural coloration to only a few applications and
functional devices. Here, we demonstrate reflective (plasmonic) structural coloration at high resolution
by inkjet printing on non-patterned surfaces. The method is flexible, scalable to large areas, and avoids
complicated or costly fabrication steps. Optical microcavities on flexible plastic substrates were made
starting with an inkjet-printed silver film as a bottom mirror. Inkjet-printed organic dielectric micropixels
then served as the spacer layer, resulting in optical microcavities with reflective structural colors after
coating with a thin semi-transparent metallic top layer. Optimization of ink formulation allowed for
uniform pixels with minimum coffee stain effects as well as control of spacer thickness (around
50-150 nm) and color by varying the solid content of the ink. We investigate the possibility to obtain
red, green and blue (RGB) pixels and demonstrate the improvement of particularly the blue coloration
using wavelength-dependent plasmon absorption of gold nanoislands as a top mirror. Inkjet printing of
optical microcavities and plasmonic cavities may find use in various applications, such as reflective

rsc.li/materials-c displays in color.

1. Introduction

Structural color generation based on interaction of light with
optical cavities, photonic crystals and nanostructures has gained
tremendous interest as a solution for ink-free color production.'™
Nature itself provides beautiful structural coloration in birds and
insects®” and these vivid and vibrant natural colors have inspired
biomimetic color generation.*'*> Compared with traditional
concepts based on pigments or dyes, structural coloration
generated from physical structures provides several advantages,
such as high resolution,"® high chromaticity,"* and not least
excellent resistance to fading.’>'® Plasmonic colors based on
metallic nanostructures and metasurfaces have attracted parti-
cular interest owing to the possibility to create stable ultrathin
high-resolution color images."”>* Such systems can be 1-2 orders
of magnitude thinner than pigment-based systems, favouring
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integration and miniaturization of devices.*> Recent reports
also demonstrate dynamic control of structural colors,” including
the use of conjugated electrochromic polymers on plasmonic
metasurfaces for electronic paper in color.* >

Despite several advantages of structural color generation over
dye technology, it remains challenging to manufacture large-scale
structural color patterns in an economically affordable way. Most
plasmonic color patterns have so far been pre-designed and
printed either by e-beam lithography (EBL)'*?**?® or focused
ion beam (FIB) lithography,*®*° both expensive and not suitable
for up-scaling. Efforts have been devoted to overcoming these
challenges, including laser post-writing on nanoimprinted
plasmonic metasurfaces,”* replication using master patterns,*’>
photolithography combined with self-assembly nanofabri-
cation,”?* laser-induced photothermal patterning of gold
nanorods,” and assembling plasmonic nanoparticles onto
predefined binding sites.'®> However, it remains challenging
to directly print structural colors without the involvement of
pre- or post-patterning. Such direct printing could enable rapid
large-scale production of structurally colored images based on
simple digital image inputs.

Inkjet printing is a versatile tool for printing large-scale patterns
while maintaining high spatial resolution. It is convenient, cost-
effective and does not require any patterned masks. Inkjet printing
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was recently applied for printing of dielectric nanospheres that
assembled into photonic crystals to display structural color.**
Titanium dioxide nanoparticles were inkjet-printed to generate
thickness-dependent interference colors for custom input images™*
and also onto a holographic paper with preserved diffractive
colors.*” Other reports utilized pre-patterned substrates. For
example, Jiang et al.** obtained structural colors by inkjet printing
silver nanoparticles on substrates pre-patterned with polymer
nanostructures. Even more recently, inkjet-printing was used to
deposit (colorless) titanium dioxide nanoparticles onto subwave-
length polymer gratings to achieve red, green and blue structurally
colored pixels.** These recent reports exemplify the growing
interest in this emerging field and highlight the importance of
addressing the several remaining challenges for inkjet-based
fabrication of structural colors.

In this work, we present the fabrication of microcavities and
plasmonic structural colors on non-patterned surfaces using
inkjet printing, which is scalable to large areas and avoids
complicated fabrication steps. The device geometry is based on
a metal-insulator-metal/metasurface configuration (see Fig. 1),
with reflective structural color tuned by Fabry-Pérot interference
and wavelength-dependent plasmon absorption. The protocol
starts with inkjet-printing of a bottom mirror silver film
(~500 nm thick) on a flexible PET substrate. Next, we inkjet-
printed arrays of transparent organic photoresist (SU8) micro-
pixels and completed the structure by deposition of a semi-
transparent thin metal layer. This creates a Fabry-Pérot
microcavity with structurally colored reflection that is sensitive
to the thickness of the spacer layer of each pixel. In turn, the
spacer layer thickness could be controlled in the range from
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Fig. 1 Structural colors by combination of Fabry—Pérot cavity and plas-
monic metasurface. (a) Major fabrication steps are performed by inkjet
printing. (b) Schematic illustration shows the different layers of the pixels
(the colors of the spacer layers indicate different colors of the pixels, not
the color of the spacer material itself).
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56 nm to 156 nm by varying the solid content of the dielectric
ink, thereby allowing tuning of the reflected structural color.
Pixel quality could be significantly improved by adding a high
boiling temperature co-solvent to the photoresist ink, which
allowed the formation of uniform pixels without the coffee ring
effect. Replacing the semi-transparent top metal film with a
plasmonic gold nanoisland film further improved the blue color
due to wavelength-dependent plasmon absorption. We demon-
strated large-scale fabrication by reproducing the blue logo of our
university at high resolution on a flexible substrate. To the best
of our knowledge, this is the first report on fabrication of
Fabry-Pérot cavities and plasmonic structural coloration by inkjet
printing on non-patterned substrates. The technology shows
promise for large scale, easy and inexpensive production of
devices, such as flexible, low-cost reflective displays.

2. Results and discussion

We formed the bottom mirror of the pixels by inkjet-printing
silver nanoparticles in squares onto flexible PET substrates,
followed by annealing at 140 °C for 1 hour (Fig. Sia, ESIT).
As expected, the silver layer with around 500 nm thickness is
fully opaque and provides high reflection throughout the visible
spectrum (Fig. Slc, ESIf). The reflection decreases somewhat
towards the blue end of the spectrum, which we attribute to
plasmonic absorption by silver nanoparticles remaining after
annealing. Such nanoparticle features are indeed clearly visible
in atomic force microscopy (AFM) images (see Fig. S1b, ESIT).
Printing of the dielectric spacer layer is a crucial and
challenging fabrication step, because color and cavity quality
depend strongly on spacer thickness and uniformity. We use
SUS8 photoresist ink as a dielectric spacer, which provides high
optical transparency throughout the visible range. Fig. 2a
shows an optical photograph of SU8 pixels inkjet-printed using
a standard SU8 ink and Fig. 2b and c present the AFM image
of one of those pixels and height profile across the pixel,
respectively. There is a clear non-uniformity across the pixels,
with almost double thickness at the edge than that at the
center. Such non-uniform thickness would be disadvantageous
for our application by creating non-homogeneous reflected
colors across single pixels. The ring phenomenon is known as
the coffee ring or coffee stain effect, as first described by
Deegan.*® During drying, the solvent evaporation rate at the
edge of a droplet is greater than that at the center, as related to
the edge being in contact with both air and substrate in a triple
contact line.*>™*® In turn, solvent lost by evaporation at the edge
is replaced by solvent drawn from the center of the droplet,
eventually depositing more solutes at the edge than at the
center. The coffee ring effect forms a crucial issue also for
other inkjet printing applications and substantial work has
been performed to explore its mechanism and prevention.**™?
One solution to reduce the coffee ring effect is to introduce an
inward recirculatory flow inside the droplet via the Marangoni
effect, driven by surface-tension gradients produced by the
latent heat of evaporation.*” We here adopt this approach by
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Fig. 2

Solid content of the ink (wt%)

Inkjet printing of SU8 photoresist as a transparent spacer layer on top of inkjet printed silver mirrors. (a) Microscopic image, (b) atomic force

microscopic image, (c) height profile of the pixels printed with unmodified SU8 ink; (d) microscopic image, (e) atomic force microscopic image, (f) height
profile of the pixels printed with ink modified by TX-100 as cosolvent; (g) variation of pixel thickness and diameter with solid content of the ink. The error

bars correspond to the standard deviation.

introducing a high-boiling point co-solvent to the SU8 ink.
Cyclopentanone (boiling point = 130 °C) acts as the main
solvent and we add the non-ionic surfactant Triton X-100 as
the co-solvent (boiling point = 270 °C). Fig. 2d shows a photo-
graph of pixels made from this co-solvent-based ink, indicating
significantly more homogeneous pixels compared with those
made from the initial ink. The corresponding AFM image (Fig. 2¢)
and height profile (Fig. 2f) indeed reveal highly uniform pixels
without the coffee ring effect. The substantial improvement is
related to the details of the drying mechanism of pixels made
using both low and high-boiling point solvents. The higher
solvent evaporation rate at the edge leads to an imbalance in
mixture composition along the radius of the pixel. In turn, this
imbalance induces a flow of the higher fraction of high-boiling
point solvent towards the edge, which reduces the coffee stain
effect and promotes homogeneous pixels.*® Notably, we found
that the optimum ink formulation also depends on the substrate
and we here optimized the conditions for the inkjet-printed silver
mirror, while printing with the same ink on thermally evaporated
silver showed strong coffee ring effect (Fig. S2, ESIt).

Control of spacer thickness is crucial for tuning the cavity
resonance and color of the final pixels. We here investigate the
possibility to control spacer thickness by varying the solid
content of the ink while keeping the droplet volume constant.
As shown in Fig. 2¢g (blue squares), the pixel spacer thickness
increased monotonically from 56 nm to 156 nm when varying
the solid content in the range from 10 wt% to 20 wt%, with a
decreased coffee stain effect maintained. The pixel diameter
did not vary much for the different inks and remained around
80-85 um in the measured range of solid contents (black circles
in Fig. 2g). Successful inkjet printing of pixels with uniform
spacer layers with controlled thickness in the range of tens
of nanometers to hundreds of nanometers shows promise for
creating microcavities with structural coloration.

After optimizing uniformity and demonstrating thickness
control of the spacer layer, we finalize the microcavity pixels by
depositing a thin gold film (20 nm) as top layer. This semi-
transparent layer completes the optical microcavity, resulting

8700 | J. Mater. Chem. C, 2019, 7, 8698-8704

in reflective colors that depend on spacer thickness (see Fig. S3,
ESIT). The pixel color evolves from blue to red with increasing
spacer layer thickness, in accordance with the corresponding
increase in the optical path length of the microcavities. The
gradual shift of the reflection dip is also clearly visible from the
reflection spectra of the respective pixels (Fig. S3b, ESIf).
The spectral features are relatively broad, which explains the
lack of green reflected color during the gradual change in pixel
thickness in this range. This feature may be due to some
variation in thickness over the pixels. We also observe variation
in color at the edge of the pixels, attributed to the non-perfect
step function at the edges. Green structural coloration could
instead be produced by thicker pixels. Fig. 3a-c show micro-
cavity pixels with the three primary RGB colors, based on spacer
layer thicknesses of approximately 67 nm (blue), 123 nm (red)
and 300 nm (green) (Fig. 3a-c). Blue and red colors could be
highly reproducible. It was more challenging to reproducibly
print the higher spacer thickness for green pixels (300 nm) by
only increasing the solid content of the ink. The green pixels in
Fig. 3b therefore originate from certain regions with higher
thickness obtained when printing with 18 wt% ink. These
pixels show vibrant green coloration, which prompts for alter-
native approaches to reproducibly print pixels with higher
spacer thicknesses. To address this issue, we investigated inkjet
printing of two pixels at the same position, one on top of the
other (with the 18 wt% ink). This enabled reproducible produc-
tion of green pixels also, although with increased coffee ring
effects (see Fig. S4, ESIt). Future work is needed to optimize
inks and the printing procedure for double printed pixels.
The reflection spectra obtained from the separate RGB pixels
(solid lines in Fig. 3d-f) reveal more details of the cavity
resonances and their contribution to the coloration. The red
color (Fig. 3d) originates from a 1st order Fabry-Pérot reso-
nance that significantly reduces the reflection in the blue and
green wavelength regions. Some remaining blue reflection
explains the non-negligible blue contribution to the color, as
also clear from its position in the CIE 1931 xy diagram (Fig. 3g).
The green color of the pixel with the highest thickness (300 nm)

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Red, green and blue (RGB) pixels based on Fabry—Pérot cavity having 20 nm thin gold film as the top layer. (a—c) Optical microscopy images of
red (a), green (b) and blue (c) microcavity pixels; (d—-f) reflection spectra of the corresponding RGB pixels, corresponding to spacer thicknesses of 123 nm
(d), 300 nm (e), and 67 nm (f); solid and dashed lines represent experimental and simulated data, respectively; (g) CIE 1931 xy chromaticity space of the

RGB pixels, marked by their respective colors.

originates from a 2nd order cavity resonance, with reflection
dips in both the blue and red spectral ranges (Fig. 3e). The
zeroth order resonance of the blue pixel (Fig. 3f) provides a
reflection spectrum that is similar to that of the green pixel, but
with higher reflection in the blue region. However, the blue
pixel also does not fully suppress green and red reflection,
which is also evident from its position between the blue and
green regions in the CIE diagram (Fig. 3g). The chromaticity of
blue pixels could be improved by means to more efficiently
absorb light in the green and red regions, which we investigate
below. Simulated reflection spectra obtained using the finite-
difference time-domain (FDTD) method reproduce all spectral
features observed experimentally (dashed lines in Fig. 3d-f),
albeit overall with more spectrally narrow features and more
pronounced intensity variations. We attribute these deviations
to differences between the experimental system and the more
ideal simulated system. For example, the tendency of lower
reflection in the blue region in the experiments agrees with the
wavelength-dependent reflection of the inkjet-printed silver
mirror (Fig. S1, ESIT).

As mentioned above, the blue pixels showed considerable
reflection also in the green and red wavelength regions, posi-
tioning the color between blue and green in the CIE diagram
(Fig. 3g). We therefore investigate the possibility to improve
the chromaticity of the blue pixels using a semi-transparent
top mirror that absorbs and scatters green and red light via
plasmon excitation. Combined microcavity and plasmonic
effects have previously shown the capability to provide meta-
surfaces with vibrant structural colors.?*?*** In this work,
we use discontinuous gold nanoisland films as a plasmonic
semi-transparent top mirror, spontaneously formed by thermal
evaporation of ultrathin layers of gold.”>*® The SEM images
in Fig. 4a show the morphology of such gold films deposited
on inkjet-printed pixels, in the thickness range from 5 nm to

This journal is © The Royal Society of Chemistry 2019

20 nm. As the gold thickness decreases, the continuous film
indeed starts to show discontinuities and the 5 nm thick layer
shows an array of separated gold nanoislands of irregular
shapes. In turn, the optical microscopy images in Fig. 4a show
that the thinner gold films with nanoislands lead to signifi-
cantly improved blue color. The corresponding reflection spectra
of the different pixels (Fig. 4b) illustrate that the improved
chromaticity is related to more efficient suppression of green
and red reflection for pixels with plasmonic gold nanoislands
compared with pixels with comparatively thicker continuous
gold films. The results agree with suppressed reflection in
the red and green regions due to plasmonic absorption and
scattering by the gold nanoislands. Indeed, the extinction
spectra of gold films on SU8 (no bottom mirror) display the
formation of a broad plasmon resonance extinction peak
around 750 nm for the 5 nm gold nanoisland film (Fig. S5, ESIt).
Hence, the gold nanoislands in combination with the Fabry-Pérot
cavity resonance enable ink-jet printed blue plasmonic microcavity
pixels with very good chromaticity. In addition to plasmonic
contribution, the gradual improvement in blue coloration with
decreasing gold thickness may also be related to modifications
in the direct reflection from the top mirror for different
thicknesses. The evolution of the positions in the CIE diagram
also illustrates the significant improvement in chromaticity for
pixels with decreasing top gold thickness, with a consistent
movement towards the blue region (see Fig. 4c). As expected,
the chromaticity of the red pixels was not improved upon
replacing the 20 nm gold mirror with the thin gold nanoisland
films, but instead showed reduced color quality due to plasmon
absorption in the red wavelength region (Fig. S6, ESIt). Similar
strategies could, however, be applied for red pixels, but using
plasmonic films with absorption in the blue and green regions.
To demonstrate large-scale, easy and reproducible fabrication
of plasmonic microcavity pixels with structural colors, we finally

J. Mater. Chem. C, 2019, 7, 8698-8704 | 8701
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Fig. 4 Enhanced color tunability by gold nanoislands as the top layer. (a) Optical microscopic images of the blue pixel with 20 nm, 10 nm, 7.5 nm and
5 nm ultrathin gold films as the top layer and the corresponding SEM images. (b) Reflection spectra in air at normal incidence from blue pixels with
different top gold layers from thin films to nanoislands. (c) CIE 1931 xy chromaticity space of the blue pixels with a decrease in top layer thickness from
20 nm to 5 nm indicated by an arrow. (d) University logo printed in blue pixels.

reproduced our blue university logo using the inkjet printing
process, as shown in Fig. 4d. Further investigation shows that
the pixels are highly stable, with no observable degradation either
after storage under ambient conditions for around a year or after
ultrasonication in water, isopropanol or acetone (see Fig. S7, ESIt).

3. Conclusion

This study demonstrates scalable fabrication of structurally
colored microcavities and plasmonic cavity pixels based on
inkjet-printing. The simple three-step fabrication process
includes a bottom silver mirror, a transparent spacer layer (SUS8)
and a semitransparent top layer that is either a continuous gold
film or a plasmonic nanoisland film. We inkjet-printed large areas
of the bottom silver mirror followed by printing of small (around
40 pm radius) pixels of the transparent spacer layer that were
finally topped with the thin top layer by thermal evaporation.
We found the detailed spacer ink-formulation to be essential for
the quality of the pixels and the original ink led to highly non-
uniform pixels with spatially varying thickness across each pixel.
Adding a high boiling temperature co-solvent to the spacer ink
solved this issue and enabled inkjet-printing of pixels with uni-
form thin dielectric spacer layers with minimal coffee ring effect.
Varying the solid-ink content further allowed accurate control of
pixel thickness in the range from around 50 to 150 nm. Clear pixel
colors appeared after gold deposition, confirming the formation

8702 | J Mater. Chem. C, 2019, 7, 8698-8704

of microcavities with structural colors. We also found that repla-
cing the top layer with a plasmonic gold nanoisland film could
significantly improve the blue chromaticity, via localized plasmon
absorption in the green and red wavelength regions. We demon-
strated the concept of large-area fabrication by printing our blue
university logo. To the best of our knowledge, this is the first
report demonstrating fabrication of Fabry-Pérot cavities and
plasmonic cavities by inkjet printing on non-patterned surfaces.
The large-scale, simple and cheap production technology may be
particularly suitable for applications such as reflective displays.
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