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Structural colour printing using a magnetically
tunable and lithographically fixable
photonic crystal

Hyoki Kim', Jianping Ge?, Junhoi Kim', Sung-eun Choi', Hosuk Lee', Howon Lee'!, Wook Park’,
Yadong Yin? and Sunghoon Kwon'*

Many creatures in nature, such as butterflies and peacocks, display unique brilliant colours, known as ‘structural colours’,
which result from the interaction of light with periodic nanostructures on their surfaces. Mimicking such nanostructures
found in nature, however, requires state-of-the-art nanofabrication techniques that are slow, expensive and not scalable.
Herein, we demonstrate high-resolution patterning of multiple structural colours within seconds, based on successive
tuning and fixing of colour using a single material along with a maskless lithography system. We have invented a material
called ‘M-Ink’, the colour of which is tunable by magnetically changing the periodicity of the nanostructure and fixable by
photochemically immobilizing those structures in a polymer network. We also demonstrate a flexible photonic crystal for
the realization of structural colour printing. The simple, controllable and scalable structural colour printing scheme

presented may have a significant impact on colour production for general consumer goods.

beetle cuticles and peacock feathers, have attracted considerable

attention in a variety of research areas' 6. Structural colour has
many characteristics that differ from those of chemical pigments or
dyes. For example, in the feathers of a peacock, various colours
result from the interaction of light with a single biological material:
melanin rods. The iridescent colours are formed as a result of the
lattice spacing of the rods’. In nature, a single biological material
with different physical configurations displays various colours,
which greatly simplifies the manufacturing process in producing
multiple colours. The unique colours originating from the physical
structures are iridescent and metallic, and cannot be mimicked by
chemical dyes or pigments. Furthermore, structural colour is free
from photobleaching, unlike traditional pigments or dyes.

Owing to its unique characteristics, there have been many
attempts to make artificial structural colour through various techno-
logical approaches such as colloidal crystallization”2, dielectric
layer stacking??? and direct lithographic patterning’*?%. The
colloidal crystallization technique is most frequently used to make
a photonic crystal, which blocks a specific wavelength of light in
the crystal and therefore displays the corresponding colour.
Gravitational force’, centrifugal force®, hydrodynamic flow?, electro-
phoretic deposition!® and capillary force from the evaporation of
solvents'!'~?0 are used to assemble the colloidal crystals. Although
these methods produce structural colours with a large area, the
growth of colloidal crystals usually takes a long time so as to
achieve better crystallization and fewer defects. Also, because the
bandgap of a photonic crystal is dependent on the size of the col-
loids used, different sizes of colloidal suspensions are needed to
produce multicoloured structures. Furthermore, there have been
great technological difficulties in assembling colloids of different
sizes to form these multicoloured patterns with fine resolutions.

Dielectric layer stacking and lithographic patterning of periodic
dielectric materials generates structural colour by directly

E ; tructural colours in nature, such as those on butterfly wings,

controlling the submicrometre structure of the surface. Various
fabrication processes have been reported, including replicating
natural substrates’!, depositing materials layer by layer’?? and
etching a substrate using various lithographic techniques??%,
These approaches are advantageous in that they accurately fabricate
a periodic dielectric structure on the surface, which controls the
desired photonic bandgap. However, in spite of the advantage
of sculpting sophisticated nanostructures in a well controlled
manner, a cost-effective manufacturing scheme to generate multi-
coloured structures over a large area is hard to achieve owing to
the requirement for a vacuum process. Moreover, great effort and
long process times are necessary to produce multicoloured patterns
on a substrate, because different pitches of dielectric stacks are
required to achieve different colours. Here, we present new material
systems and instrumentation to overcome limitations to previous
approaches, and demonstrate rapid production of high-resolution
patterns of multiple structural colours. Photonic crystals with different
bandgaps are formed on various substrates using a single magnetically
active material and maskless lithography, within a few seconds.
The material developed in this work is a photonic crystal, termed
M-Ink, the colour of which is magnetically tunable and lithographi-
cally fixable. M-Ink is a three-phase material system consisting of
superparamagnetic colloidal nanocrystal clusters (CNCs), solvation
liquid and photocurable resin (Fig. 1b). The superparamagnetic
CNCs, each consisting of many single-domain magnetite nanocrys-
tals, are capped with silica shells?*?°, Without an applied external
magnetic field, the CNCs are randomly dispersed in liquid resin
and display a brown colour, which is the intrinsic colour of magne-
tite. Under an external magnetic field, the CNCs are assembled to
form chain-like structures along the magnetic field lines?”*®. An
attractive magnetic force due to the superparamagnetic core is
balanced with repulsive electrostatic and solvation forces. The com-
bination of attractive and repulsive forces determines the
interparticle distance, and the interparticle distance in a chain
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Figure 1| Schematic of the production of high-resolution multiple structural colours with a single material. a, Maskless lithography setup for colour fixing.
Instantaneous exposure using patterned UV light reflected from a digital micromirror array (DMD) modulator allows the fast production of structural colour.
b, The superparamagnetic core and ethanol solvation layer allow the stable dispersion of the CNCs in the M-Ink. A strong repulsive force can be generated
when two solvation layers overlap. ¢, Upon the application of an external magnetic field, CNCs are assembled to form a chain-like photonic nanostructure.
This chain-like photonic nanostructure acts as a colouration unit of M-Ink, the colour of which can be tuned by varying the interparticle distance by
modulation of the external magnetic field intensity. d, SEM image of a cross-section of the colour fixed structure. The dimpled structures are the traces of the
chain-like aligned CNCs (scale bar 1um). e, Multicolour patterning of structural colour with a single material by the sequential steps of ‘tuning and fixing'".
The diffraction wavelength is tuned by varying the strength of the magnetic fields. Different interparticle distances determine the diffracted wavelength of the
light, with shorter diffracted wavelength corresponding to shorter interparticle distance. Spatially patterned UV light polymerizes the M-Ink and fixes the

position of ordered CNCs.

determines the colour of the light diffracted from the chain, which
can be explained by Bragg diffraction theory (Fig. 1c). Thus, the
colour can be tuned by simply varying the interparticle distance
using external magnetic fields. Note that the solvation liquid is
crucial for this material system, because a simple two-phase
mixture, or dispersion of CNCs in photocurable resin without sol-
vation liquid, does not possess strong and long-range repulsive
interparticle forces that can cooperate with the magnetically
induced attractive force to allow dynamic tuning. Without a
strong repulsion force, the CNCs irreversibly aggregate with one
another when they are pushed together upon application of the
external magnetic fields?**. As illustrated in Fig. 1b, strong hydro-
gen-bonding solvents such as alkanols can form a relatively thick
solvation layer around the CNCs’ surface, which can provide
strong repulsion when two solvation layers overlap. This three-
phase system—the M-Ink composed of CNCs, ethanol and the
photocurable resin—can successfully stabilize the CNCs and main-
tain colour tunability (see Supplementary Fig. S1, Section SI).
Once the desired colour is obtained from M-Ink by application of
an external magnetic field, it can be fixed by solidifying the photo-
curable resin through ultraviolet (UV) exposure. The chain-like self-
assembled CNCs can be frozen in the solidified polymer network
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without distorting its periodic arrangements, thus retaining the
structural colour. In comparison to the other solidification
methods such as thermal curing, photocuring is instantaneous
and can ‘freeze’ the self-assembled photonic nanostructure fast
enough to prevent distortion®. Because of its instantaneous
nature, photocuring also allows localized solidification for high-
resolution patterning by avoiding significant free-radical diffusion
during polymerization®. We use a maskless lithography system to
focus UV energy to fix the colour from self-assembled chain-like
photonic nanostructures (Fig. 1a). A fast microelectromechanical
system (MEMS)-based spatial light modulator inside the system
provides instantaneous illumination (<80 ms) of patterned UV
light to the photocurable resin®*3. Using this system, the chain-
like structure can be preserved without distortion (Fig. 1d).
Compared with traditional methods for generating structural
colour by the slow growth of colloidal photonic crystals, magnetic
assembly followed by photochemical immobilization was accom-
plished within seconds, with a high degree of spatial control (see
Supplementary Fig. S3, Section S1).

The key idea of this work is the generation of multicoloured high-
resolution patterns using M-Ink by repetitive tuning and fixing of the
structural colour. Various multicoloured patterns can be generated

535


http://www.nature.com/doifinder/10.1038/nphoton.2009.141
www.nature.com/naturephotonics

No magnetic field
t=0s

Applying magnetic field (B3)
Colour tuning (green)

UV exposure
t=35s

UV exposure
t=50s

Relative intensity (a.u.)

0 : : : : . . |
400 450 500 550 600 650 700 750
Wavelength (nm)

Applying magnetic field (B;)
Colour tuning (red)

UV exposure Colour fixing

Patterned UV

Colour fixing

Applying magnetic
field (By)
Colour tuning (yellow)

Washout remnent M-ink

100 um

10 um

Figure 2 | Generation of high-resolution multiple structural colour patterns using M-Ink. a, Rapid production of high-resolution multiple structural colour.

A series of optical microscope images shows that the patterning of multiple structural colour with arbitrary features is completed within seconds.

b, Reflection micrographs of multicoloured structural colour generated by gradually increasing magnetic fields. Microstructure i is generated under the
influence of no magnetic field. Microstructures ii-viii are generated under gradually increasing magnetic field strengths from 130 G to 700 G (scale bar 100 pwm).
¢, Transmission micrograph of the same sample as a (scale bar 100 pum). d, Corresponding spectra of the microstructures. Microstructure i does not show
any diffraction peak in the visible range. Microstructures ii-viii show the shift of the diffraction peak to the shorter wavelength. e, A tree (i), concentric

100 pm; i, iv, scale bars 250 pm).

with a single material by means of a sequential process involving
cooperative actions of magnetic field modulation and spatially con-
trolled UV exposure (Fig. le). We used a poly(ethylene glycol)
(PEG)-coated glass slide as a substrate to avoid adhesion of the
CNCs onto the surface of the bare glass slide (see Supplementary
Fig. S2, Section S1). A thin layer of M-Ink was then deposited on
the substrate. Once a desired colour of M-Ink was obtained by
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exerting a magnetic field, the patterned UV exposure fixed the
colour locally, producing a coloured pattern at specific regions. The
colour of uncured M-Ink could then be changed simply by varying
the strength of the magnetic field. Subsequent focused UV exposure
produced another coloured pattern in a different location. As illus-
trated by Fig. le, micropatterns with different structural colours
can be easily formed by repeating this ‘tuning and fixing’ process.
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Figure 3 | Reflection intensity modulation and spatial colour mixing of structural colour. a, Schematic showing the expression of greyscale by varying dot
density. b, Four-bit reflection intensity modulation by varying the number of monotone structural colour dots. Each of the red dotted lines indicates a pixel,
showing distinct levels of reflection intensity (scale bar 250 um). ¢, Reflectance spectra of the corresponding 16 pixels of a. d, Monotone 4-bit image of
Mona Lisa, consisting of 4,800 pixels (scale bar 2 mm). e, Schematic showing the expression of colour mixing by the spatial distribution of different colour
dots, the size of which should be smaller than the resolution of the human eye. f, Spatial colour mixing of structural colour. Each pixel of a 4 x 4 matrix
consists of different colour dots, each of which is ~25 um in size (scale bar 250 wm). g, Corresponding reflectance spectra of selected pixels. Different
colour dots make a single mixed spectrum. h, Reproduction of the butterfly Papilio palinurus. The colour of the wings in the reproduced image demonstrates
structural colour mixing by mixing blue and yellow-green (scale bar 1mm). i, A magnification of the indicated wing area of h consists of blue and yellow-
green dots. Each dot has dimensions of 16.7 x 16.7 pm? (~1,500 dpi) (scale bar 100 pm).

No movement of the substrate is required for deposition of multiple
ink materials, because M-Ink is deposited only once at the beginning
of the process. Also, multiple patterns can be exposed without
moving either the substrate or the mask, because the maskless litho-
graphy system dynamically controls the pattern of multiple UV
exposures without the need to physically change the photomasks.
Therefore, our method combines the advantages of the M-Ink and
a maskless lithography system, and can achieve high-resolution het-
erogeneous patterning rapidly, by eliminating the need for additional
alignment and registration.

To demonstrate the concept of rapid patterning of multiple struc-
tural colours with a single ink, a multicolour pattern ‘SNU/UCR’ was
produced using the sequential colour tuning and fixing process,
which is shown in Fig. 2a as a series of fabrication steps. Note that
the production of these multiple photonic crystal structures requires
only a few seconds, clearly outpacing any other existing fabrication
technologies for photonic crystals (see Supplementary Movie S1).

Figure 2b presents a reflective optical microscope image and
Fig. 2d the corresponding spectrum data for each microstructure,
showing gradual colour changes from red to blue as the applied mag-
netic field strength is gradually increased. This gradual increase in the
external magnetic field induces an increasing attractive force between
the induced magnetic dipole moment of the CNCs, thereby decreas-
ing the interparticle distance in the chains. In agreement with Bragg
diffraction theory, the spectra blueshift as a result of the gradual
decrease in the interparticle distance. Meanwhile, applying UV
light to the chain-like aligned CNCs structure in a resin matrix, a
slight spectral shift to shorter wavelengths was observed with increas-
ing UV dose. Polymer shrinkage was observed from the spectral
variation (see Supplementary Information, Section S2).
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It is worth noting that this tuning of the colours of M-Ink does not
suffer from hysteresis and is very reproducible owing to the superpar-
amagnetic nature of CNCs. Furthermore, the wide tuning range,
covering the whole visible spectrum, is a result of the strong magnetic
attractive force arising from the superparamagnetic properties of
M-Ink and the repulsive forces having comparable strength. In this
case, the repulsion is composed of the relatively weak but long-range
electrostatic force and the relatively strong but short-range solvation
force resulting from the ethanol solvation layer of the M-Ink.

The colours of the corresponding microstructures shown by the
transmission microscope (Fig. 2c) are all brownish, the intrinsic
colour of magnetite, and are quite different from those of the reflec-
tive optical microscope image. This unique difference between the
reflection image and the transmission image further proves the for-
mation of structural colour, in which the colouration mechanism is
not based on the absorption of light as in typical pigments and dyes
(see Supplementary Information, Section S3). Because the photonic
crystal structure can be frozen within the polymeric matrix, we are
able to confirm the chain structures directly, which usually de-
assemble in solution after removal of the magnetic field. As
shown in Fig. 1d, a scanning electron microscope (SEM) image of
the sliced cross-section with microtome of the cured M-Ink
reveals that the diffraction of structural colour does come from
the periodic arrangement of the CNCs in the chain. The dimpled
structures of the sliced cross-sectional plane are the traces of the
ordered CNCs. Also, this shows that the photopolymerization by
the maskless lithography system preserves the original chain struc-
ture formed in the liquid phase.

By controlling the UV exposure pattern and magnetic field
strength, we produced high-resolution patterns of multiple
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Figure 4 | Flexible photonic crystal thin film and optical properties of the structural colour. a, Semi-transparent photonic crystal film (scale bars 400 pm).
b, Photonic crystal film with anti-transmission black tape as the transferred substrate, which blocks transmission light from the backside. ¢, Schematic of
flexible photonic crystal film bending and spectral shift. Variation of curvature results in a change in the angular relationship between the chain-like
nanostructure, incident light and the position of the observer. d, Mechanical bending of thin-film photonic crystal and related spectral variation with respect
to the shorter wavelength. Spectral blueshift occurs when curvature of the film increases owing to the decrease in the optical path length (scale bars 1cm).
e, Measurement of viewing angle and plots of peak wavelength and peak intensity versus viewing angle.

structural colours with different geometries and colours (Fig. 2e).
For example, the bar-coded microstructures shown in Fig. 2e(iii),
composed of 16 colourful strips, were fabricated by 16 sequential
colour tuning and fixing steps. Note that there is no alignment
error because there is no movement of the substrate during
exposure. The width of the bar code is only 10 um, which demon-
strates the high-resolution spatial patterning of the structural
colours. Spatial positioning of the smallest feature of structural
colour depends on the size of the diffracting unit and the resolution
of the lithography processes. Because the size of the CNCs
(~170 nm) is smaller than the resolution of our optical system,
the spatial positioning of the structural colour is mainly determined
by the resolution of the optical system, which can be enhanced up to
the limit of typical optical lithographic resolutions®.

For a detailed depiction of an image, it is necessary not only to
produce structural colour of single colour depth as shown in
Fig. 2, but also greyscale modulation and colour mixing, to
broaden the facility for colour expression. The proposed scheme
for generating structural colour can easily be combined with well-
developed reprographic techniques such as half-toning and
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dithering®®, thereby broadening the capability of colour
expression. Current digital reprographic techniques express grey-
scale by varying the density of dots in a pixel that is smaller than
the resolution of a human eye. In our case, analogous to traditional
greyscale expression, the overall reflection intensity can be modu-
lated by the number of colour dots, and present similar greyscale
effects (Fig. 3a). For the proof-of-concept demonstration, we gener-
ated 16-pixel arrays, each of them consisting of 25 pum x 25 pm
dots for which the configuration was based on the Bayer pattern®
(Fig. 3b). The reflection intensity shown in Fig. 3¢ verifies 16 distinct
intensity levels of corresponding pixel arrays. As an example for
reflection intensity modulation, we reproduced a 4-bit monotone
image of Mona Lisa, a sixteenth-century Italian portrait by
Leonardo da Vinci (Fig. 3d). The reflection intensity of each pixel
was modulated by varying the density of dots among 16 levels.
Other than reflection intensity modulation, spatial colour mixing
can be achieved by the parallel distribution of colour dots.
Quantized dot arrays composed of different colours can be seen
as a single mixed colour when their size is below the resolution of
the human eye (Fig. 3e). To demonstrate spatial colour mixing of
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the structural colour, we fabricated 16-pixel arrays (Fig. 3f). Each
pixel was composed of 16 dots of two or three different colours.
The spectrum of the colour mixed pixel (Fig. 3g) shows that
simple summation of the two different colour spectra results in
the total reflection spectrum, proving the spatial mixing of the dis-
tinct structural colours. It is interesting to note that this simple
spatial mixing scheme of structural colour actually exists in
nature. An Indonesian butterfly, Papilio palinurus, presents with
green on its wings, which results from the spatial mixing of structu-
rally coloured blue and yellow?. Following the scheme of spatial
colour mixing, as shown in Fig. 3h, we artificially reproduced
the butterfly P. palinurus by biomimetically mixing structural
colours from M-Ink. Magnification of the printed wing area at
Fig. 3h shows different colour dots, each of which has dimensions
16.7 x 16.7 pm? and is well below the resolution of a regular
human eye so that spatially distributed dots can be seen as a
single mixed colour (Fig. 31). Spatial colour mixing makes it possible
to broaden the expression range of structural colour (see
Supplementary Information, Section S4). Because the repetitive
tuning and fixing of the photonic nanostructure that we have
shown in this work greatly simplifies the manipulation of nanoscale
building blocks, in great contrast with the complicated conventional
nanofabrication processes, our method enables fast production of
structural colours with a high level of controllability.

The nanoparticles embedded in polymeric film can easily be
transferred to a flexible substrate (see Supplementary Information,
Section S5). Fabricated flexible photonic crystal films are shown in
Fig. 4a,b. The colour of the transmission image of the original
form of the film is brownish (Fig. 4a). The structural colour of the
film is clearly seen by blocking the transmitted light from the back-
side by transferring the film to a black substrate (Fig. 4b).

Unlike pigments or dyes, the colour of the patterned M-Ink orig-
inates from the chain-like physical structure, thereby demonstrating
angular dependency of the colour. The spectra variation occurs in
dependence on the angular relationship between the chain-like
nanostructure, incident light, and the position of the observer. For
example, when the curvature of a flexible photonic crystal film
increases, the angle between the vertical plane with respect to the
axis of chain and light decreases, so a spectral blueshift occurs
(Fig. 4c). We observed the spectral shift with dynamically varying
curvature by making use of the mechanical flexibility of the film
(Fig. 4d; see also Supplementary Movie S2 and Section S7). The
optical characteristics of spectra variation in relation to viewing
angle can be seen in Fig. 4e. A detailed discussion of spectral shift
along with the various angular relationships may be seen in the
Supplementary Information, Section S6. Owing to its unique
optical property, our structural colour film can be used as a
forgery protection film on currency and various structurally
coloured design materials.

In summary, we have demonstrated the first high-resolution pat-
terning of multiple structural colours with a single material, in
which the colour is magnetically tunable and lithographically
fixable. The versatile material, M-Ink, is developed by magnetically
assembling superparamagentic CNCs into chain-like ordered struc-
tures in photocurable resin through the balanced interaction of a
magnetically induced attractive force and repulsive forces. A
unique immobilization process for the colour of M-Ink, ‘tuning
and fixing’, is developed by taking advantage of the instantaneous
nature of the photochemical fixing process. By combining M-Ink
and a maskless lithography technique, we have demonstrated the
rapid production of high-resolution multicoloured patterns using
just a single material and flexible photonic crystals to achieve artifi-
cial structural colour. The described approach represents a novel
multicolour patterning technique with superior manufacturability,
because we can produce colourful patterns conveniently from a
single ink instead of using many different inks for different
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colours. We believe there is a realizable opportunity to achieve
structural colour printing with a fine resolution using this technique.
Also, M-Ink-based systems open the door to the widespread use
of structural colour for various potential applications including
forgery protection, structurally coloured design materials and
printing technology.

Methods

Materials. M-Ink is a three-phase mixture of CNCs, solvation liquid and
photocurable resin. Superparamagnetic CNCs were synthesized based on a high-
temperature hydrolysis reaction followed by a modified Stober process?, and were
initially dispersed in ethanol. CNCs were collected by magnetic separation and
re-dispersed in photocurable resin without complete desiccation of the ethanol.
Remnant ethanol was used as a solvation liquid (see Supplementary Information,
Section S1). We used poly(ethylene glycol) diacrylate (PEG-DA, Sigma-Aldrich,
M, = 258) with 15 wt% of photoinitiator (2,2-dimethoxy-2-phenylacetophenone,
Sigma-Aldrich) as the photocurable resin. Mixtures of CNCs and photocurable resin
were vortexed for 5 min.

Immobilization setup. A NdFeB permanent magnet was used to generate a
magnetic field, and was attached to the vertical stage of the microscope. A maskless
lithography system was used to cure the resin. The exposure pattern of the UV light
was controlled using a digital micromirror array (DMD, Texas Instrument) with a
self-designed computer program to synchronize the magnetic actuation, the pattern
of the DMD and UV exposure (see Supplementary Information, Section S1).

Optical characterization. Optical micrographs were acquired by a true-colour
charge coupled device camera (DP71, Olympus), which was directly aligned to the
inverted microscope (IX71, Olympus). Spectrum data were acquired using a
spectrometer (Acton, Princeton Instrument), which was connected to the inverted
microscope (Eclipse Ti, Nikon). A built-in field stop shutter in the spectrometer was
used to isolate the optical signal from background noise and other neighbouring
features. Figures 3d,h and 4a,b,d were obtained with a digital camera

(IXUS 870 IS, Canon).
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