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Replicating the Cynandra opis Butterfly’s Structural Color

for Bioinspired Bigrating Color Filters

Xiaobao Cao,* Ying Du, Yujia Guo, Guohang Hu, Ming Zhang, Lu Wang, Jiangtao Zhou,
Quan Gao, Peter Fischer, Jing Wang, Stavros Stavrakis,* and Andrew deMello*

Multilayer grating structures, such as those found on the wings of the but-
terfly Cynandra opis, are able to interact with light to generate structural
coloration. When illuminated and viewed at defined angles, such structural
color is characterized by exceptional purity and brightness. To provide fur-
ther insight into the mechanism of structural coloration, two-photon laser
lithography is used to fabricate bioinspired bigrating nanostructures, whose
optical properties may be controlled by variation of the height and period of
the grating features. Through the use of both spectral measurements and
finite-element method simulations, herein specific feature dimensions are
identified that due to the combined effects of multilayer interference and
diffraction generate excellent spectral characteristics and high color purity
over the entire visible range. Additionally, it is demonstrated that variation of
feature period and/or height plays a central role in controlling both hue and
purity. Importantly, such tuneable bigrating structures are of significant utility

micro- or nano-structures causing diffrac-
tion, interference, and scattering.l¥l Struc-
tural color produced in such a manner
is usually angle-dependent (iridescent)
and when compared to color produced by
light absorption is more vibrant, tuneable,
and stable. To date, a variety of photonic
structures have been used to generate
structural color and replace traditional
pigmentation. These include tuneable
high-index photonic glasses, micron-sized
spherical colloidal assemblies, and diffrac-
tion grating structures.>®  Although
bio-inspired photonic structures have been
used to create highly saturated structural
color, they are difficult and costly to make
and poorly suited to large-scale produc-

in color filtering applications.

1. Introduction

Since Perkin’s discovery of mauveine in 1856, synthetic dyes
have found widespread use and application in almost all walks
of modern life.l!l Despite their utility, synthetic dyes are environ-
mentally damaging and limited in their brightness, purity (full
width at half maximum, FWHM), and lifetime.l?) To overcome
such limitations, much recent activity has focused on the
generation of long-lasting colors via structural coloration, where
color results from the interaction of visible light with periodic

tion. Moreover, there is as yet an unmet

demand for new bio-inspired structural

colors across the entire visible spectrum.

Accordingly, a better understanding of the
underlying mechanisms of structural coloration will undoubt-
edly lead to improved color properties and lifetimes.

Although numerous examples of structural color exist in
nature, much interest has focused on the study of the photonic
nanostructures of butterfly wings, due to their bright and
iridescent color.”® For example, Vigneron et al. showed that
the rainbow iridescence effect produced by the wing scales of
the Pierella luna (Moon Satyr) butterfly results from a macro-
scopic deformation of the entire scale, with illumination of the
wing decomposing white light as a diffraction grating would
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do, but in a reverse color sequence.’l Alternatively, in the case
of Morpho butterfly wings, a vivid structural blue color has
been shown to arise as a consequence of multiple physical
phenomena, including multilayer interference, diffraction, scat-
tering, and pigment-based absorption.'”) Additionally, a com-
bined experimental and theoretical study revealed that single
Lamprolenis nitida butterfly wing scales comprise two separate
blazed gratings that generate two iridescent colors.’! Such
“natural” optical structures have inspired scientists to use either
template-based or biomimetic fabrication processes to generate
structural color in artificially devised structures,”'>!3! finding
utility for example in photonic structures, thermal imaging
sensors, infrared spectroscopy, and biosensors.>l

Extensive studies of nano/microstructure arrays located
in the wing scales of Morpho butterflies!™ have concluded
that a network of longitudinal ridges acts as a diffrac-
tion grating to generate the vibrant blue coloration.’®! The
interaction of light with 3D microstructures in such wing
scales results in interference, reflection, and diffraction,
producing colors that vary as a function of observation angle.["]
That said, surprisingly, few studies have focused on the design
and fabrication of bio-inspired gratings that mimic the colora-
tion produced by such nano/microstructures in butterfly
wings. Recently, England et al., inspired by the reflective struc-
tures found in P. luna butterfly wings, fabricated a new type of
quasi-planar grating and demonstrated that this can mimic the
unusual diffraction properties of the biological structure (with
a reversed color-order sequence) and be tailored to generate
user-defined optical properties.'®¥ The most well-known organ-
isms producing structural coloration are perhaps Morpho butter-
flies that produce a bright blue reflection color which remains
stable across a wide range of viewing angles. This intense blue
coloration has been comprehensively studied since it is far less
angle-dependent than conventional optical diffraction grat-
ings.¥l Multi-layered ridges found in the wing scales of Morpho
butterflies generate a broad blue color, with the existence of
positional disorder being essential for the angle-insensitivity of
the produced color.! Inspired by these butterflies, Cary et al.
reported the fabrication and optical characterization of periodic
and quasi-periodic (with some positional disorder) multilayer
polymeric nanostructures.'”) It is worth noting that in this case
only the structural disorder configuration of the multilayer struc-
ture improves the broad-angle reflection of such diffraction grat-
ings, and is fundamental for reducing the angular dependence
of color. However, despite the outstanding optical properties
of the aforementioned multilayer structures over wide obser-
vation angles, their weak transmittance below 500nmi% pro-
hibits their use as broadband color filters. Thus, it still remains
a challenge to produce a multilayer structure that provides for
both high transmittance across the whole visible spectrum and
color purity. In this regard, a particularly interesting optical
structure termed a “crossed double-grating” was discovered sev-
eral years ago in the wings of the Cynandra opis butterfly. Such
a structure produces a blue iridescence when viewed with a
light source over a narrow range of incident angles.!l Impor-
tantly, such a crossed double-grating is not as complex to fabri-
cate as the quasi-planar or quasi-periodic gratings found in the
P. luna and Morpho butterfly wings, respectively. For example,
the wings of the Morpho butterfly consist of tilted scales, with
every scale comprising parallel rows decorated with complex
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nanostructures of ridges and lamellae.’?l The arrays of ridges and
lamellae constitute the photonic crystal-like structures and cause
multilayer interference producing the intense blue reflection.
Although progress has been made in understanding the
origins of structural coloration in butterfly wings, a detailed
analysis of the structure-property relationships associated
with multilayer (bigrating) structures is needed, with a view to
creating bespoke artificial materials for technological applica-
tions. Until recently, this has been a far from simple task due
to the difficulties associated with fabricating appropriate and
scalable micro- and nano-structures.??l Fortunately, contempo-
rary developments in additive manufacturing using two-photon
polymerization (2PP) have established robust and precise routes
for the fabrication of micro- and nano-structured devices on flex-
ible substrates.”?l Leveraging such advances, we herein use two-
photon photolithography to fabricate novel crossed bigrating
structures, with negligible surface roughness and low optical
loss in the visible region of the electromagnetic spectrum. 2PP
is especially useful in this regard since it has been used to good
effect in creating polymeric structures with a resolution down to
150 nm.¥l We show that incorporation of two crossed gratings
within a single structure, mimicking features found in C. opis
wings, allows the generation and tuning of structural color in a
direct manner. Additionally, our integrative approach, combining
optical microscopy/spectroscopy and finite-element method
(FEM) simulations, enables the detailed investigation of the col-
oration mechanism within a variety of bigrating configurations.

2. Theory and Modeling

As noted, the “crossed double-grating” structures present in the
wings of C. opis generate blue iridescence. Here, micron-sized
ridges form a periodic array (termed plane 1), with the ribs
of the grating forming a second underlying diffracting plane
(termed plane 2) orthogonal to plane 1. Since both interfer-
ence and diffraction effects contribute to coloration, we initially
sought to decompose these two phenomena into two distinct
processes. The first, applies the multi-film interference equa-
tionl?4 to resolve interference between plane 1 and 2 (termed
inter-planar interference as shown in Figure S1A, Supporting
Information). The regular multi-layer structure acts as a Bragg
mirror and in its infinite form is a 1-D photonic crystal.l?’]
Accordingly, the multi-film interference equation is given as,

mA = 2(nh, cos@; + n,h, cos ;) 1)

where m is a positive integer, h; and h, are the heights of each
grating in plane 1 and 2 respectively, n; and n, are the average
refractive indices of the two gratings and ¢, is the angle of
incidence. The second process resolves interference between
different rows of “ribs” within the same plane (termed inter-rib
interference in Figure S1B, Supporting Information) using the
grating equation, that is,

d(sin@; +sin ;) =ni (2)
where n is a positive integer indicating the diffraction order,
d is the grating period and ¢, and @4 are the angles of inci-

dence and diffraction, respectively. Inspection of Equation (2)

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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indicates that both the period and incident angle control spec-
tral characteristics. When a beam of polychromatic light is inci-
dent on the bigrating, light is dispersed initially by plane 2 into
multiple beams, with each of the transmitted beams being
further diffracted by plane 1 (Figure S1B, Supporting Informa-
tion). As shown in Table S1, Supporting Information, when the
period of the upper grating in plane 1 is twice the period of the
lower grating in plane 2, the diffraction wavelengths and angles
associated with the +2-order peaks in plane 1 are the same as
the +1-order peaks in plane 2. Moreover, when the resulting
wavefronts from plane 2 pass through plane 1, the emerging
wavefronts constructively interfere to produce a dense
diffraction pattern with sharp and intense fringes. Accordingly,
bigratings with well-defined periods can be used to direct light
of certain wavelengths into specific directions. However, the
anisotropy and 3D structure of the bigrating results in strong
coupling between orthogonally polarized waves, and thus sepa-
rate analysis of each grating will be insufficient when appreci-
able coupling occurs between diffracted orders.?®! To develop
a better understanding of the generic structure, FEM simula-
tions implemented in COMSOL Multiphysics 5.5 (COMSOL,
Burlington, USA) were used to predict light intensity values
from periodic microstructures. Equations (1) and (2), indicate
that structural color will be controlled through variation of four
parameters, namely d, h, n.q, and ¢. In this regard, our aim
was to exploit the features of bigratings with two periods (d;,
d,) and heights (h,, h,) to generate unique structural coloration
over a wide wavelength range.

3. Results and Discussion

As previously noted, interference and diffraction can produce
iridescent colors within structures possessing 3D periodicity.l*’!

www.advmat.de

Moreover, when diffraction is involved, coloration will be angle-
dependent over a narrow angle range.!l In the case of the
male C. opis butterfly, a deep blue color is observed on specific
regions of the wings (Figure 1A). As revealed by scanning elec-
tron microscopy (SEM) imaging of these regions (Figure 1B,C),
the iridescent blue color is produced by a crossed double-
grating like structure (i.e., a bigrating). Here, an array of ridges
forms the first diffractive plane (plane 1), while the cross-ribs
below this plane form the second diffracting plane (plane 2).
Such a structure, formed by two orthogonal gratings, can dif-
fract light in both the x and y directions.?¥! Analysis of the SEM
image in Figure 1C and atomic force microscopy (AFM) meas-
urements indicate a period (d;) of 1.18 um and a height (h;) of
2.1 um for the upper grating. These values are approximately
double those of the lower grating, where d, = 0.63 pm and
h, = 0.98 um. Such an array, consisting of both micro- and
nano-structures, is a result of millions of years of evolution,
with structural modifications being responsible for color varia-
tions between species.?”l We used a simplified bigrating struc-
ture (Figure 1D) to mimic the crossed double-grating structures
found in C. opis wings. In all the tested configurations, the
upper grating in plane 1 has a height h; and is periodic (with
a period d;) in the x-direction and uniform in the y-direction,
whereas the lower grating in plane 2 has a height h, and is peri-
odic (with a period d,) in the y-direction and uniform in the
x-direction. When white light is incident (across a wedge of
angles) on the bigrating structure, highly saturated coloration
is observed at certain output angles due to the combined effects
of interference and diffraction (Figure 1E). Figure 1F shows a
representative SEM image of a fabricated bigrating structure
having d; = 800 nm and d, = 400 nm. The height profiles of
the bigrating structure (h; = 200 nm, h, = 100 nm) are assessed
by AFM imaging and presented in Figure S3, Supporting
Information.

Z

substrate

N7 light source

Figure 1. Microstructural components of the C. opis butterfly wing and its reconstruction. A) Photograph of a male C. opis butterfly exhibiting deep blue
iridescence in specific regions of the wings. B) SEM micrograph of the iridescent blue scales of a C. opis wing. C) Selected enlargement of the scale
region shown in panel b under high magnification, highlighting the existence of double-grating structures. D) Schematic illustration of the bigrating-
based color filter model structure. Two grating layers are polymerized onto an ITO-coated glass substrate. E) Schematic illustration of structural
coloration via interference and diffraction in the bigrating structure. F) SEM image of a 3D printed bigrating structure (d; = 800 nm and d, = 400 nm).
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Figure 2. Influence of incident angle on structural coloration. A) Structural colors generated for different periods (d; =
incident angles (between 0° and 45°). B) Simulated electric field distribution (E,) for the bigrating structure with d; =
C) Experimental transmission spectra between 300 and 800 nm.

of 0°, 15°, 30°, and 45°.

3.1. Influence of Incident Angle, Period, and Height on
Structural Coloration

We next examined how variations in both the incident angle
and geometrical characteristics of the bigrating structures could
be used to generate bespoke structural color. Specifically, we
considered the case in which the orthogonal gratings share the
same period and height, and thus can be treated as a single-layer
grating. FEM simulations were performed to investigate the
relationship between period structure and the resulting struc-
tural color spectra under different incident angles (Figure 2A).
This was achieved by varying the grating period between
400 and 1100 nm (at 100 nm intervals), the incident angle from
0 to 45° and maintaining a grating height (h, and h,) of 200 nm.
It can be seen that when varying the incident angle between
0 and 45°, there was a negligible color change for grating
periods between 400 and 500 nm. In contrast, for gratings with
periods above 600 nm, color hue and purity are more sensitive
to variations in incident angle. For example, for a grating period
0f 900 nm color is seen to change from light pink at 0°, to violet
at 15°, cyan at 30°, and orange at 45°; with the latter exhibiting
the highest purity (smallest FEWHM).

Figure 2B presents transmitted electric field profiles in the xz
plane for a wavelength of 500 nm, a grating period of 900 nm,
a grating height of 200 nm, and incident angles of 0°, 15°,
30°, and 45°. The presented heat maps confirm that the trans-
mitted intensity at 500 nm increases with increasing incident
angle. However, scattering at angles greater than 30° increases
rapidly, thereby decreasing total transmittance.’% Adoption
of an incidence angle of 30° provides the optimum balance
between color purity and brightness, and thus all transmission
spectra presented in Figure 2C are simulated for this incidence
angle. Additionally, when the grating period is comparable in

Adv. Mater. 2022, 34, 2109161 2109161 (4 of 9)

X (nm) Wavelength (nm)

d, = 400-1100 nm) and varying
d, =900 nm and incident angles

magnitude to visible light wavelengths (i.e., 300-800 nm), the
structure can be approximated as a thin film, and thus diffrac-
tion will not contribute significantly to the optical characteris-
tics. For larger periods (between 900 and 1100 nm), diffraction
occurs at large incidence angles and structures exhibit a strong
violet color. In this regard, our results are in good agreement
with the work of Brink and Lee, who noted that deviations in the
grating period (d; and d,) within C. opis wings are the primary
factors controlling the spectral distribution of diffracted light.2]
To more closely investigate the relationship between grating
height and structural color, we numerically simulated trans-
mission spectra for two bigrating structures having the same
period (of 800 nm) but different grating heights (where hy is
varied whilst keeping h, constant and vice versa; Figure 3A).
As expected, these simulations indicate that color variations
are height dependent, since the two periodic structures form
a lattice of diffracting elements. More specifically, Figure 3B,C
shows that increases in either h; or h, (at constant h, or hy,
respectively) cause the primary spectral peak to shift to longer
wavelengths (as indicated by the dashed lines). This trend is
observed regardless of the relative heights of h; and h,, but
it should be noted that color purity is enhanced when hy > h,
(Figure 3B). In addition, since the total height of both bigrating
structures shown in Figure 3A is the same (as well as their
effective refractive index), one might expect (according to Equa-
tion (1)) that the resulting transmission spectra should be iden-
tical. However, the observed differences in the transmission
spectra result as a consequence of the difference in h; and h,,
which contribute to different diffraction properties as defined
by Equation (2). Indeed, it should be noted that although it is
possible to achieve dynamic color filtering through adjustment
of the periodicity alone (Figure 2), a more effective route to
filtration is via the alteration of the bigrating height (Figure 3).

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Comparison of influence of the height of plane 1 (h;) and plane
2 (hy). A) Schematics of two bigrating structures with a fixed period of
800 nm but different grating heights. B) Simulated transmission spectra
and associated bigrating colors as a function of h; (between 300 and
1000 nm) and a constant h, of 200 nm. C) Simulated transmission
spectra and associated bigrating colors as a function of h, (between
300 and 1000 nm) and a constant h; of 200 nm.

3.2. Influence of the Period Ratio (d;:d;) on Structural Coloration

To investigate the relationship between the period ratio (d;:d,)
and structural color, we systematically varied the ratio d;:d,
between 1:1 and 3:1 (i.e., 300 nm/300 nm, 450 nm/300 nm,
600 nm/300 nm, 750 nm/300 nm to 900 nm/300 nm), whilst
keeping the grating heights fixed (i.e., by = h, = 300 nm).
Figure 4A displays both experimental and simulated spectra
(and associated bigrating colors images) for five different
period ratios, where h; = h, = d, = 300 nm. As the period ratio
varies, the bigrating structures exhibit different transmis-
sion spectra and render colors ranging from orange to deep
blue. It can be also observed that achromatic colors can be
produced using bigrating configurations with a period ratio
between 1:1 and 1.5:1. This clearly demonstrates that tunability
of the grating period allows the bigrating structures to pro-
duce either chromatic or achromatic colors. Similar achromatic

A Simulation

==
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Peak Intensity (%)

]

400 600 800 400 600 800
Wavelength(nm) Wavelength(nm)

Measurement  d,:d, |31
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colors are generated by the wing scales of the basal moth
Micropterix aureatella.l’!l Tt should be noted that the observed
differences between corresponding simulated and experimental
transmittance spectra are primarily a result of (nm-scale) drift
during the two-photon lithography process. Nevertheless, the
similarity of spectral profiles in the visible region and the color
pallets for both experimental and simulated data confirm the
utility of the developed model.

The FWHM of the primary spectral peak from each spec-
trum shown in Figure 4A decreases as d;:d, increases from
1:1 to 3:1, indicating that the highest color purity is obtained
at large dy:d, ratios (Figure 4B). The peak intensity for each
spectrum remains essentially constant when d;:d, varies from
1:1 to 2:1, but decreases when dy:d, ratios exceed 2:1, due to
increased scattering occurring in high aspect ratios bigratings
(Figure 4B). Accordingly, an asymmetric period ratio of 2:1
will yield sharp spectral features of high intensity, and thus
bright and pure colors. In this respect, it should be noted that a
similar bigrating period ratio (dy:d;) is observed in C. opis
wings, resulting in similarly high color purity and brightness.

To investigate how structural color responds to changes
in grating heights (h; = h, = h) between 700 and 1100 nm,
bigrating transmission spectra were simulated in the visible
range (between 300 and 800 nm) using different period ratios
(dy:dy = 1:1, 2:1, 3:1) (Figure S4, Supporting Information). When
the period ratio is 1:1, spectra exhibit unsaturated colors due to
the absence of sharp spectral features (Figure S4A, Supporting
Information). In contrast, for period ratios of 2:1 (Figure S4B,
Supporting Information) and 3:1 (Figure S4C, Supporting
Information), grating structures produce far more saturated
colors. However, it should be noted that the average trans-
mittance intensity of the bigrating structure with a 3:1 period
ratio is lower than the structure with a 2:1 period ratio due to
increased scattering intensities at high aspect ratios.

3.3. Influence of Height Ratio (h:h,) on Structural Coloration

In addition to the dependency of coloration on the period ratio,
we sought to investigate how the height ratio affects structural

00 } 600

90 - L 500

80 - 400 E

70 L 300 2
z

60 L 200

50 L 100

10 15 20 25 30
Ratio of d,:d,

Figure 4. Influence of the period ratio (dy:d,) on structural coloration. A) Simulated and experimental transmission spectra and associated bigrating
colors for period ratios (dy:d;) between 1:1to 3:1 (hy = h, = d, = 300 nm). B) Experimentally observed peak intensity and FWHM under the same condi-

tions. Error bars represent the standard error from 3 measurements.
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Figure 5. Influence of the height ratio (hy:h;) on structural coloration. A) Experimentally measured transmission spectra for bigrating structures
possessing height ratios (hy:h;) of 1:1, 1.5:1, 2:1, 2.5:1, and 3:1, with fixed periods (d; = 600 nm, d; = 300 nm). B) Corresponding CIE 1931 chromaticity
color comparison of the gratings with periods of 1.6 and 0.8 um for height ratios of 1:1, 1.5:1, and 2:1.

coloration. Transmission spectra for bigratings with periods
of 600 nm (d;) and 300 nm (d;) and height ratios of 1.1, 1.5:1,
2:1, 2.5:1, and 3:1 are presented in Figure 5A. Height ratios of
1.5:1 and 2:1 exhibit a higher transmittance when compared
to larger height values (2.5:1 and 3:1), which yield unsaturated
coloration and reduced transmittance. This observation can be
explained by the fact that for large height ratios, significant light
scattering occurs and leads to reduced transmittance. >’

To gain further insight into color response to height ratio
variations, we extracted chromaticity data (plotted in a standard
CIE 1931 format and shown in Figure 5B) from the simulated
transmission spectra (Figure S5, Supporting Information) for
hi:hy = 1:1, 1.5:1, and 2:1. As can be seen, when hy:h, = 1:1, the
output color shifts, in an ellipsoidal manner along the locus
marked by the black dotted line. When h;:h, = 1.5:1, the chroma-
ticity coordinate sweeps over the color map from red through
blue to yellow, in a semi-ellipsoidal (blue dotted line) manner
similar to that observed when hy:h, = 2:1. In addition, the red
dotted line (hy:h, = 2:1) at height values (h;) ranging from
250 to 600 nm depicts the highest color saturation over the
whole visible range compared to structures with different
height ratios. Based on this analysis, it is evident that nature
selects a combination of structural parameters (i.e., hy:h, = 2:1)
that best enhances the purity of the structural color on the wing
surface.

3.4. Influence of the Period and Height Ratio on Structural
Coloration

To assess the performance of the 2:1 period ratio and 2:1
height ratio bigratings in color filtration, FEM simulations
were used to generate transmission spectra (Figure 6A,B).
For a fixed height ratio (hy:h, = 600 nm/300 nm) both trans-
mittance and peak position vary moderately as a function of
d. In contrast, transmission spectra for a fixed period ratio
(di:d, = 1200 nm/600 nm) shift to longer wavelengths as h;
is increased (Figure 6B). Specifically, a peak transmittance of
41% at 395 nm for a 500 nm/250 nm height ratio changes to
72% at 775 nm for a 1200 nm/600 nm height ratio, confirming

Adv. Mater. 2022, 34, 2109161 2109161 (6 of 9)

the role of height variation in controlling inter-planar interfer-
ence (Equation (1)). Comparison of Figure 6A,B indicates that
variations in color are primarily controlled by height rather than
the grating period. Accordingly, and based on this observation,
we designed a bigrating structure for tuneable color filtering
(Figure 6C). As predicted, and in agreement with the simula-
tion data in Figure 6A,B, color variations are more sensitive to
changes in height than changes in grating period. Moreover,
Figure 6D presents a CIE 1931 chromaticity diagram depicting
the color palettes shown in the leftmost column of Figure 6C
for both simulated and measured spectra. To summarize, color
variation is considerably more sensitive to changes in grating
height than grating period, due to multilayer interference from
both grating layers. However, in the case of thick gratings (grat-
ings where the height is appreciably larger than the wavelength
of the incident radiation), the optical pathlength difference
between two layers will be large and thus no inter-planar inter-
ference will occur. Accordingly, in such a situation structural
color will be more sensitive to the grating period due to the
inter-rib interference of both gratings (Figure S6, Supporting
Information).

To investigate the spectral characteristics in more detail,
we constructed a color pallet of transmitted colors across the
visible spectrum, with d; varying from 600 to 1100 nm
(Figure SG6A, Supporting Information). When the height
of grating 1 (h;) varies between 1500 and 1800 nm (with h,
remaining constant at 1400 nm) color changes from green
to yellow to red to blue. However, structures with the same
period (i.e., the same values of d;) exhibit a similar color even
though h; varies from 1500 nm to 1800 nm. This indicates that
the bigrating period plays the dominant role in adjusting hue.
We then included three different color responses derived from
both experimental and simulation data, for bigrating struc-
tures with d; = 800 nm, 1100 nm, and 1500 at a fixed height of
h;y = 1500 nm, with excellent agreement between the
two approaches being evident (Figure S6B, Supporting
Information). In conclusion, by tuning the height or period of
the bigrating structure, we have successfully demonstrated hue-
and purity-tuned structural color, which is desirable for a wide
range of practical applications.
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Figure 6. The influence of period and height on structural coloration. A) Simulated transmission spectra for bigrating structures with a height ratio

(hy:hy) of 600 Nm:300 nm and period (dy:d;) of 2:1 for different values of d.
(dy:dy) of 1200 nm/600 nm and height ratio (hy:h,) of 2:1 for different values of hy.
CIE 1931 chromaticity color response diagram for the leftmost column in (C

Next, and toward the goal of achieving “full-spectrum”
structural color, a structural color palette array was printed to
investigate its optical properties with changes of the bigrating
period. By systematically varying the grating period d;:d,, while
keeping the grating heights (h; = 600 nm and h, = 300 nm)
constant, we were able to generate a full palette of color
pixels that spans the visible range, (Figure 7A and Figure S7,
Supporting Information). Each 120 um x 120 pm pixel presents
a characteristic color that gradually changes from cyan to yellow
as grating period varies. Such an approach provides a facile
and direct route to the scaling-up of full-spectrum structural
color patterns. Indeed, large-scale full spectrum structural
color printing was further demonstrated by the high-resolu-
tion reproduction of a large painting that contains complex
mixtures of the three basic colors (Figure 7B). The reproduc-
tion comprises colors of variable hue and saturation, with color
transitions between neighboring color blocks appearing black
due to the nature of the photo-polymerization printing process
(Figure 7C). To achieve the highest possible print resolution, a
63x NA1.3 objective was used. This covers a 140 pm x 140 um
writing field of view for each block, with a pixel size of
20 pm x 20 pm. This means that the printed image is composed
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B) Simulated transmission spectra for bigrating structures with a period
C) Experimentally produced color palette of blue, yellow, and red. D)
), showing both simulated and experimental data.

of 44 x 30 (W x H) blocks, corresponding to 308 x 210 pixels.
Additionally, we fabricated a small segment of the original
painting using a pixel size of 5 um x 5 um (Figure S8,
Supporting Information), demonstrating the ability to both
print and depict extremely fine details. These results demon-
strate the utility of bigrating structures in general-purpose
structural color printing and also highlight the ability to create
flexible structural color devices.

4. Conclusions

As shown herein, all visible colors (with variable hue and
purity) can be obtained through the design and fabrication of
bigrating structures. To replicate nanoscale features of such
bigrating structures, we use 2PP polymerization due to its out-
standing spatial resolution and 3D structuring capability. Such
bigratings are inspired by structural components found on the
wings of the C. opis butterfly, which exhibit a striking violet-
blue or blue-green coloration when the period and height of the
upper grating are approximately twice as large as those of the
lower grating. Through both experiments and simulations, the
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Figure 7. Image reconstruction via structural coloration. A) Image of a
substrate comprising bigrating structure squares with stepwise tuning of
dy, dy, hy, and h,. A sewing needle tip is placed beside the color square
array to provide a sense of scale. Each square has dimensions of 120 um
% 120 um. B) Image of a colorful painting: “Dreams of Jamaica” original
painting by Ricardo Gomez (http://www.artofricardo.com/). The painting
is reproduced with permission from Ricardo Gomez. C) Structural color
print of the painting shown in panel (B).

dependency of structural color on the period and height of the
bigratings has been assessed, with bigrating structures having
a 2:1 period ratio and a 2:1 height ratio yielding enhancements
in color purity due to the coupling of constructive interference
and diffraction from multiple grating layers. Such an approach
to structural coloration leverages structures found in living
organisms and allows the generation of bespoke colors with
high vibrancy and high spatial resolution. Moreover, versatile
multicolor structures of this kind are likely to have numerous
applications in various fields, for example, in digital 3D displays
and high-density storage micro image displays. Finally, it
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should be noted that 2PP produces bigrating structures of
consistent surface quality and optical performance; with both
metrics being highly important for parallelization. However,
the serial nature of the fabrication process does pose significant
issues for mass production, and thus a parallel 2PP replication
method is still sought after.

The results of the current study can also be used to better
examine and understand the biological background of struc-
tural color. For example, the investigation of the role of struc-
tural color in the life of butterflies and natural diversity within
specific populations are likely to provide considerable novel
information regarding animal behavior, development, and
lifespan. In the future, we aim to extend the 2PP approach to
generate both ordered and disordered features within periodic
nanostructures. Indeed, we believe that the introduction of
disorder into the cross-rib structures will provide new and
unique optical properties, such as seen in the angle-insensitivity
of the blue color in Morpho butterfly wings® and the iridescent
green color of the Chrysina gloriosa beetle.>?]

5. Experimental Section

Fabrication of the Bigrating Structures: Bigrating structures were
fabricated via two-photon lithography using a Photonic Professional
GT femtosecond laser lithography system (Nanoscribe GmbH,
Eggenstein-Leopoldshafen, Germany) on a glass substrate coated
with 10 nm indium tin oxide (ITO). Since the iridescent blue color on
the wings of the Morpho butterfly was produced by ordered porous
structures made of dielectric cuticular chitin (having a refractive index
of 1.56+0.06i),1® bigrating structures were manufactured from IP-Dip
photoresist (Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany),
which has a refractive index of 1.512.34 During the two-photon
lithography process, the laser illuminates the photoresist via a high-
numerical aperture objective (63x NA 1.3) in a layer-by-layer fashion. In
this way, the photoresist was solidified only in the vicinity of the laser
focus, allowing the additive build-up of arbitrary 3D structures having
sub-micron dimensions. A laser scanning speed of 100 mm s™' and a
laser power of 40 mW were used in all experiments.

Optical Measurements: Transmission spectroscopy was performed
using an MSV-370 microspectrophotometer (Jasco, Tokyo, Japan) over
an area of 100 x 100 um? Specimens were observed using an Eclipse
Ti-E inverted microscope (Nikon, Ziirich, Switzerland) equipped with
a Plan Apo 2x NA 0.06 objective (Nikon, Zurich, Switzerland) and a
D7100 camera (Nikon, Ziirich, Switzerland). Specimens were illuminated
with a SPECTRA X white light LED source (Lumencor, Beaverton, USA)
at a constant color temperature of 3200 K. To validate the accuracy of
the structures produced by the two-photon lithography process, SEM
(ULTRA 55, Zeiss, Oberkochen, Germany) and AFM (Nano-Observer, CS
Instruments, Villingen-Schwenningen, Germany) measurements were
also performed.

COMSOL Optical Simulations: FEM Simulations were performed
using the Wave Optics Module under Perfectly Matched Layer (PML)
conditions. The model was established for one unit cell of two crossed
gratings using a periodic boundary condition to simulate an infinite
repetition of gratings (Figure S2, Supporting Information). The grating
structure was composed of a photoresist with n, = 1.512 (IP-Dip
Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany) and air. A
Gaussian plane-wave at an incident angle of ¢ was used to numerically
calculate variable-angle transmission spectra. The refractive index of the
dielectric gratings was assumed to be dispersionless, the refractive index
of the glass substrate was set to 1.47 and the absorption coefficient was
considered to be negligible in the visible part of the electromagnetic
spectrum. In all cases, the transverse electrical (TE) wave has the electric
field component in the z direction. Transmittance was calculated from a
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plane wave by integrating the near-zone scattered field (Pointing vector)
over the top boundary before the PML and subsequently normalizing
with respect to incident intensity.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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