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The color change of photonic crystals (PCs) has been widely studied due to their beauty and anti-coun-

terfeiting applications. Herein, we demonstrated security codes based on chiral PCs that cannot be easily

mimicked and are quite different from the conventional technology used currently. The chiral PCs can be

made by self-assembly and the structural colors change based on the polarization of the light in the

transmission mode. These color changes are easily detected in real-time and are useful in the fabrication

of anti-counterfeiting patterns that show beautiful and diverse color changes with rotating polarizers. We

believe this can provide a new platform in various security and color-based applications.

Introduction

Photonic crystals (PCs) are now widely used in day-to-day appli-
cations such as security, information display, logo patches,
smart windows, and sensors and are made of periodically de-
posited dielectric materials.1–4 The periodic variation of refrac-
tive indices in PCs is the key to control photonic bandgap
(PBG), which originates from the forbidden propagation of
light over specific wavelengths.5,6 Thus, there have been enor-
mous efforts in manipulating the structures of dielectric
materials to achieve vivid structural coloration that cannot be
easily deteriorated by ultraviolet light or staining. Due to this
virtue, PCs can be applied in security uses, like anti-counter-
feiting patterns in bills.7 Indeed, varying viewing angles on
PCs can dramatically switch reflection colors, known as the iri-
descent coloration8 and can be seen in anti-counterfeiting pat-
terns; for example, numbers in bills show different colors at
different viewing angles.

However, photonic films in current technology are not
difficult to mimic using conventional thin-film processes, such

as deposition and spin-coating of dielectric materials.9,10 In
other words, the current anti-counterfeiting pattern is not
safe. Therefore, advanced anti-counterfeiting technology is
required to avoid imitation and should have additional secur-
ity functionalities. One of the promising technologies is, using
chiral PCs that cannot be easily mimicked by conventional fab-
rication methods and can show color changes depending on
polarization by optical rotation of light. One of the essential
optical properties in chiral PCs is the optical rotation by polar-
ization of a linearly polarized light (LPL), also known as
optical activity.11 The optical rotation is mainly caused by cir-
cular birefringence, resulting in retardation of the phase of
specific circularly polarized light (CPL). In general, LPL is
expressed as a combination of two bases of CPL as E = Exx̂ +
Eyŷ = |El + Er|x̂ − i| El − Er|ŷ, where Ex and Ey are the linearly
polarized electric field strengths along the x- and y-axis,
respectively. El and Er are the left and right circularly polarized
electric field strengths, respectively. The oscillation direction
of LPL is determined by the phase difference between two
CPLs, which means that the polarization plane of incident LPL
can be rotated by changing the phase difference. For
example, when two CPLs enter a chiral medium, one of the
CPLs is retarded due to the difference refractive indices for
CPLs, also called circular birefringence. As a result, the polariz-
ation plane rotates when LPL passes through the chiral
medium. Since the chiral media have inherent strong optical
activity and are not easily fabricated by conventional top-down
lithographic techniques, it can significantly enhance the secur-
ity usage.

In this study, we realize a chiral PC film using chiral liquid
crystal (LC) phases of a cholesteric liquid crystal (CLC) phase
and helical nanofilament (HNF) phase that can form chiral
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1-dimensional (1D) photonic structures by self-assembly.12–17

In particular, the HNF-based photonic film is robust for practi-
cal applications as compared with the CLC-based one. This is
a remarkable improvement in this area because it is well
known that chiral photonic structures are complicated to fabri-
cate with the top-down lithographic method.5,18 The resultant
achievement can contribute to anti-counterfeiting applications
and is more economic than the conventional approaches
because of the simple self-assembly process. Previously, many
techniques for changing the color of the CLC phase have been
developed by controlling temperature,19 applying an electric
field,20 changing the viewing angle,8 etc. The structural color
of CLCs can be easily adjusted with these methods, so they
have been examined in various security applications.21

However, these conventional methods require elaborate experi-
mental set-ups, such as heat controllers or electric field gen-
erators. Contrary to previous anti-counterfeiting works, our
platform has a unique difference, which is the polarization
dependent color change in the transmission mode. Therefore,
this system can enhance security functionality because this is
only achievable using a chiral PC film.

Results and discussion
Chiral photonic crystals and their fabrication

Generally, 1D PCs (Fig. 1b) made of multi-layered dielectric
materials have structural colors in a specific range of wave-
lengths (λ) based on the Bragg’s equation;

λ ¼ 2nd cos α; ð1Þ
where n is the refractive index, d is the periodic length and
α is the angle between the incident light and the PC film. If
d is near the hundreds of nanometer scale, certain visible
light that matches with eqn (1) is reflected from the PC.
This simple 1D structure can be easily made by conventional
deposition methods. However, the periodic 1D chiral struc-
ture gives additional functionality, such as polarization-

dependent transmission color changes due to the optical
rotation, and it is also difficult to fabricate (Fig. 1c). When
non-chiral and chiral PC films are observed with trans-
mission mode microscopy between two rotatable linear
polarizers (Fig. 1a), the polarization-dependent color changes
can be observed only in the chiral PC by changing angle θ,
as shown in Fig. 1c. Here, θ is the angle between two wire
grid linear polarizers (Fig. 1a). In contrast, in the non-chiral
film (Fig. 1b), only the brightness is changed. Generally, the
intensity of transmitted light from a linear polarizer follows
Malus’s law, I = I0 cos

2 θ, I0, and I refers to the intensity of
light before and after passing through the polarizers. In the
non-chiral PC case, which does not have optical rotation, the
transmittance intensity (I) is related to cos2 θ, and this does
not depend on the wavelength of light. Therefore, as shown
in Fig. 1b, no difference in color and brightness at −70° and
+70° is observed. On the other hand, the transmitted LPL
passing through the chiral PC film is rotated either clock-
wise or counterclockwise. Furthermore, the optical rotation
is dramatically varied depending on the wavelength due to
the different chiral birefringence. As a result, the color is
changed by varying the rotation angle θ (Fig. 1c). More
details will be discussed in Fig. 4.

It is of note that our resultant system for the anti-counter-
feiting code can be generally used even in the reflected color
platform. Since our study emphasizes the color changes in a
transmission mode that has not been rationalized to date, one
might think that the current system is difficult to utilize with a
reflective security code. However, the color change of the chiral
PC film depends on the viewing angle in reflection mode as
well as transmission mode (Fig. S1, ESI†). In the above eqn (1),
the reflection color (λ) of a 1D PC is related to the incident
viewing angle α. As both the non-chiral and chiral PC films
have a 1D structure (Fig. 1b and c), they both have viewing
angle-dependent color changes in reflection mode (Fig. S1a,
ESI†). However, as the polarization-dependent transmission
color change is related to the optical rotation, it only can be
observed in the chiral PC film (Fig. S1b, ESI†). Therefore,
chiral PC includes not only the characteristic viewing angle
dependence of non-chiral PC but also an advanced
characteristic.

To determine the chiral characteristics, three kinds of PCs
were prepared, including a non-chiral and two chiral struc-
tures. (i) A branched nanoporous anodic aluminum oxide
(AAO) film was fabricated for a non-chiral 1D structure as pre-
viously reported.22 Since the anodization current changes
periodically, nanochannels with periodic air porosity are
formed. As the porosity changes periodically, the refractive
index also varies. Because of this periodic modulation of the
refractive index of AAO (Fig. 2a and Fig. S2, ESI†), AAO forms a
1D non-chiral PC film with 600 nm-PBG. (ii) A cholesteric
liquid crystal (CLC) film is prepared for the chiral 1D
structure,11,23 which can be simply made using the nematic
host material E7 and chiral dopant S811. Since the molecular
director of LC molecules in the CLC phase rotates in a certain
period, the CLC material forms periodically stacked layer struc-

Fig. 1 (a) Experimental set-up of transmission mode with two rotatable
linear polarizers. (b) There is no polarization-dependent color change in
the non-chiral PC film. Only the brightness is changed. (c) In the chiral
PC film, the clear tendency of color change was observed when the
polarizer rotates.
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tures with a chiral manner (Fig. 2b). As a result, CLC has a
PBG determined by a simple equation;

λ ¼ neffp; neff ¼ ðne þ noÞ=2; ð2Þ

where neff, ne, no, and p refer to the effective-, extraordinary-,
and ordinary refractive indices and helical pitch, respectively.
Within the LC cell made of polyimide-coated glass substrates,
an oily streak pattern is observed, which demonstrates that the
helical axis is aligned in the z-axis (Fig. 2b) and has a PBG at
580 nm. (iii) A helical nanofilament (HNF) phase as a chiral
PC film was prepared using the photoalignment of azodimer
molecule, D-11, as reported previously (Fig. S3, ESI†).15 In
detail, a typical sandwich-type LC cell whose cell gap is main-
tained at 3 μm with silica beads was used. The dimer molecule
D-11 (Fig. S3a, ESI†) was injected into the LC cell by a capillary
manner above its isotropic temperature (180 °C). During the
cooling process to induce a thermal phase transition into the
HNF phase, unpolarized ultraviolet (UV) light is shined onto
the sample from a top-to-bottom direction. Initially, LC mole-
cules are randomly distributed before UV irradiation (Fig. S3b,
ESI†). However, azobenzene moieties are changed to cis-
isomers once exposed to UV light (Fig. S3c, ESI†). The mole-
cules tend to change their shapes to their original trans-
isomer, as the cis-state of azobenzene is less stable than the
trans-state. According to Weigert’s effect,24,25 the polar director
of LC molecules rotates toward the light irradiating direction
to minimize the light-absorbing efficiency, and eventually LC
molecules are photo-aligned. Simultaneously, uniformly
aligned HNFs are made due to the thermal phase transition
from these aligned molecules (Fig. S3f, ESI†). For comparison,
randomly oriented HNFs are formed when HNFs are made

without UV irradiation (Fig. S3e, ESI†). It has been reported
that the aligned HNFs in the ambient condition have specific
electromagnetic coupling due to the densely packed nano-
structures, showing a PBG in the visible wavelength region,
∼550 nm.15

In the given experimental conditions (Fig. 1a and 2a), the
brightness of 1D AAO-PC only changes when rotating the
polarizer. As mentioned earlier, the same brightness and color
are observed regardless of the sign of θ, and the only absolute
value of θ can change the brightness. However, CLC-PC and
HNF-PC show both brightness and color changes by varying θ

(Fig. 2b and c). This clear difference can be explained by the
optical rotation of the incident light passing through the
chiral medium. CLC and HNF phases have intrinsic chirality
due to the twist elastic deformation and saddle splay defor-
mation, respectively.14,26 Therefore, a chiral PC film has the
optical rotation phenomenon, enabled by changes in the
polarization state of the light. As a result, the transmitted
intensity of the light is also changed according to Malus’ law.
If we define the optical rotation β after passing through the
chiral medium (Fig. 1a), then the polarization state of light
rotates to θ + β. Therefore, the final Malus’ law is modified as
followed; I = I0 cos

2(θ + β). Since β also varies for each wave-
length of light, the transmission color changes, as shown in
Fig. 2b and c.

Polarization-dependent optical property of chiral PC film

To further investigate the polarization-dependent color
changes, we measured the transmittance of AAO, CLC, and
HNF as a function of rotation angle θ from −90° to 90° with a
detection range of 400–700 nm (Fig. 3). For AAO-PC (Fig. 3a),
the transmittance shows typical linear changes with varying θ

along the measured spectrum region as a non-chiral PC film
described by the Malus’ law. For the chiral PCs, including CLC

Fig. 2 Experimental comparison of various non-chiral and chiral
photonic films with transmission mode. (a) As there is no chiral manner
in the branched AAO PC film, only the brightness has been changed
when θ rotates. Because of supramolecular chirality in (b) CLC and (c)
HNF films, there is a polarization dependence of transmitted light and
the color changes accordingly.

Fig. 3 Spectroscopic investigation of transmittance in (a) AAO, (b) CLC,
and (c) HNF film when polarizer rotates. (d) Comparison of color
changes of various PCs in a color coordinate chart.
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and HNF, the asymmetric transmittance by varying θ is
observed, which results in the dramatic changes in colors
(Fig. 3b and c). In order to understand the change of the trans-
mission color intuitively, the results of Fig. 3a–c are expressed
in the standard color coordinate CIE (Commission internatio-
nale de l’éclairage) 1931 color space (Fig. 3d). The polarization
angle-resolved color change of 1D-AAO, CLC and HNF PCs in
the CIE 1931 color space are marked in yellow, white, and
black lines, respectively. While the non-chiral AAO film rep-
resents a very small color gamut, the chiral CLC and HNF rep-
resent a broad color gamut. In particular, the colors observed
in the HNF spans across the red, green, and blue gamut in the
CIE chromaticity diagram. Since the light cannot transmit at
the PBG, the location of the polarization-selective PBG is
important for the color valence in practical applications.
Although the CLC has clear polarization-dependent asym-
metric transmittance (Fig. 3b), the tunability of the polariz-
ation-dependent transmittance around 550 nm (green color) is
small due to the location of the PBG. For the HNF, the PBG
located below 550 nm (Fig. 3c) leads to a relatively larger color
gamut than the CLC. However, the HNF structure is somewhat
insufficient for expressing the blue color region due to the
weak transmission at 400 nm (blue color), which is closely
related to the weak circular dichroism of the intrinsic chirality
of molecules below 425 nm (Fig. S4, ESI†). Here, L-HNF and
R-HNF refer to each filament twisted in different directions.
Since the twisting of HNF occurs randomly, both types of fila-
ments are obtained.14 Interestingly, the highest transmittance
in chiral PC films is not at θ = 0, which does not follow the
conventional Malus’ law. The representative transmittance
change can be found in three wavelength regions, 400 nm,
550 nm, and 700 nm (Fig. 3b and c). The maximum transmit-
tance of HNF-PC at 400 nm, 550 nm, and 700 nm is observed
at θ = −50°, −90°, and −10°, respectively. The optical rotation β

can be measured by collecting the θ at the maximum transmit-
tance, which results from the coupling effect between electric
and magnetic fields (Fig. 4a and e and Fig. S5, ESI†). β due to
chirality follows the formula as

β ¼ 1
2
arg TLð Þ � arg TRð Þ½ � ¼ Re kð Þk0l ð3Þ

where, TL and TR are left and right circular transmittance,
respectively. k, k0, and l are the chirality, the wave vector, and
the optical path length, respectively. The rotation angle is
affected by both k and l. For the sub-micron samples with
small l, it is not easy to measure β due to weak k. However, at
the flat band in the vicinity of the PBG, light can be drastically
slowed down due to strong dispersion, then the effective l is
significantly increased.27 Therefore, enough β is achieved even
with a small l of chiral PCs near the PBG (Fig. 4). In the case of
CLC (Fig. 4a) and HNF (Fig. 4e), optical rotation suddenly flips
over the PBG around −80° to 80°, which is closely associated
with the general anti-resonance effect.28 For this reason, the
optical rotation changes noticeably close to the PBG. At the
wavelength of blue (Fig. 4b and f), green (Fig. 4c and g), and
red (Fig. 4d and h), different directions and amounts of optical

rotation appear. In the case of HNF (Fig. 4f–h), blue and green
light have optical rotations of −60° and +45°, respectively.
However, the red light does not change the polarization plane
because of almost no optical rotation. Therefore, rotating the
second polarizer in Fig. 1a in the (+) direction makes green
light transmittance dominant, and the (−) direction makes
blue light transmittance dominant. The ideal angle difference
among primary color wavelengths (RGB) for realizing a variety
of color is 60°. The rotation angle distribution of HNF is exqui-
sitely close to 60°, which is the original reason for the vivid
colors. In contrast, AAO-PC does not have optical rotation due
to the lack of chiral structure (Fig. S5, ESI†).

As summarized in Fig. S1,† the chiral PC film not only exhi-
bits viewing angle-dependent color changes in reflection mode
(Fig. S1a, ESI†), but also polarization dependency in
transmission mode (Fig. S1b, ESI†). As the latter property
cannot be realized with the conventional non-chiral PC film,
such as a multi-stacked layers or colloidal nanocrystals,29,30

the suggested chiral system is more comprehensive and
advanced for security use. Based on this chiral PC film with
new functionality, an anti-counterfeiting tag was realized. For
the proof of concept, a micron-scaled mask with intaglio
pattern “K” was placed above the HNF-PC film and investi-
gated via transmission mode with two polarizers. It was also
shown that unique color variation was observed by varying the

Fig. 4 Wavelength dependent optical rotation in chiral film. The direc-
tion and amount of optical rotation are dramatically varied in (a) CLC
and (e) HNF films. In each color unit, blue (400 nm), green (550 nm) and
red (700 nm), diverse angular anisotropy was observed due to various
optical rotation in (b–d) CLC and (f–h) HNF films.
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angle θ (Fig. 5). To the best of our knowledge, this is the first
demonstration of polarization-dependent color changes of
HNF-PC in transmission mode for security applications, even
though some of the optical properties have been studied with
reflection mode in our previous studies.11,15

Conclusions

In summary, the polarization-dependent color variation of the
chiral photonic film was studied by comparison between AAO,
CLC, and HNF films. Compared to conventional non-chiral PC
films, chiral PCs are more difficult to imitate in terms of secur-
ity applications due to the additional functionality of color
variation depending on polarization angle changes. This
phenomenon could be understood by the optical rotation in
the chiral medium. The optical rotation, the characteristic
property of the chiral film, varies dramatically with the wave-
length in the vicinity of the PBG, which is associated with a
polarization-selective Bragg-type band. The HNF film is quite
exquisite in realizing a vivid color level with the appropriate
rotation angle difference of about 60° among the main colors
of blue, green, and red in the polar map. The various optical
rotations are related to the principal mechanism of color
changes. As the polarization dependency chirality can only be
realized in our chiral PC film, this could reinforce the security
functions in PCs.

Experimental
Fabrication of nonchiral PC film

High-purity aluminum foil (99.99%, Alfa Aesar) was first
cleaned by acetone, ethanol, and deionized water. The foil was
then electrochemically polished at 20 V and 3 °C in an acid
solution, which contained perchloric acid and ethanol in a
volume ratio of 1 : 5. Pre-anodization was performed at 40 V
and 8 °C in a 0.3 M oxalic acid solution. After the chemical
etching in a mixture of phosphoric (6 wt%) and chromic
(1.8 wt%) acids at 60 °C to selectively remove the anodized
alumina remaining well-organized prepattern on the alumi-
num substrate, additional pre-anodization was performed
prior to the pulse anodization in the same condition for
1 hour. After this, pulse anodization with the same oxalic acid

solution with periodically controlled currents such as 11 and
2.8 mA cm−2 for 24 and 96 s was performed for 200 cycles.
Finally, the pore widening process in 0.1 M phosphoric acid
solution at 38 °C for 40 min led to vivid structural colors at
600 nm. To investigate the transmission spectrum of this
sample, aluminum was selectively removed by a mixture of
copper chloride and hydrochloric acid, and a transparent
AAO-PC film was obtained.

Fabrication of CLC PC film

To induce the planar-aligned helix of the CLC phase, a planar
alignment polyimide (PAPI) was coated on two glass substrates
with a spin-coating method and baked for 2 hours at 200 °C.
For a typical LC cell, the substrates were attached together with
a photo-curable polymer, and its gap was maintained at 3 μm
with silica beads. A cholesteric mixture, consisting of nematic
host (E7) and chiral dopant (S811) at a 25 wt% concentration,
was injected into the LC cell via a capillary manner in its iso-
tropic phase. The mixture was cooled slowly to 37.5 °C where
its structural color was around 580 nm.

Color coordinate fitting

The colors of our chiral photonic crystals are expressed by a
chromaticity diagram in the CIE 1931 color space based on
CIE 2° standard observer color matching functions.31 Our
chiral PC’s chromaticity is specified by the two derived para-
meters x and y as follows,

x ¼ X
X þ Y þ Z

; y ¼ Y
X þ Y þ Z

using three tristimulus values X, Y, and Z as shown below.

X ¼W�1
ð
x̄ λð ÞS λð ÞI λð Þdλ;

Y ¼ W�1
ð
ȳ λð ÞS λð ÞI λð Þdλ;

Z ¼ W�1
ð
z̄ λð ÞS λð ÞIðλÞdλ:

where x̄, ȳ and z̄ are standard observers about red, green and
blue, respectively. W−1 is the scaling factor and S(λ) is the spec-
tral transmittance of the object being measured, multiplied by
the spectral power distribution of the illuminant I(λ).
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