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Abstract—Multiplexing anti-counterfeiting technologies based
on micro/nano structural colors of photonic crystals have been
proposed for information security because of unduplicability and
diversity. However, most of current fabrication methods for mi-
cro/nano structural color such as electronic beam etching and
ordered nanoparticles are accompanied with expensive and com-
plex fabrication process. Reliable multiplexing anti-counterfeiting
technologies with low cost and easy-fabrication process for cur-
rency, brands and information security remain a long-time and
innovative challenge. Herein, a simple strategy to fabricate opti-
cal multiplexing anti-counterfeiting film based on self-assembled
three-dimensional photonic crystal BPLC encoded with hologra-
phy lithographic 1D/2D surface photonic crystal has been pro-
posed. The proposed bilayer structure can exhibit multi-images
with different angles in 3D space, leading to multiple encryptions
with information protection or access permission. Quick response
(QR) code with cryptographic functionality through our proposed
multiplexing anti-counterfeiting film based on bilayer structural
color is also demonstrated. The proposed strategy for optical mul-
tiplexing anti-counterfeiting film is low-cost, easy-fabricated, time
saving, stable and flexible, capable for promising perspective in in-
formation security level and storage density, and offering potential
application in anti-counterfeiting.

Index Terms—Liquid crystals, polymers, photonic crystals.

I. INTRODUCTION

A LARGE amount of counterfeiting products spread over
our daily life, which seriously influences the property

safety, society stability, and even threatens human health. It
is reported that the global economic losses caused by coun-
terfeiting would reach to 1.82 trillion dollars in 2020 [1], [2].
Traditional anti-counterfeiting strategies, such as watermarks,
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barcodes, two-dimensional codes, and hologram labels, are eas-
ily to be copied [3]–[5]. Therefore, developing reliable anti-
counterfeiting is highly demanded. Among plenty of technolo-
gies, optical multiplexing anti-counterfeiting technology, which
processes multiple images delivering from a single material,
provides the spatial distribution of light information via different
channels for store and deliver data. It leads to higher difficulties
of decryption and provides a new solution for information secu-
rity level or storage density and offers potential applications.

The common optical multiplexing anti-counterfeiting prod-
ucts are usually based on several strategies such as lumines-
cent materials [6], [7], micro/nano structures [8], [9], and meta
materials [10]. For example, Lang Qin and the coworkers [11]
proposed a two-tone geminate label based on the structural color
of chiral nematic liquid crystal microdroplets and fluorescent
materials. This label had two different images under natural
light and ultraviolet light which ensured the information se-
curity. Xintao Lai and his coworkers [12] fabricated two di-
mensional self-assemble nano-sized spheres and nanoimprinted
micro-structures into quasi-3D multiplexing anti-counterfeiting
imaging. This anti-counterfeiting product has different images
with 0° and 90° polarization. Among these anti-counterfeiting
strategies, structural colors of micro/nano structures have at-
tracted much attention because of easily recognition by visual
perception of human eyes, which have long-term stability, envi-
ronmentally friendly properties and high optical qualities com-
pared to luminescent materials [13]–[15], and meta materials
[16], [17].

However, traditional fabrication methods for structural color
based on micro/nano structure, like mechanical drilling [18],
are hard to realize nanostructures for visible light range. Precise
nano-fabrications, like electron beam etching [19], need expen-
sive instrument and high time cost which is against commercial
use. Though self-assemble colloidal nanoparticles into ordered
colloidal photonic crystal (PC) structures are cost-save meth-
ods, they need additional self-assemble fabrications, such as
sedimentation [20], inkjet printing [21], and air-water interface
method [22] and so on, which always rely on the substrate and
are easy to generate defects. Therefore, simple and low-cost
nano-fabrication method for structural color-based optical mul-
tiplexing anti-counterfeiting product remains a challenge.

Blue phase liquid crystals (BPLCs) are self-assembled three-
dimensional (3D) photonic crystals with intrinsic property of
simple fabrication process and low cost, which is capable of
exhibiting structural colors from ultraviolet (UV) light to vis-
ible light. The BPLC simply emerges between isotropic phase
and cholesteric phase of chiral nematic liquid crystal, which

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0001-8724-0434
https://orcid.org/0000-0003-0297-5453
mailto:xuxiaowan_1@163.com
mailto:xuxiaowan_1@163.com
mailto:yjliu@sustech.edu.cn
mailto:luod@sustech.edu.cn


2227805 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 3, JUNE 2022

assembles blue phase I (BPI) and blue phase II (BPII) with
body-centered and simple cubic crystal, exhibits uniform 3D
PC structures [23], [24]. Usually, the polymer is applied to
broaden the narrow temperature range of BPLC to larger than
60 °C (including room temperature), or called polymer-
stabilized BPLC (PS-BPLC), which enables structural color
devices with properties of stretchability [25]–[27], tenability
[28]–[30], and compressibility [31]–[33]. Therefore, the self-
assembled 3D PC BPLC film becomes a potential candidate for
fabrication of optical multiplexing anti-counterfeiting product
due to simple fabrication process, low cost, and uniformity.

In this paper, a simple strategy to fabricate optical multi-
plexing anti-counterfeiting film based on self-assembled three-
dimensional photonic crystal BPLC encoded with holography
lithographic 1D/2D surface photonic crystal has been proposed.
1D/2D surface photonic crystal with different shape can be
easily encoded by holography lithographic technology on the
surface of 3D self-assembled photonic crystal BPLC to form
a bilayer structure with multi-structural colors. The proposed
bilayer structure can exhibit multi-images with different angles
in 3D space, leading to multiple encryptions with information
protection or access permission. Quick response (QR) code with
cryptographic functionality through our proposed multiplexing
anti-counterfeiting film based on bilayer structural color is also
demonstrated. The proposed strategy for optical multiplexing
anti-counterfeiting film is low-cost, easy-fabricated, time saving,
stable and flexible, capable for promising perspective in infor-
mation security level and storage density, and offering potential
application in anti-counterfeiting.

II. EXPERIMENT

In the experiment, a BPLC film (with thickness of 5 μm)
in BPI with body-centered cubic crystal structure (3D PC) is
fabricated via wash out-refill method as the substrate film, as
shown in Fig. 1(a). Firstly (step i), the liquid crystal mixture
M1 (seeing materials section) is instilled in a liquid crystal cell
consisted of two glass substrates with the thickness of 5 μm.
The cell is heated over the clearing point of M1 (80 °C), and
cooled down 0.1 °C per minute until uniform BPI is full of
the cell. Then the sample is exposed under UV light (365 nm,
1 mW, 15 minutes) for polymerization. After polymerization,
the cell is immersed in toluene to wash out the unpolymerized
materials. The left material in the cell is polymer scaffold with
BPI structure. In step ii, the liquid crystal mixture M2 is instilled
in the scaffold BPI structure, and the cell is exposed under UV
light to be polymerized again. After opening the cell by removing
a glass substrate, an all solid and flexible BPLC film (3D PC)
with high-reflectance (about 45%) and a large temperature range
(−50∼260 °C) is obtained. It is noticed that, the reflectance of
the BPLC film is no more than 50% theoretically due to chiral
property of BPLC that will only reflect the light with the same
circularly polarization [34], [35].

Then, the 1D/2D PC structures are fabricated on the surface of
the BPLC film by holographic lithography, as shown in Fig. 1(b).
The 3D PC BPLC film on one substrate is treated under O2

plasma for 30s to improve the affinity of photoresist, and spin
coated with photoresist with thickness of 300 nm. The 1D/2D
surface PC will be encoded on the 3D PC BPLC film through
holographic lithography. The fabrication process of 1D surface
PC is shown in step i: two-beam interference (by 325 nm UV
laser) is applied on the photoresist to form 1D PCs (grating),

Fig. 1. (a) Fabrication of BPLC film. Step i: Firstly, fill liquid crystal mixture
M1 into the LC cell; and polymerize the BPLC sample by UV light at the
temperature of blue phase; then immerse the sample in toluene to remove
unpolymerized materials; at last, the 3D PC template with BP scaffold structure
is achieved. Step ii: Firstly, refill liquid crystal mixture M2 into the cell; and
polymerize the BPLC sample by UV light again; then remove glass substrate;
at last, the 3D PC film is obtained. (b) Fabrication of surface PCs: Step i:
two-beam interference for 1D PC fabrication. Step ii: two-step interference for
2D PC fabrication by rotating the sample of 90° (inserted figures are schematic
illustration of surface 1D and 2D PC, respectively). Step iii: the photoresist
is etched by O2 plasma, and after washing out the residual photoresist, the
photonic structure combined with 3D PC BPLC and surface 1D/2D surface PCs
is obtained. (c) Schematic illustration of the multiplexing anti-counterfeiting
film consisted of photonic structure combined with 3D PC BPLC (in pentagram
pattern) and 1D surface PCs (“H” pattern) in illumination of a white LED light
with normal incidence. Inserted figure A: the pentagram patterned image of 3D
PC BPLC in green color when observing from normal direction. Inserted figure
B: the “H” image of 1D surface PC in blue color when observing from 60° with
the normal direction).

and the angle between two beams is decided according to the
equation of interference: 2d sin θ = λ, where d is the period of
grating, θ is the interference angle and λ is the wavelength of
incident light. In addition, the fabrication process of 2D surface
PC is shown in step ii: the 2D surface PC can be fabricated by
two-step lithography with additional two-beam interference by
rotating the substrate of 90° based on the 1D PC grating. The
general fabrication process of surface PC is summarized in step
iii: The O2 plasma was used to etch the patterns of surface PCs
on photoresist. At last, the residual photoresist is washed out,
resulting in a 3D PC BPLC film encoded with the pattern of
surface 1D/2D PC. In our experiment, θ is 19.8°, λ is 325 nm,
leading to a calculated d of 480 nm, with duty ratio about 1:1.
Each channel of 1D PC is about 240 nm and square of 2D PC is
240 nm × 240 nm (with lattice constant of 480 nm) which are
approximately equal to the lattice size of the BPLC PCs.
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Fig. 2. (a) POM image of the BPLC film; inserted figure is Kossel diagram
of BPI [011] orientation, scale bar: 200 µm. (b) SEM image of surface 1D PC,
scale bar is 2 µm; (c) SEM image of surface 2D PC, scale bar is 2 µm. (d) The
schematic situation and photos of the combined structures with multi-angles;
inserted figures: BPLC film with surface 1D PCs in character of “H” depicting
(1) Bragg reflection of BPLC (0°); (2) diffraction of surface 1D PCs (30°),
(3) 35°, and (4) 40°, scale bar: 5 mm. (e) Reflective spectra of PS- and solid
BPLC film. (f) The reflectivity at peak wavelength of solid BPLC film versus
temperature from −50 °C to 260 °C. (g) Reflectance spectra from the surface
1D PC with diffractive angles of 30°, 35°, and 40°.

Fig. 1(c) depicts the schematic illustration of the multiplexing
anti-counterfeiting film consisted of photonic structure com-
bined with 3D PC BPLC (in pentagram pattern) and 1D surface
PCs (“H” pattern) in illumination of a white LED light with
normal incidence. The incident light is provided by a white LED
light source after collimation of aperture and beam expander.
When the white light incidents along the normal direction, two
different images or multiplexing images can be observed from
the normal direction (top view) or with certain angle of the
normal direction (side view). The image observed from the
normal direction is shown in inset figure A as the pentagram
patterned image of 3D PC BPLC in green color, which is due to
the selectively reflected from pure 3D PC BPLC. On other side,
the image observed from the side view (60° with the normal
direction) is shown in inset figure B as the “H” image of 1D
surface PC in blue color. In our experiment, the character “H”
can be seen in bluish violet color with viewing angle varying
from 52° to 90°. Therefore, a multiplexing anti-counterfeiting
film based on self-assemble photonic crystal (3D PC BPLC) and
holography lithographic (1D/2D surface PC) photonic architec-
tures has been fabricated on the BPLC encoded surface PCs,
where different viewing angles carried different images. It is
worth mentioned that, the colors of both images from BPLC and
surface PCs are tunable by varying the lattice constant of BPLC
and period of surface PCs, respectively. The designed structural
color devices are stable and vivid, and would have potential
applications in multiplexing display in information encryption
and anti-counterfeiting.

III. RESULTS AND DISCUSSION

Fig. 2(a) exhibits the polarized optical microscope (POM)
image of the 3D PC BPLC film, which is aligned well by
the rubbed PI treated substrate and shows vivid green color.
The inserted picture is the Kossel diagram of the polymerized
stabilized (PS) BPLC film which shows the symmetry of BPI

Fig. 3. (a) Reflection of surface 1D PC (diffractive grating). (b) Bragg re-
flection of 3D PC BPLC. The inset figures are body-centered cubic structure
and Kossel diagram of BPI. (c) Schematic illustration of surface 2D PC (com-
bined gratings in three directions). (d) Reflective wavelength of surface PCs in
multi-angles when diffraction and incidence are in the same direction.

[011] orientation. Figs. 2(b) and 3(c) show the scanning electron
microscope (SEM) images of surface 1D PC and 2D PC encoded
on the 3D PC BPLC film, respectively. The measured period of
the 1D PC is 479 nm and the lattice constant of 2D PC is 482 nm,
which both are consistent with the calculated 480 nm. Fig. 2(d)
shows the multi-angle images when incident light source and
detector are in the same direction which simulates the situation
of scanning or shooting with cellphone and built-in flashlight.
When the incident light is at the normal, the Bragg reflection of
BPLC dominates (insert Fig. 1) which exhibits green color. The
intrinsic viewing angles of BPLC are less than 30° [36], which
is similar to our experiment results. As the detected angle is
increasing, the diffraction of surface PC emerges (order “m= 1”)
from blue light to red light with angles of 30°, 35° and 40° (insert
Figs. 2–4). Fig. 2(e) shows the reflective spectra of the PS-BPLC
film (formed by M1) and solid BPLC film (formed by refilled
M2) with the highest reflectivity of 44% and 45% at green color
for normal incident, respectively. Comparing to PS-BPLC film
consisted of liquid crystals and polymers, the solid BPLC film
consists of all polymers bring to better thermo-stability while
keeping similar reflection property. Therefore, the solid BPLC
film is used in our experiment as the 3D PC BPLC film as well as
the substrate for surface PC. The reflectivity at peak wavelength
of solid BPLC film versus temperature from −50 °C to 260 °C
is shown in Fig. 2(f). It can be seen that, the solid BPLC film is
thermo-stable in range of−50∼260 °C. When the temperature is
above 260 °C, the structure of solid BPLC film will be destroyed.
Temperature below −50 °C is out of range of our measurement
equipment, but the structure of solid BPLC film is intact and
recoverable at −50 °C. In addition, the reflectance spectra from
the surface 1D PC with diffractive angles of 30°, 35°, and 40°
are shown in Fig. 2(g).

As shown in Fig. 3(a), the reflective angles of the gratings
are determined by general diffraction condition [37]: d(sinα+
sinβm) = mλ, where m is the diffraction order, which is an
integer, d is the period of the grating (480 nm in our experiment),
α is the incident angle, βm is the diffraction angle at m order, λ
is the wavelength of light. Fig. 3(a) demonstrates the schematic
illustration of reflection in surface 1D PC. For a particular
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Fig. 4. (a) Fabrication process of the anti-counterfeiting QR code: the BPLC
film (green) formed by the scaffold structures refilled with M2 is firstly adhered
to the QR code (black). Then the sample is exposed under UV light for
polymerization in N2. After that, holography lithography is applied to fabricate
the surface 2D PCs with shape of a cross. Finally an anti-counterfeiting QR code
is fabricated. (b) Schematic illustration of anti-counterfeiting film in different
scanning directions: (i) when the scanning direction of smartphone is along z
axis, the 2D code is covered by the green color from the Bragg reflection of 3D
BPLC film and the scanning result shows fail; (ii) when the scanning direction
of smartphone has 30° angle with the z axis and in x-z plane, the QR code is
covered with cross pattern in blue color and the scanning result shows fail; (iii)
when the scanning direction of smartphone has 30° angle with the z axis in y-z
plane, the QR code is covered with cross pattern in blue color and the scanning
result shows fail; (iv) when the scanning direction of smartphone has 30° angle
with the z axis and the projection of scanning direction in the x-y plane has
45° angle with the x axis, the QR code is covered by transparent film and the
scanning result shows success.

wavelength, all values of m for which |mλ/d| < 2 correspond
to physically realizable diffraction orders. The angles α, βm

are measured from the grating normal, the sign convention is
positive if they are measured counter-clockwise. As the period
of the grating is designed as 480 nm, the diffraction of m = 1 is
in the same side of incident light, and the diffraction of m =−1
is beyond the limit which is forbidden.

In pure BPLC (Fig. 3(b)), the local refractive index variation
leads to the Bragg reflection, and the reflection wavelength λ is
determined by λ = 2na/

√
h2 + k2 + l2, where n is the effective

refractive index, a is the lattice constant, and h, k, l are the
Miller indices [38]. In our experiment, the BPLC is aligned to
BPI [011] orientation by the parallel alignment of PI on the
substrate. Herein, the lattice constant a is about 240 nm, and the
corresponding Bragg reflection wavelength is 536 nm in green
color. The inset figures show the schematic structure of body-
centered cubic crystal and the Kossel diagram of BPI. A strong
selective Bragg reflection is preferred at the normal direction (as
shown in Fig. 2(c)) in the pure BPLC when the incident light is
normal to the plane.

Fig. 3(c) shows the schematic illustration of surface 2D PCs
fabricated by two-step interference lithography that consists of
two times two-beam interference. A squared matrix fabricated
by two orthogonal gratings consists of two orthogonal periods
and a diagonal period. The constant of the two orthogonal
periods is equal to the interference period of 480 nm, and the
constant of the diagonal period is 1/

√
2 proportional to the

interference period of 339 nm. The diffraction of surface 2D PCs
is mainly composed of the three period structures. It is noticed
that both 3D PC substrate and surface PCs are formed by BPLC.

Fig. 3(d) shows the reflective wavelength of multi-angle for
diffraction order “m = 1” (visible region), where the incident
angle α is equal to diffractive angle β1 (order “m = 1”) to
simulate the situation of scanning by cellphone with built-in
flashlight. For Grating 1 & 2, the diffractive wavelength varies
from 406 nm to 679 nm while incident angle increases from
25° to 45°. In contrast, for Grating 3, the diffractive wavelength
changes from 389 nm to 556 nm. It is because that the period of
Grating 3 (339 nm) is much smaller than Grating 1 and Grating
2 (480 nm), leading to a larger viewing angle for the same
wavelength. Base on this data in table, an anti-counterfeiting
film can be designed in range of 25°∼30° incident and viewing
angle, where a blue light will be observed from Grating 1&2
while a UV light will be observed from Grating 3. The image
information is different when observing from directions along
Grating 1 & 2 or Grating 3 even keeping the same incident angle
α in 2D surface PC.

Fig. 4(a) depict the fabrication process of QR code with
cryptographic functionality through our proposed multiplexing
anti-counterfeiting film based on self-assemble 3D PC BPLC
film and holography lithography 1D/2D surface PC architec-
tures. The BPLC film (green) formed by the scaffold structures
refilled with M2 is firstly adhered to the QR code (black). Then
the sample is exposed under UV light for polymerization in N2.
After that, holography lithography is applied to fabricate the sur-
face 2D PCs with shape of a cross. Finally, an anti-counterfeiting
QR code is fabricated.

The schematic illustration of anti-counterfeiting film in dif-
ferent scanning directions is demonstrated in Fig. 4(b). The
anti-counterfeiting QR code is scanned by the smartphone, the
incident light source is offered by the built-in flashlight of
smartphone. Scanning with angles less than 40° is the convenient
scanning situations according to our custom with smartphone. To
simulate these situations, the incident angle and diffractive angle
are equal. In case i, when the scanning direction of smartphone
is along z axis, the 2D code is covered by the green color from
the 3D BPLC film where the Bragg reflection dominates and the
scanning result shows fail. In this case, the reflection of BPLC
protects the QR code in small viewing angles. In case ii, the
viewing angle is increased. Since the reflective wavelength of
2D PCs varies from ultraviolet light to visible light; when the
scanning direction of smartphone has 30° angle with the z axis
and in x-z plane (along the direction of Grating 1), the diffraction
of Grating1 dominates with blue light, the QR code is covered
with cross pattern in blue color and the scanning result shows
fail. In case iii, the viewing direction in 3D space is twisted.
When the scanning direction of smartphone has 30° angle with
the z axis in y-z plane (along the direction of Grating 2), similarly
the diffraction of Grating 2 dominates with blue light, the QR
code is also covered with a cross pattern in blue color and the
scanning result shows fail. In case iv, the viewing direction in 3D
space is twisted to the diagonal of x,y-axis. When the scanning
direction of smartphone has 30° angle with the z axis and the
projection of scanning direction in the x-y plane has 45° angle
with the x axis (along the direction of Grating 3), the diffraction
of Grating 3 dominates with UV light, the QR code is covered
by transparent film in visible range and the scanning result is
success. Among these four cases, scanning in three cases lead
to fail output where the anti-counterfeiting QR code is under
protection while scanning in the last case lead to success output
where the anti-counterfeiting QR code is open access.
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IV. MATERIALS

M1: liquid crystal host HTG135200-100 (ne = 1.717, no =
1.513 of 589 nm at 20 °C) 80.5 wt. %, chiral dopant R5011 (HTG
= 126 μm−1) 3.5 wt. %, monomer RM257 10 wt. %, polymer
TMPTA 5 wt. %, photo initiator 1173 1wt. %. M2: liquid crystal
monomer HRM1001-002 99 wt. %, photo initiator 1173 1wt. %
(all got from Hecheng Display). M3: photoresist mr-P 1202LIL
(purchased from Micro Resist Technology).

V. CONCLUSION

In summary, we proposed an optical multiplexing anti-
counterfeiting film based on self-assembled 3D PC BPLC en-
coded with holography lithographic 1D/2D surface PC. 1D/2D
surface photonic crystal with different shape can be easily
encoded by holography lithographic technology on the surface
of 3D self-assembled photonic crystal BPLC to form a bilayer
structure with multi-structural colors. The proposed bilayer
structure can exhibit multi-images with different angles in 3D
space, leading to multiple encryptions with information pro-
tection or access permission. Quick response (QR) code with
cryptographic functionality through our proposed multiplexing
anti-counterfeiting film based on bilayer structural color is also
demonstrated with the smartphone. The proposed strategy for
optical multiplexing anti-counterfeiting film is low-cost, easy-
fabricated, time saving, stable and flexible, capable for promis-
ing perspective in information security level and storage density,
and offering potential application in anti-counterfeiting.
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