Proceedings of the 3rd International Conference on Materials Chemistry and Environmental Engineering (CONF-MCEE 2023), Part 11
DOI: 10.54254/2755-2721/7/20230455

Several approaches of making photonic crystal
anti-counterfeiting devices for banknotes

Zhanbo Jia

Nanjing University of Posts and Telecommunications (Xianlin Campus), Nanjing,
Jiangsu Province, China

370302143@qq.com

Abstract: The popularity of counterfeit banknotes in the market will cause serious inflation.
Under such circumstances, prices are soaring and paper money is seriously devalued, causing
harm to people's livelihood. In recent years, the global circulation tendency offake banknotes
has become larger, and counterfeit banknotes have become more and more difficult to
distinguish, so several advanced photonic crystal anti-counterfeiting technologies emerged.
This review will introduce the working principles of colloidal PC patterns and approaches of
making photonic crystal anti-counterfeit banknotes. Then analyze the advantages and
shortcomings of colloidal PC patterns.Finally ,make a conclusion to discuss the development
prospects and possible challenges they may face.
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1. Introduction

Photonic Crystals(PCs) was independently proposed by E. Yablonovitch,they are artificial
microstructures formed by periodic arrangement of media with different refractive index,it has crucial
applications in optical integrated circuits[1]. Photonic crystals materials are generally composed of
two materials with different refractive index, one of which is periodically distributed in the other[2].
According to the structure of photonic crystal, it has a seasonal dielectric structure on the optical scale
that makes it has the function of wavelength selection, which can selectively make light of one
wavelength pass through and prevent light of other wavelengths from propagating[1]. When the
frequency of visible light belongs to the scope of PBG, PCs indicate a vivid rainbow reflection hue,
which is a well-known structural color[3]. Photonic crystals show great potential in anti-counterfeiting
materials owing to their unmatched photonic band gap characteristics and tunable physical color[4].
When PCs is applied to making anti-counterfeiting material, its jarless rainbow structure hue cannot be
simulated by dyes, and pigments are incompetent to imitate it either[5]. In addition, their glamorous
reflection spectra are also invaluable for the domain of anti-counterfeiting[6]. As a consequence, in
recent years, PCs based anti-counterfeiting substances have allured comprehensive attention.

Various approaches has been used to prepare PCs, such as soft-crystal polymerization of lanthanide
complexes[7], sub-cellular resolution[8], and mechanical drilling[9]. These micro-fabricated
approaches will get PCs with accurate structures, however, they are complex and will consume a lot of
time. Moreover, the work to actualize the band gap in the visible band for the 3-D optical elements
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produced by these recipes is stiff to a certain extent[10]. Therefore, a fungible method to surmount
these limitations called converting colloidal nanoparticles to ordered colloidal PC structures by
self-assembly, was investigated. Spray coating, spin-coating ,electrodepositionand inkjet printing are
common self-assembly methods[11-16], these are handy and inexpensive invariably[17]. Furthermore,
external stimuli is able to modulate the band gap and physical color of colloidal crystallines.For
instance, steam [18], temperature[19], electric field[20] and magnetic field[21] can all regulate them,
whose effects are simple to be distinguished by spectrograph, even by naked eyes. Compared with
micromachining computer, colloidal computer is an ideal choice for anti-counterfeiting material
because of its advantages such as simple sample preparation, adjustable optical performance and
flexible geometric structure.

Based on the tunable structural colour, the anti-counterfeiting colloidal photonic crystal materials
can be grouped to two descriptions: visible colloidal PC patterns and invisible colloidal PC patterns. In
this review, the property and working principles of colloidal PC patterns will be introduced. Then
show several approaches of making photonic anti-counterfeiting banknotes.Then analyze the
advantages and drawbacks of colloidal PC patterns. Finally,I will sum up the challenges the
anti-counterfeiting colloidal PC materials are facing and the occasions they possess.

2. Mainbody

2.1. Property and working principles of colloidal PC patterns
Photonic crystalloids are periodic arrays of materials whose dielectric constants are various.The most
fundamental characteristic of the long-range ordered structure is that it has a photonic band
gap.Therefore, photonic band gap materials is another name of photonic crystalloid. In the light of the
substance, the periodic arrangement of materials can classify photonic crystalloid into
1,2,3-dimensional structure[22]. Generally,the colloidal microspheres experience diffusion,
rearrangement, stacking and other steps in the controllable self-assembly procedure.

The resulting assembly is called colloidal photonic crystal, which is an important template material
for photonic crystal related research. The photonic band gap of such colloidal photonic crystals also
obeys Bragg's law, that is, the Bragg equationits dictates its diffraction wavelength:

m=*=A=2=nax*d *sin@

In this equation, m is called the diffraction order,A represents for the diffraction wavelength and d
is addressed as crystal plane spacing, na means the effective refractive index and Ois the angle of
incidence. Owing to the three-dimensional ordered periodic structure of colloidal crystals, like X-rays’
Bragg diffraction in atomic, ionic and molecular crystallines, visible light (400-700nm) can also
generate Bragg diffraction in colloidal crystals formed by micron and submicron monodisperse
particles. Thereby rendering these materials different colors.This hue,which is not caused by pigment,
but due to light scattering, diffraction, or interference with the microstructure of the material is
addressed as structure color.From the diffraction pattern shown in Fig. 1, it is obvious that the hue of
colloidal crystals (corresponding to the wavelength of visible light that relates to Bragg's law) will
vary with the crystal planes spacing d as long as the incident light anglefis fixed. Using this property,
colloidal crystallines is capable of being applied to sensors, photonic paper (anti-counterfeiting
banknotes) and other functional devices or materials.

223



Proceedings of the 3rd International Conference on Materials Chemistry and Environmental Engineering (CONF-MCEE 2023), Part 11
DOI: 10.54254/2755-2721/7/20230455

Diffracted light

(111) face normal

J

Ry
Inc1dentli% o( 00
o ©

Figure 1. Illustration of Bragg diffraction from collidal photonic crystal.

2.2. Several approaches of making photonic cystal anti-counterfeiting banknotes

The difficulty of making photonic crystals lies in making sufficiently small lattice structures of
different dielectric materials. The size and array spacing of the lattice elements must be the same order
of magnitude as the wavelength of the light for the sake of controlling the light more
effectively.Colloidal crystals have unique advantages in the preparation of photonic crystals: Firstly,
colloidal crystalloids are three-dimensional (The following will be referred to as 3-D for short) lattices
of two media in space (colloidal particles and the air between them) . It is very convenient to adjust the
lattice units and arrangement spacing, which can be achieved only by adjusting the particle size.
Secondly, the porous material prepared by using colloidal crystal as template is a reverse (or reverse)
copy of the 3-D ordered structure of colloidal crystal, the resulting pore structure is a 3-D lattice
located between two media (pore wall and pore material) . If we want to adjust the hole-wall
material’s dielectric constant, or the pore size of these prepared material, we only need to modify the
material type filled in the template of colloidal crystalline and the particle size of the monodisperse
particles that form the colloidal crystal, this can avoid many troublesome procedures. Last but not least,
the gap between colloidal crystal particles or the prepared porous materials can be filled with other
dielectric materials to improve the difference in dielectric constant between colloidal particles or pore
wall materials and the filled materials, so as to form photonic crystals with wide band gap, controllable
band gap and complete band gap[23]. Several methods of making photonic anti-counterfeiting crystals
will be exemplified below.

2.2.1. Photonic paper for color writing with colorless solvent. Fudouzi et al. reported that methyl
silicone rubber (PDMS) embedded in PST colloidal crystal was swelled by solvent (such as
dimethylsiloxane DMS) to change the crystal plane spacing and color of colloidal crystal, thus
developing the research on photonic paper for color writing with colorless solvent. It also provides a
feasible method for manufacturing photonic crystal anti-counterfeit banknotes.The working principle
of photon paper is shown in Fig. 2[24].

224



Proceedings of the 3rd International Conference on Materials Chemistry and Environmental Engineering (CONF-MCEE 2023), Part 11
DOI: 10.54254/2755-2721/7/20230455

PST ball —| d
/

000

PDMS PDMS swollen with DMS

Figure 2. Illustration of photonic paper making from colloidal crystals.
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2.2.2. Flourescent anti-counterfeiting ink technology. A large number of special inks are used in
banknote printing to prevent counterfeiting.Flourescent anti-counterfeiting printing ink is a crucial part
of anti-fake techniques, and it has been extensively applied thanks to its low tariff, lekker concealment,
and can easily identificated. Traditional fluorescent ink is often surrogated by three primary hue
organic fluorescent ink, which has a vast utilization in banknotes. However, the quality of ink may
become worse because of their limited inclusiveness[25]. Consequently, the manufacture of a bright
fluorescent and high-quality function of anti-counterfeiting ink is also an urgent requirement.

The combination of ZnO quantum dot fluorescent ink and organic fluorescent ink could strengthen
the utility of fluorescent ink more so as to fight against fake. As shown in Fig3 i, the printing plate had
a screen score of 200 Ipi and a half tone value of 50%. Overprinting was performed using CR ink and
Zn0O quantum dot fluorescent ink. The overprinting effect of the hue block invisible under the orange
red fluorescence under D65 light and ultraviolet irradiation was revealed in Fig3 ii. Moreover, the
local magnified graphic simulated the permutation of two fluorescent ink dots. The fluorescent effect
of diverse hues could be attained as long as the dot percentage of the ink was modified, then we would
acquire preferable anti-counterfeiting effect. On the basis of the fluorescence quenching of ZnO
guantum dots, the hue spots were treated with vinegar in Fig3 iii. The hue spots did not mutate under
D65 light, it only emitted red fluorescence from Cr ink under UV irradiation, which means that the
yellow fluorescence of the self-produced quantum dot fluorescent ink was annihilated. The security of
anti-fake method was enhanced deeper by this action[26].
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Figure 3. The flow chart of the fluorescent discoloration anti-counterfeiting approach.

2.2.3. A microfabricated 1D moiré enabling complex high-resolution patterns. When two various
periodic structures overlap, the resulting interference pattern is called moiré. It is a very interesting
anti-counterfeiting protection mechanism because it creates images that are exceedingly sensitive to
small changes in the primitive layer.In a one-dimensional moiréconfiguration, design elements such
as text, graphs, grayscale, and color patterns can be arranged freely along the length of the
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baseband[27]. When the moiré period is a determinate value, the number of elements that can be
merged is positively correlated with the length of the baseband. Hence, one-dimensional moirécan
produce numerous features consisting of dozens of letters or symbols that can be moved along a
straight line when one layer is dislocated relative to the other[28].

The linear one-dimensional moire fringe is formed by superimposing the linear base layer and the
linear display layer, as shown in Figure4 a. For each desired moire shape, pairs of base layers and
exposed layers with different layouts but matching can be used to prevent the moiré from direct
reproducting. Figure4 b unveils an ensample of the nexus between the strips of the base layer, which
includes green inclined "VALID" element, the lucent display layer is surrogated by a red dotted
sample line, and the consequential moiréshape element "VALID" is surrogated by a cyan pattern.1D
moiréfringes are shown in Fig4 c at a scale of 1:1. Seasonal strips, including perpendicularly flattened
text "VALID" as the base layer, are superposed with display line gratings with cloudy and lucent cross
portions. In the area where the display line gratings overlap, moiré fringes formed by the
corresponding enlarged text can be seen, and the period of the baseband copy vector (tx, ty) and the
display layer line grating (tr) are unveiled[29] in the amplified portion.

a
Base layer Revealing layer Moiré

ABC123
ABC123

Base layer

\
+\\\/ =

M

Revealing

‘- - = E.ﬁ Iayer
x ;

Moiré

Figure 4. Linear 1D moirés.

2.3. Advantages and disadvantages of colloidal PC patterns

In recent years, the anti-counterfeiting technology of patterned colloidal photonic crystalloids has
achieved rapid development. Because of its reusable, non easy to copy and easy to identify
characteristics, it has shown great potential in anti-counterfeiting technology. However, there are some
problems in the preparation of colloidal photonic crystal patterns mentioned above or in the
application of anti-counterfeiting marks. For example, it is still a challenge to realize stable periodic
structure, uniform response characteristics, relatively low production cost and mass production; The
convenience of anti-counterfeiting pattern detection and the role of anti-counterfeiting pattern are too
single, which needs to be optimized and improved.

3. Conclusion

Colloidal PCs offer a brand new avenue to design anti-counterfeiting banknotes.Combined with the
development tendency of technique against fake, dynamic anti-counterfeiting and multi-dimensional
information anti-counterfeiting technique can improve the hard copy of anti-fake information, and are
two anti-counterfeiting means with more development potential.For example, there is a method to
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build a 4D screening anti-fake micro design by printing layer by layer[30], this pattern can display
four various graphics according to diverse lighting ambient, and it is also capable of being designed
into a two-dimensional code, which integrates anti-counterfeiting and information storage.However,
when using the smartphones to identify the two-dimensional code to acquire messages, whether the
anti-counterfeiting pattern will disturb the information reading or damage the information content
needs further experimental investigation. The further development of patterned colloidal photonic
crystals will bring a variety of new anti-counterfeiting markers with outstanding functions and wide
applications.

Nevertheless, an advanced anti-counterfeiting material with fast deciphering, stellar hiding and
display effects, as well as high durability, has not been actualized in reality so far. Several challenges
of PC based anti-counterfeiting materials go beyond the photonic crystalline itself. The case in point is
that invisible photon printing of electric field display has swift and impactful hiding and display
effects, but its rigid and brittle conductive substrate limits its further application on delicate target
surface. Accordingly, implementating new flexible electrodes instead of FTO, like conductive polymer
electrodes, will widen its application ranges[31].
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