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ng labels of photonic crystals with
versatile structural colors†

Nguyen Hoang Minh, ab Kwanoh Kim,a Do Hyun Kang,a Yeong-Eun Yooab

and Jae Sung Yoon*ab

Labels with structural color based on photonic crystals (PCs) have drawn significant attention due to their

unique color emission, offering promising solutions for anti-counterfeiting applications. However, to meet

the demands of future high-security applications, conventional structural color labels require further

improvement. This study introduces a novel approach to fabricate highly encrypted anti-counterfeiting

labels by combining close-packed and non-close-packed monolayers of nanoparticles (NPs) onto

adhesive surfaces. The photonic crystals, arranged in specific geometric shapes, exhibit overt–covert

characteristics. The hidden label is only revealed under specific external triggers, such as attaching or

removing a transparent cover film. The principle of color modulation of the photonic crystal is

elucidated, highlighting the role of packing density and refractive index matching. Additionally, the

scalability and cost-effectiveness of the fabrication process in this study are expected to facilitate future

commercialization. Various anti-counterfeiting applications, including water-responsive labels and multi-

layer authentication, are demonstrated also, which enables higher security levels and versatility of this study.
Introduction

Counterfeiting has become a signicant problem to global
economies, public health, and social development,1,2 causing
nancial losses of 2 trillion USD in 2021.3 To solve this problem,
various anti-counterfeiting methods have been studied
including barcodes,4,5 watermarks,6 luminescence,3,7,8 and laser
encoding.9,10 Among these, structural color labels based on
photonic crystals (PCs) have gained considerable attention due
to their optical properties and potential for enhanced
security.11–15 The structural color is generated by the optical
interaction of light with micro- or nano-structures, such as
diffraction, interference, and scattering.16 According to Bragg's
law, the reected wavelength is determined by the incident and
viewing angles, the lattice constant, and the refractive index.17

Articial photonic crystals inspired by natural examples exhibit
unique angle-dependent colors and have been widely employed
for anti-counterfeiting applications.18,19 However, most irides-
cent labels remain constantly visible, limiting their effective-
ness in high-security applications. Therefore, recent research
has focused on encrypted, multi-mode photonic crystals3,16,20–22

that become visible only when triggered by external stimuli,
known as responsive PCs.22–25
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Responsive PCs remain invisible under normal conditions
but become visible when exposed to stimuli like water or
solvent,26–28 heat,29,30 mechanical deformation,31–33 and photo-
luminescence.34,35 The colors of the photonic crystal change due
to variations in the lattice constant or the mean refractive index,
making the hidden label visible.36,37 For example, Wu et al. re-
ported a programmable thermochromic PC label via custom-
izing the heat-responsive properties of the PC lm.38 When the
temperature dropped, the effective refractive index of the lm
changed locally, leading to the revelation of a covert label. In
another approach, a PC encrypted in h-SiO2/PU PC was created
by Zhang et al. for the anti-counterfeiting labels.20 The diffusion
of the specic solvent into the local PC caused the difference in
refractive indices between the label and the surrounding area,
resulting in the appearance of the label. However, previous
techniques are based on the opal or inverse opal structures,
which are challenging to fabricate uniformly on a large scale. An
ideal encrypted PC label for commercialization needs to fulll
the following criteria.

(i) Covert feature: the difference between the labels and the
surrounding area must be minimized to ensure that the label
remains hidden.

(ii) High contrast under activation: when activated by
external stimuli, the color contrast should be sufficiently high to
clearly reveal the hidden label.

(iii) Practical stimuli and decoding: the required stimuli
should be readily available in ordinary conditions and settings,
and the decoding process should be straightforward and rapid.
Nanoscale Adv., 2024, 6, 5853–5860 | 5853
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(iv) Cost-effective and scalable fabrication: the fabrication
process must be economical and scalable for commercial
production.

In this study, a facile technique meeting the above require-
ments is introduced to fabricate multiple-state anti-
counterfeiting labels. By integrating nanoparticle monolayers
with different packing densities onto a exible adhesive tape,
we demonstrate a unique overt–covert feature. When the
nanoparticles are closely packed, the label remains visible. But
when they are arranged with low packing density, the label
becomes hidden with mechanical pressure. This approach
maintains a consistent color and viewing angle while offering
a novel and commercially viable method for highly encrypted
anti-counterfeiting labels.
Method
Preparation of close-packed and non-close-packed
monolayers of NPs

Fig. 1 shows the fabrication processes for close-packed and non-
close-packed monolayers of NPs. Two kinds of NPs were used
for the experiments in this study, which are polystyrene (PS)
with a diameter of 780 nm (Bangs Laboratories, Inc.) and pol-
ymethyl methacrylate (PMMA) with a diameter of 700 nm (CD
Bioparticles) (Fig. S1†). Monolayers of NPs were assembled on
a silicon wafer by spin coating and dip coating methods as
Fig. 1 Schematic of the fabrication processes and SEM images of
close-packed and non-close-packed monolayers of nanoparticles on
the flexible adhesive tape (scale bar: 1 mm).

5854 | Nanoscale Adv., 2024, 6, 5853–5860
reported in numerous studies.13,39 First, a silicon substrate was
treated with oxygen plasma to obtain a super-hydrophilic
surface. Subsequently, in the spin coating process, 100 ml of
PS or PMMA nanoparticles (10% wt/v) were dropped on the Si
substrate, followed by spinning at various speeds (600–1600
rpm). Then, monolayers of nanoparticles were obtained with
various area fractions of surface coverage. Meanwhile, the dip
coating method was also employed to fabricate the monolayer
of nanoparticles with 100% area fraction. In this method, the PS
nanoparticle solution (10%wt/v) wasmixed with IPA at a ratio of
1 : 1. Subsequently, the monolayer of nanoparticles was
dispersed on the water–air interface by injecting the mixture
slowly with a syringe at a speed of 100 ml min−1. Aer that, a few
drops of SDS surfactant were added to enhance the crystalliza-
tion and remove the voids in the monolayer. This monolayer
was transferred onto the Si substate by withdrawing the
substrate from the water–air interface. Initially, the NPs were
self-assembled into a close-packed monolayer (CPM). Then, the
non-close-packed monolayer (NCPM) of NPs was obtained by
etching them with the reactive ion etch (RIE) technique at
a power of 80 W for etching time from 60 to 85 s. Subsequently,
two types of monolayers of NPs were fabricated on silicon
substrates. These layers were transferred onto black or trans-
parent adhesive tapes (83100H/6450BZ, Horae) through
a shadow mask (stainless steel, 100 mm thick), resulting in the
formation of PCs in the designed geometric areas. And a poly-
ethylene terephthalate (PET) lm (100 mm thick) was used as
a transparent cover lm.
Characterization

The morphology of PCs was observed and measured using
a scanning electron microscope (SEM, SM-356, Topcon Corp.).
The wavelength of the reected light from the PCs was
measured using a spectrometer (Flame-s-vis-nir, Ocean optics,
Inc.) on a customized stage. The photos and videos were taken
using the camera of iPhone. And the images of the monolayer
Fig. 2 Labels with (a) close-packed, and (b) non-close-packed
monolayer of polystyrene NPs on black tape before and after appli-
cation of a transparent cover film (scale bar: 1 cm).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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were captured by an Optical Microscope (BX53MRF-S, Olympus)
and analyzed using soware (ImageJ, U. S. National Institutes of
Health).
Results and discussion

Close-packed and non-close-packed monolayers of polystyrene
NPs were obtained, with diameters of 780 nm and 710 nm,
respectively. Then they were transferred onto the exible tapes
as seen in Fig. 2, Videos S1 and S2.† These results show that
both of the PCs emitted iridescent structural colors. However,
Fig. 3 Labels with non-close-packed monolayers of (a) polystyrene
NPs, and (b) polymethyl methacrylate NPs on transparent tape before
and after application of a transparent cover film (scale bar: 1 cm).

Fig. 4 (a) Illustration of embedment or extrusion of nanoparticles on adhe
revelation of the label by dissolving the cover film (scale bar: 1 cm).

© 2024 The Author(s). Published by the Royal Society of Chemistry
the color from the NCPM disappeared while that from the CPM
remained stable when a transparent cover lm was applied on
the surface. This difference was caused by the size and packing
density of the particles, as illustrated in Fig. 1. If the particles
are small and sparsely arranged, they are buried beneath the
surface of the adhesive tape by application of the cover lm. And
there are sufficient voids between the particles, ensuring
adhesion between the lm and tape, so that the particles cannot
be extruded but remain embedded under the surface of the
tape. Meanwhile, the particles in the close-packed layer cannot
be buried fully by application of the cover lm. And the lm and
tape are not in contact within the perimeter of the monolayer
due to the lack of voids between particles. Therefore, the CPM
showed the structural color even aer the cover lm was
applied. As previously discussed, packing density has been
identied as a signicant parameter inuencing the response of
PCs when subjected to mechanical pressure in the presence of
a transparent cover lm. Additionally, the light absorbance of
the adhesive tape and the refractive indices of both the PCs and
the tape are also important factors when the particles are
embedded beneath the surface of the tape. In order to investi-
gate these parameters, experiments were conducted with non-
close-packed layers of PS and PMMA nanoparticles on the
transparent adhesive tapes as seen in Fig. 3 and Video S3.† The
particles in these results are not close-packed, so they can be
assumed to be buried or embedded beneath the surface of tape
with application of the cover lm. But Fig. 3a shows that color
from PS particles still remained with decreased intensity. Since
the adhesive tape is transparent, incident light reaches the
particles beneath the surface of the tape resulting in optical
interactions for structural color, which was inhibited on the
sive tape, (b) revelation of the label by peeling off the cover film, and (c)

Nanoscale Adv., 2024, 6, 5853–5860 | 5855
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black tape. And the refractive indices of PS and the tape are 1.58
and 1.49, respectively. This difference also caused the remain-
ing color of PCs aer they are embedded beneath the surface.
So, when the refractive indices were matched by using PMMA
particles (refractive index = 1.49), the PCs became completely
covert aer the cover lm was applied, as seen in Fig. 3b and
Video S4.† These results suggest that the overt–covert feature of
PCs could be obtained by the principle of this study. And it is
shown that the refractive indices of the particles and tape don't
need to be matched on the black tape, while they need to be
matched on the transparent one.

Notably, this overt–covert process is reversible, as the colors
reappear aer the cover lm is peeled off. Fig. 4a shows the
schematics of overt and covert states. With the cover lm, the
particles are embedded under the surface with deformation of
the tape. At this state, the forces acting on particles are in
equilibrium, which are the elastic restoration of the tape (green
arrow) and the reaction force by the cover lm (red arrow)
caused by adhesion force between the tape and lm (blue
arrows). When the cover lm is removed, the reaction force
vanishes. Thus, the particles are partially extruded out of the
surface by the elastic restoration of the tape, resulting in
iridescent colors. Fig. 4b and Video S5† show a demonstration
of this principle as an anti-counterfeiting label for several tests,
whose transition of visibility is reliably effective and reversible.

As described above, the hidden or covert label is revealed by
the removal of the PET cover lm. So further experiments were
done by replacing the transparent cover lm with a thin
Fig. 5 Angle dependency of photonic crystals of PS nanoparticles on
a black adhesive tape. Pictures (a) and reflectance profiles (b) for
various viewing angles (scale bar: 1 cm).

5856 | Nanoscale Adv., 2024, 6, 5853–5860
polyvinyl alcohol (PVA) lm. Since PVA is soluble in water, this
cover lm can be removed by dipping in or washing with water.
As seen in Fig. 4c and Video S6,† a geometric shape (buttery)
was hidden with the PVA cover lm, but it was restored with its
colors aer being washed in water. Therefore, the working
principle in this study also presents a feasible approach for
developing water-responsive anti-counterfeiting labels.

The photonic crystals in this study emit vivid and iridescent
colors resulting from the diffraction of incident light, which is
based on Bragg's law. The color is caused by the difference of
optical paths of 2 adjacent light beams, which is expressed in
the equation19 (Fig. S2†).

D = nd (sin q1 + sin q2) (1)

where q1, and q2 are the incident and diffraction angles,
respectively, and n is the refractive index of the surrounding
environment (1 for the ambient air). d is the lattice constant or
distance between adjacent lattice rows, which is equal to O3/2D
(D is the distance between centers of two adjacent nano-
structures). For the close-packed hexagonal NPs, D is the
diameter of NPs. When the difference of optical paths (D) is
equal to the integer multiple (m) of a certain wavelength (l),
constructive interference occurs at this wavelength as described
by the following equation.
Fig. 6 (a) Fabrication process of hybrid labels with integration of the
CPM and NCPM, and (b) encrypted and revealed shape (triangle) (scale
bar: 1 cm).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ml = nd (sin q1 + sin q2) = O3/2D (sin q1 + sin q2) (2)

As a result, PC emits colors when the diffracted wavelength is
within the visible spectrum. In this study, the diameter of NP (D)
is 780 nm, and the light source is xed at the normal direction
to the surface of the substrate (q1= 0°). So diffracted wavelength
is calculated to be 434, 553, and 635 nm at q2 of 40°, 55°, and
70°, respectively. These values align well with the experimental
results as shown in Fig. 5.

As shown in eqn (2), the colors are determined by the angles
and the lattice constant. And the photonic crystals of the CPM
and NCPM in this study have the same lattice constant (780
nm), so they show the same colors if they are observed at the
same angle. This offers us another strategy to fabricate an overt–
covert label for anti-counterfeiting usage, which is the encryp-
ted label.30,31 The encrypted label in this study was obtained by
integrating the CPM and NCPM into a hybrid label, as illus-
trated in Fig. 6a. First, the CPM was transferred onto an adhe-
sive tape using a shadow mask with a triangle-shaped opening.
Next, the NCPM was transferred onto the same tape using
a shadow mask with a buttery-shaped opening. In this step,
the NCPM was transferred within the buttery except the
triangle, because the triangle was already occupied by the CPM.
As a result of the same lattice constant, the colors of both the
Fig. 7 (a) Photo (scale bar: 1 cm) and (b) reflectance spectrum of PCs w
images of various monolayers of PCs (scale bar: 1 mm) and (d) their refle

© 2024 The Author(s). Published by the Royal Society of Chemistry
CPM and NCPM are identical at arbitrary angles. Therefore, the
triangle is hardly recognizable without the cover lm in Fig. 6b.
This is not because its color disappeared but because it had the
same color with the surrounding area. But the triangle became
clear aer application of the cover lm as the color of the
buttery faded out. However, this result also shows that the
triangle was not completely hidden even without the cover lm
(Fig. 6b). Although the CPM and NCPM originate from the same
monolayer of NPs and have identical lattice constants, their
diameters differ. This leads to the difference in intensity of
diffracted color, making the triangle shape slightly visible. So
further investigation was conducted on the reectance of
photonic crystals which have identical lattice constants but
different diameters.

Fig. 7a showsNCPMswith particles of 710 nm in square, circle,
and triangle shapes, surrounded by the CPM with particles of
780 nm, both on black adhesive tape. And measurements of
reectance show a decrease of approximately 10% from the CPM
to the NCPM (Fig. 7b). This implies that matching the reectance
is necessary to achieve a covert feature in the hybrid label
combining the CPM and NCPM. Therefore, we have conducted
parametric studies on the reectance of photonic crystals. Various
monolayers of photonic crystals were prepared with the same
lattice constant (780 nm) and different diameters (780, 710, 655,
ith identical lattice constants but different particle diameters. (c) SEM
ctance. All PCs were fabricated on a black adhesive tape.

Nanoscale Adv., 2024, 6, 5853–5860 | 5857
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590, 547, 506 nm) on the adhesive black tape as seen in Fig. 7c and
S3.† Then their reectance was measured as seen in Fig. 7d. The
reectance decreased from 56% to 13% as the particle size
decreased from its original diameter, 780 nm, to 506 nm.

This result suggests that the reectance of the close-packed
monolayer needs to be reduced while maintaining the diam-
eter of particles. This can be achieved by adjusting the area
fraction of the monolayer of the CPM during particle assembly.
There has been a lot of literature investigating the assembly of
particles and the formation of a monolayer by the spin coating
technique.40,41 When the particles are carried in liquid and their
layer is made by the spin coating technique, the particles are
attracted each other by capillary force, resulting in a close-
packed layer. And if the spin speed is lower than the optimum
value, excessive particles remain during the spinning process,
resulting in multilayers of particles. Otherwise, if the spin speed
is higher than optimum, monolayers are obtained but the lack
of particles results in voids betweenmonolayers. In Fig. 8a, dark
areas at 600 and 800 rpm represent multilayers, and bright
areas at 1200, 1400 and 1600 rpm represent the surface of wafer,
Fig. 8 (a) Optical microscopy images of particle layers on a silicon sub
monolayers and (c) reflectance of particle layers for various spin speeds

5858 | Nanoscale Adv., 2024, 6, 5853–5860
or voids (Fig. S4†). From the perspective of reectance, both
multilayers and voids weaken the reectance. However, the
degradation caused by voids is greater than that caused by
multilayers, as seen in Fig. 8b and c. It is because the multi-
layers still contribute to the generation of structural colors. As
a result, the NCPM containing 710 nm particles matches the
reectance of the CPM with an 80% monolayer fraction.
Therefore, the hybrid labels of the CPM and NCPM have been
fabricated as seen in Fig. 9a and Video S7.† These labels have
specic shapes containing the NCPM, which are hidden or
encrypted until a cover lm is applied. As the label is exible, it
is expected to be applied for anti-counterfeiting labels which
need to be in deformation or curved surfaces. We applied the
label onto a Vietnamese banknote to demonstrate practical
applications. As shown in Fig. 9b, the label conformably
adhered to the banknote even at a bent state (top image).
Interestingly, the covert–overt feature was triggered using the
PET cover lm (top image) or the transparent area of the
banknote (bottom image), demonstrating the convenience of
this principle for anti-counterfeiting uses.
strate for various spin speeds (scale bar: 100 mm), (b) area fraction of
.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Hybrid labels containing the CPM and NCPM, (b) the hybrid labels on a Vietnamese banknote at a bent state (top image) and flat state
(bottom image) (scale bar: 1 cm).
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Conclusion

In this study, a simple and scalable fabrication process is
introduced to obtain a close-packed monolayer and non-close-
packed monolayer of nanoparticles for anti-counterfeiting
applications. With the application of a transparent cover
lm, the NCPM was instantly hidden, while the CPM kept
emitting colors. This occurred because the NCPM was
embedded beneath the surface of a deformable adhesive tape,
causing the cover lm and tape to adhere together, while there
was no interspace between particles in the CPM. The covert–
overt PCs were also fabricated on dark and transparent tapes.
It was shown that the covert label could be obtained on dark
tape due to the high absorption of light, regardless of the
refractive index. However, when a transparent tape was used,
matching refractive indices of NPs and the tape was necessary.
Based on this study, hidden labels that could only be revealed
by peeling off the cover lm or washing with water have been
demonstrated for anti-counterfeiting usage. For higher secu-
rity levels, the color and reection of the CPM and NCPM were
modulated to be nearly identical so that their integration
provided a simple method to create encrypted labels.
Furthermore, by tailoring properties of the adhesive layer or
cover lms, this principle can be utilized as indicators for
© 2024 The Author(s). Published by the Royal Society of Chemistry
mechanical pressure or exposure to water or chemicals. The
fabrication process in this study provides the exibility for
versatile photonic crystals, which is expected to have a broad
impact on the commercialization of future anti-counterfeiting
labels.
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