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infiltration,[7–9] near-infrared and ultra-
violet (UV) light irradiation,[10,11] providing 
an avenue for the development of var-
ious sensor applications.[12,13] The invis-
ible photonic patterns can be regarded as 
advanced responsive PCs,[14] which are 
hidden under normal conditions but can 
be revealed by color contrast under corre-
sponding external stimuli.[15–17] The unique 
characteristics of invisible photonic patterns 
and the inherent advantages of structural 
colors, such as no fading,[18] no bleaching,[19] 
and no agglomeration,[20] make them poten-
tial candidates for steganographic paper, 
encryption, and security materials.[21,22]

Nowadays, various invisible photonic 
patterns have emerged. The most suitable 
methods for creating invisible photonic 
patterns can be divided into two catego-
ries.[23] One is the selective fixation method, 
widely used to fabricate invisible photonic 

patterns displayed in applied stress,[17,24] solvents,[25,26] or mag-
netic fields.[15,27] These invisible patterns are usually achieved 
by fixing selective regions of the responsive PC materials with 
the help of cross-linkers. Since the cross-linked pattern region 
and the noncross-linked background region show different 
responses to solution or stress, a color contrast (Δλ = 60–80 nm) 
occurs between the pattern and the background regions after 
applying a solvent or deformation.[17,24,25] This striking visual 
contrast makes it easy to identify. However, this approach has 
a fatal flaw that the inevitable deviation will be introduced into 
the invisible state. The deviation can be attributed to the fact 
that the cross-linking process changes the refractive index (RI), 
leading to a shift of the reflected wavelength (Δλ = 10–20 nm) in 
the cross-linked region.[17,24,25] Therefore, these patterns cannot 
realize truly optical invisibility, thus limiting their application in 
the field of high-precision encryption.

Another method is selective hydrophilic or hydrophobic 
modification.[16,18,28,29] Since this process only introduces addi-
tive groups without affecting the structural parameters of PCs, 
it promises to realize completely invisible photonic patterns.[23] 
For example, Zhong’s group fabricated an invisible photonic 
material through selective hydrophilic modification of colloidal 
PCs.[16] It can realize truly optical invisibility. Namely, the pat-
tern and background regions not only show the same color 
but also show the same position of the reflectance peaks. This 
system also offers ultra-fast response speed (0.20 s). Unfortu-
nately, an inconspicuous contrast after applying stimulation 
affects image recognition.

Invisible photonic patterns based on responsive photonic crystals show great 
potential in structural-color encryption. However, single inherent information 
(structural color) encryption/decryption means and the incomplete invis-
ibility in normal conditions greatly limit further development in high-precision 
encryption. Here, a novel invisible photonic pattern encrypted/decrypted 
by dual optical information (structural color and brightness) is reported. It 
is prepared by engineering an extremely large wettability difference into the 
patterned and unpatterned regions of a vapor-responsive inverse opal film. 
The same optical properties and the distinct wettability difference between 
the two regions not only ensure that the pattern encrypted by structural 
color and brightness in the normal state can be entirely hidden under the 
microscope, but also ensure that it can be decoded by large color contrast 
(Δλ = 26–32 nm) and brightness contrast (ΔB = 48–57.6) under flowing water 
vapor state. The unique invisible photonic pattern, reported for the first time, 
can inject new life into structural color-based encryption.
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1. Introduction

Photonic crystal (PC)[1,2] is a kind of artificial structure formed 
by the periodic arrangement of materials with different refrac-
tive indices. They display unique structural colors and photonic 
bandgap (PBG) properties. Responsive PCs are a special 
member of the PC family that can adjust their structural colors 
and PBGs under external stimulation,[3] such as magnetic and 
electric fields,[4,5] mechanical deformations,[6] vapor or solvent 
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The possible solution to solve weak contrast is to introduce 
water-sensitive polymer materials[18,23,28,30] or hydrophobic 
macroporous polymer materials into the PC system.[31,32] The 
invisible patterns obtained by selectively hydrophobic modi-
fication of water-responsive PCs will show great color con-
trast after soaking in water (50–140 nm), since the hydrophilic 
region shows greater lattice expansion than the hydrophobic 
region after water immersion.[18,23,28] The invisible patterns 
obtained by selective hydrophilic modification of nonwetted 
polymer with inverse opal (IO) structure also show great color 
contrast after wiping with water, since the hydrophilic region 
not only shows greater lattice expansion but also shows a more 
significant increase of RI.[31,32] Nevertheless, the response and 
recovery speeds of these invisible photonic patterns are typi-
cally slow (from tens of seconds to tens of minutes) due to the 
sluggish swelling/deswelling process of polymer.[28,30–32] This 
limitation can be overcome by introducing the vapor-respon-
sive macroporous polymer into the PC system, according to 
the reports of Jiang’s[33] and Du’s teams.[34] However, these two 
polymer films with the IO structure exhibit great structural 
color tunability only in the presence of organic solvent vapor 
(e.g., acetone, methanol, and chloroform).[33,34] Therefore, the 
invisible patterns based on these two polymer films[33,34] must 
be recognized by organic solvent vapor. Since the identification 
method does not meet the need for nontoxicity and environ-
mental protection,[23,25] the invisible photonic patterns based 
on organic vapor-responsive PCs have been rarely reported. 
Due to inherently small size (tens of microns), inkjet-printed 
hydrogel PC microdots[35,36] and self-assembled hydrogel PC 
beads[37] both show large PBG tunability and fast response to 
water vapor. Nevertheless, the uniformity of colloidal PCs com-
posed of microdot or microbead arrays is difficult to meet the 
needs of advanced security and encryption fields.[22] Thus, there 
are few reports on the invisible photonic patterns based on PC 
microdots or beads.

Based on the above research, we can find that these invis-
ible photonic patterns based on responsive PC are encrypted 
or decrypted by only single information (structural color) and 
the systems based on structural color-encryption are difficult to 
satisfy the total invisibility in the hidden state, explicit recogni-
tion in the displayed state, and the rapid response to external 
stimuli. These results affect the level of security in hidden 
mode, as well as the pattern recognition in displayed mode, 
especially for those with weak color discrimination abilities. 
It hampers further development in advanced encryption and 
security materials.

In this work, we propose a simple strategy to introduce water 
vapor-responsive poly (ethylene glycol) diacrylate (PEGDA) 
materials with IO structure into invisible photonic systems, real-
izing the dual message encryption (structural color and bright-
ness) in the hidden state and dual optical information recogni-
tion in the displayed state. Here, the invisible patterns were fab-
ricated by a hydrophobic treatment of the whole PEGDA film 
(by chemical modification), followed by a selective hydrophilic 
treatment process (by oxygen plasma etching). Instead of the 
conventional one-step selective hydrophilic/hydrophobic modi-
fication, this improved method gives the patterned and unpat-
terned regions the same optical properties, but extremely large 
wettability difference. Therefore, the patterned and unpatterned 

regions show the same structural color (same reflectance 
spectra) and the same brightness even under the microscope, 
achieving a fully invisible pattern encrypted by the two types of 
optical information (brightness and color). To the best of our 
knowledge, it may be the most stealthy system to hide images 
in the responsive PC family. On the other hand, the significant 
wettability difference makes that the invisible photonic pattern 
can be revealed by adjusting two optical properties (color and 
brightness) under the flowing water vapor state. In this cir-
cumstance, the significant color contrast (Δλ = 26–32 nm) and 
brightness contrast (ΔB = 48–57.6) will occur between the pat-
terned and unpatterned regions, making the pattern easy to rec-
ognize. This revealing method, namely, the adjustment of two 
optical information (structural color and brightness) merely 
using a single stimulus (blowing a breath), may be the first 
report in our system. Compared to previously reported invisible 
photonic patterns revealed by tuning single specific informa-
tion (structural color), our system is more conducive to human 
pattern recognition, especially for those with weaker color dis-
crimination capabilities. In addition, the patterns show a fast 
speed of decryption (1 s) and re-encryption (about 2 s). Even 
after 100 consecutive vapor exposure–evaporation operations 
or 100 bending test cycles, they can still achieve fully reversible 
transitions between the visible and invisible states. The combi-
nation of the features makes our system ideal for security tags, 
identification marks, and information encryption.[14,16,23]

2. Results and Discussion

The fabrication process for introducing an invisible pattern into 
the PEGDA film with an IO structure is illustrated in Figure 1. 
First, ordered arrays of SiO2 nanoparticles obtained by evapo-
ration-induced self-assembly process were immobilized in a 
PEGDA matrix by a UV photo-polymerization method, forming 
a SiO2-PEGDA composite PC films, where the volume fraction 
of silica is 30%, as previously reported (Figure 1a).[38] Next, the 
films were immersed in 2 wt% hydrofluoric acid solution to 
remove SiO2 nanoparticles (Figure  1b). The obtained PEGDA 
films with IO structure were treated by trichloro(1H, 1H, 2H, 
2H-tridecafluoro-n-octyl)silane (FOTS) to create hydrophobic 
properties (Figure 1c). Finally, the hydrophobic films protected 
by the mask were selectively subjected to oxygen plasma etching 
(Figure 1d), resulting in the etched regions being re-activating 
and exhibiting hydrophilicity. Thus, the invisible patterns on 
the IO-structured PEGDA film were formed (Figure 1e).
Figure  2a–c shows the microscope images of untreated 

PEGDA film with IO structure, entirely hydrophobic-treated 
PEGDA film, and invisible photonic pattern on PEGDA film, 
respectively. The film shows different colors before and after 
exposure to FOTS (30  µL) vapor (Figure  2a,b), while its color 
remains unchanged before and after 5  min selective oxygen 
plasma etching (Figure 2b,c). This is consistent with the reflec-
tance spectra obtained from the samples (Figure S1, Supporting 
Information). The reflectance spectra show that high hydropho-
bization will lead to a change in PBG position, suggesting that 
it is challenging to incorporate a truly optically invisible pat-
tern into the PC system by only one-step selective hydrophobic 
modification. In fact, the difference in the PBG position can 

Adv. Optical Mater. 2022, 10, 2101268



www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2101268 (3 of 12)

www.advopticalmat.de

be attributed to the RI contrast caused by the substitution of 
FOTS for the air in the voids. This can be confirmed by scan-
ning electron microscope (SEM) images before and after hydro-
phobic modification (Figure S2a,b, Supporting Information). 
The untreated PEGDA film exhibits a typical IO structure and 
shows open and interconnected pores (Figure S2a, Supporting 
Information). In contrast, the hydrophobically treated PEGDA 
film shows no pores on the surface and a 1 µm thick coating on 
the cross-section (Figure S2b, Supporting Information). This 
suggests that FOTS completely covered the pores of the sur-
face, and these closed pores are filled with FOTS instead of the 
atmosphere, causing a change in RI and PBG position. Since 
there is no change in the position of the PBG after selective 
etching (Figure  2b,c and Figure S1, Supporting Information), 
it seems that the structure would remain unchanged. Interest-
ingly, however, this is not the case. There is no doubt that the 
unetched region (marked by the white dotted box in Figure 2c) 
protected by a mask shows the same microstructure as entirely 
hydrophobic film (Figure S2b, Supporting Information). How-
ever, the microstructure in the etched region has changed. As 
demonstrated by Figure S2c in the Supporting Information, 
some of the pores in the surface and a thinner FOTS coating on 
the cross-section can be observed from the SEM images. This 
means that the etching process not only provides hydrophilic 
groups on the film surface, as previously reported,[39,40] but also 
erases the FOTS layer on the film. The altered microstructure 
did not lead to a change in the position of the PBG, which can 
be attributed to the fact that the partially cracked FOTS layer 
is not sufficient to cause a change in RI of the entire etched 
region. Thus, the etched and unetched areas possess different 
microstructure but the same optical properties. As shown in 
Figure  2c,e,f, the etched and unetched regions show not only 

the same color and microscale reflectance spectra, but also the 
same brightness, resulting in completely invisible and two-
messages (color and brightness) encrypted photonic patterns. 
The pattern can be hidden entirely even under the microscope 
(Figure 2c), so it is fair to say that we probably created the most 
stealthy system for hiding patterns into responsive PC struc-
tures. It is worth mentioning that “brightness” is an attribute 
of visual perception used to describe the continuous change 
of objects from light to dark.[41] Brightness values were usually 
measured by Commission Internationale de L’Eclairage (CIE) 
Lab color system.[42–45] In the CIE Lab color space system, the L 
(lightness/brightness) value is limited between 0 and 100, where 
0 indicates absolute black and 100 indicates absolute white. The 
brightness values of our samples were read from Adobe Pho-
toshop software under CIE Lab color mode.[46,47] The detection 
points in etched and unetched regions have been marked in 
Figure S3a,b in the Supporting Information. The brightness 
values read from Adobe Photoshop software have been listed in 
Table S1 in the Supporting Information. The brightness values 
of the unetched and etched regions in Figure  2f are average 
values of detection points in the corresponding regions, which 
are both 62.8 under normal conditions (Table S1, Supporting 
Information).

The contact angle (CA) values of the samples are shown in 
Figure S4 in the Supporting Information. The average CA of 
water drop measured on the untreated PEGDA film surface 
is 47°, while it increases to 168° after hydrophobic treatment 
(Figure S4a,b, Supporting Information). The CA of water drop 
on the unetched region is also 168°, while the water droplets 
were almost completely spread on the etched region (CA = 0°) 
(Figure S4b,c, Supporting Information). It indicates the two-
step modified method can achieve a greater CA difference 
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Figure 1. Schematic illustration of the fabrication routine to introduce the invisible patterns into the PEGDA films with IO structure: a) SiO2-PEGDA 
composite films with opal structure prepared by a UV photopolymerization method. b) PEGDA films endowed with the IO structure after hydrofluoric 
acid corrosion. c) FOTS vapor permeating the voids of the IO structure to create hydrophobicity. d) The hydrophobically treated films covered by masks 
were exposed to oxygen plasma etching. e) The invisible patterns were obtained after removing masks.
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between etched and unetched regions (0°–168°) than the selec-
tive one-step hydrophilic treatment (0°–47°) or one-step hydro-
phobic treatment (47°–168°). The huge difference in wetting 
properties is the key to decryption with flowing water vapor.

When we blow a breath onto the surface of the patterned 
sample, the hidden “smiling face” pattern is revealed in a 
black-cyan (Figure  2d). The corresponding changes in reflec-
tion spectra and brightness values after blowing are shown in 
Figure 2e,f, respectively. The spectra show that the wavelength 
of the etched region and unetched region changes from 460 
to 496  nm and from 460 to 470  nm, respectively (Figure  2e), 
causing a color/wavelength contrast (Δλ = 26 nm). The average 
brightness values of the unetched and etched regions vary from 
62.8 to 27 and 62.8 to 75, respectively (Figure 2f, and Figure S3 
and Table S1 in the Supporting Information), resulting in a 
significant contrast in brightness (ΔB  = 48) between the two 
regions. The brightness values after blowing were also obtained 
by measuring multiple points from the etched and unetched 
regions (Figure S3c,d, Supporting Information) using Adobe 
Photoshop software based on the CIE Lab color space and then 
averaging the corresponding measured values (Table  S1, Sup-
porting Information). It is worth mentioning that the bright-
ness values cannot be affected by Photoshop software, since 
CIE Lab color space is device-independent.[48,49] In other words, 

the brightness value in each detection point is unique. The 
above results demonstrate that our patterns are revealed by 
adjusting dual optical signals (structural color and brightness). 
Unlike almost all invisible photonic patterns based on respon-
sive PCs, which can only be displayed by tuning the structural 
color, our system gives rise to a more striking display of the pat-
tern. It is conducive to human recognition, especially for those 
with poor color discrimination. The invisible pattern onto the 
PEGDA film is customizable. The new pattern can be printed 
into the film by replacing the original “smiling face” mask with 
a new mask during the selective etching process. As a dem-
onstration, we used a “rectangle shape” mask to fabricate an 
invisible pattern. This “rectangle shape” pattern is completely 
hidden at normal conditions, while revealed by blowing (Figure 
S5, Supporting Information). The color and brightness changes 
of this sample after blowing are the same as mentioned above 
(Figure 2e,f). Movie S1 in the Supporting Information displays 
this fast decoding process under the microscope. In addition, 
this chemical modification method is capable of creating invis-
ible photonic patterns with higher resolution. As a demonstra-
tion, a 50-mesh copper grid (Figure 3a) and a metal strip were 
used as new masks to create a hexagonal array and a straight 
line onto the PEGDA film. Undoubtedly, the patterns remain 
completely invisible under the microscope at normal conditions  
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Figure 2. A series of microscopic images of the sample obtained during the fabrication process of invisible photonic patterns and the decryption of 
invisible patterns: a) The microscopic image of the PEGDA film with IO structure with a pore diameter of 162 nm. b) The microscopic image of the 
PEGDA film with IO structure treated by 30 µL FOTS. c) The microscopic image of the invisible “smiling face” pattern onto the film in hidden states.  
d) Invisible “smiling face” pattern revealed by blowing a breath with straws. e) Reflectance spectra of the etched (unpatterned) and unetched (pat-
terned) regions before and after blowing. f) Brightness values of the etched and unetched regions before and after blowing. The spots in the microscope 
images (a)–(d) represent the monitor position of the probe on samples, where the red and yellow spots in (c) and (d) represent its monitor position on 
etched (unpatterned) and unetched (patterned) regions, respectively. “U” and “E” in (c)–(f) represent the unetched and etched regions, respectively.
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(Figure  3b). Once a flowing water vapor was applied, the 
hexagonal array and straight line can be clearly recognized 
(Figure  3c). Considering that the interspacing between hexa-
gons is 50  µm and the width of the straight line is 80  µm 
(Figure 3c), it can be concluded that the resolution of the invis-
ible photonic patterns can easily reach about 50  µm. Further-
more, the resolution may be further improved by introducing 
more sophisticated masks and optimizing blowing devices.

The chemical hydrophobicity on the photonic patterns is 
controlled by the amount of FOTS during hydrophobic modi-
fication, which has a critical influence on the appearance and 
disappearance of the invisible patterns.[17,24] In addition to the 
current samples treated with 30  µL FOTS, we also fabricated 
some other samples treated with 0, 10, and 50 µL FOTS. These 
samples are then treated with 5 min selective etching processes 
as described above. The resulting invisible photonic patterns in 
hidden and displayed states are shown in Figure S6 in the Sup-
porting Information. Movies S2–S4 in the Supporting Informa-
tion show the transition of these samples from the invisible 
state to the visible state. Table  1 lists the wavelength contrast 
and brightness contrast between etched and unetched regions 
of the samples in hidden and displayed states, in which the 
data are collected from diagrams of reflectance spectra and his-
tograms of brightness values (Figure 2e,f and Figure S6 in the 
Supporting Information). In the hidden states, we find that the 
brightness contrast and wavelength contrast are both maxima 
when the FOTS is 0 µL. The appearance of the contrasts means 
that the direct oxygen plasma etching process will also lead 
to subtle changes in the optical properties, just like the direct 
hydrophobic modification process. It suggests that only two-
step hydrophilic and hydrophobic treatment can achieve true 
invisibility. As the FOTS content increases, the wavelength and 
brightness contrast between etched and unetched regions both 

decrease, resulting in a stronger encryption effect of the pat-
tern. However, it should not exceed 50 µL. Otherwise, the pat-
tern will be displayed (Figure S6i, Supporting Information). The 
best invisibility of the pattern can be achieved when the content 
is 30  µL (Table  1). At this point, the wavelength and bright-
ness contrasts are zero, forming dual messages encrypted and 
fully invisible patterns (Table  1 and Figure  2c,e,f). In the dis-
played states, the color contrast between etched and unetched 
regions first increased and then decreased with the content. 
The most significant contrast occurs at 30 µL. The brightness 
contrasts in display states are strong only at 30 µL and weak at 
other contents. It can be attributed to the fact that this sample 
shows extreme nonwettability in the unetched region (CA = 
168°, Figure S4b, Supporting Information) and extremely high 
wettability of the etched region (CA = 0°, Figure S4c, Sup-
porting Information). The CAs of unetched regions of samples 
treated with 0, 10, 50 µL FOTS are 47°, 118°, and 163° (Figure 
S7, Supporting Information), respectively, while CAs of etched 
regions are all 0°. Weak wettability contrast between etched 
and unetched regions leads to low brightness contrast in the 
display state when the dosage of FOTS is 0 or 10 µL. Interest-
ingly, when the dosage of FOTS is 50 µL, the strong wettability 
contrast will also lead to the low brightness contrast in the dis-
play state. This phenomenon can be attributed to the fact that 
the unetched and etched regions were completely covered by 
the FOTS layer (Figure S8, Supporting Information). There-
fore, although water can spread onto the surface of the etched 
region, it cannot penetrate the pores of the etched region. The 
above results prove that the two-messages encrypted/decrypted 
patterns can only be achieved when the content is 30  µL. In 
addition, 30 µL is the most suitable dosage to fabricate an invis-
ible photonic inscription with full invisibility in hidden mode 
and the most conspicuous revealing effect in showing mode. It 
needs to be emphasized again that the above results were dis-
cussed when the selective O2 plasma etching time was fixed at 
5 min.

In addition to the strict invisibility in hiding mode and the 
explicit display effect in showing mode, a fast response/decryp-
tion speed is also essential for invisible photonic patterns. Since 
the maximum brightness contrast and wavelength contrast are 
achieved almost simultaneously after blowing, we can measure 
response speed through the dynamic reflectance spectra. The 
evolution of reflectance spectra can be recorded by the optical 
spectrometer mounted onto a microscope, where the acquisi-
tion interval is set to 0.2 s. To ensure that the flow rate of water 
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Figure 3. The invisible patterns with higher resolution: a) The microscopic image of a 50-mesh copper grid. b,c) The microscope images showing the 
hexagonal array pattern and linear pattern hidden under normal conditions and displayed through breathing.

Table 1. The wavelength contrast and brightness contrast in hidden and 
displayed states change with FOTS content.

FOTS usages 
[µL]

Hidden states Displayed states

Brightness 
contrast

Wavelength 
contrast [nm]

Brightness 
contrast

Wavelength 
contrast [nm]

0 11 5 9 15

10 2 1 4 18

30 0 0 48 26

50 1.4 0 6.6 0
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vapor is the same for each response process, we use a new 
blowing device to replace the human blowing. The measure-
ment setup is introduced in Figure S9 in the Supporting Infor-
mation. As shown in Figure 4a,b, the original reflectance wave-
length (460 nm, 0 s) in the etched (unpatterned) and unetched 
(patterned) region is the same, indicating that this is indeed the 
initial state where the pattern is entirely invisible. Once flowing 
water vapor is applied, a wavelength red-shift in the etched 
region will occur within 0.2 s, suggesting that this region is 
very sensitive to water vapor (Figure  4a). As the acquisition 
time is further increased, the red-shift value still increases 
rapidly and eventually reaches a maximum (496  nm) at 1.0 s 
(Figure 4a). On the other hand, a weak red-shift phenomenon 
can be observed in the unetched region, as shown in Figure 4b. 
It increases slowly with response time and also reaches a max-
imum (470 nm) at 1.0 s. At this moment, the most distinct color 
(wavelength) contrast is produced (Figure  4a,b and Movie S1, 
Supporting Information). Thus, the invisible pattern shows a 
very fast decryption/response speed (1.0 s).

In addition, the reflectance spectra, as shown in Figure 4c,d, 
confirm that the invisible pattern also shows a fast recovery 
time. The reflectance peak of etched (unpatterned) and 
unetched (patterned) regions can both come back to the initial 

position when the blowing device is switched off. This process 
takes 2.2 s. Movie S5 in the Supporting Information displays 
the rapid recovery process of the pattern from the maximum 
contrast state to the initial hidden state. In general, the invis-
ible patterns based on gel-like responsive PCs revealed by water 
always exhibit slow response time and recover time (several 
minutes or hours), as the generation and disappearance of 
color contrast mainly rely on the slow swelling and de-swelling 
processes.[25,28] Our samples show a fast response and recovery 
speeds due to the rapid condensation and evaporation processes 
of the water vapor, where the fast condensation process can be 
attributed to the fact that surface microcracks/pores were con-
ducive to the diffusion of water/steam.[31]

We prepared fatigue tests to demonstrate the reversibility 
and durability of the sample, in which at least 100 consecutive 
vapor exposure–evaporation operations are performed, and the 
information on the dynamic reflectance spectra and brightness 
of this process are collected (collected setup seen in Figure S9, 
Supporting Information). The collection results are given in 
Figure 5a,b. Here, the reflectance wavelengths and brightness 
values remain almost unchanged in every dry and wet state, 
whether in the etched or unetched region. During each cycle, 
the original zero contrasts of the wavelength and brightness are 

Adv. Optical Mater. 2022, 10, 2101268

Figure 4. Dynamic reflectance spectra were obtained from the etched region and unetched region of the sample: a,b) When flowing water vapor was 
applied. c,d) The flowing water vapor was removed. The response/decryption speed is defined as the time elapsed from the initial state to the maximum 
brightness and color contrast state (1.0 s), while the recovery/re-encryption time is defined from the maximum contrast state to the original state.
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expanded by blowing and then recovered by evaporating vapor. 
The 15 consecutive cycles of hiding and showing states under 
the microscope have been given in Movie S6 in the Supporting 
Information. It shows the film without any notable change in 
color or brightness after 15 cycles. In addition, after bending 
100 cycles, the invisible patterns can retain the original reflec-
tance wavelength and intensity (Figure  5c) and enable revers-
ible switches between hiding and showing states (Figure  5d). 
Furthermore, we also explored the duration of hydrophilic 
treatment, where the time-dependent change of contact angle 
on the etched region is shown in Figure S10 in the Supporting 
Information. The super-hydrophilic function (CA = 0°) can be 
maintained for 2 h, and the contact angle was increased with 
storage time and reached the maximum value (CA = 53°) after 
7 days storage under ambient conditions (Figure S10, Sup-
porting Information). Although hydrophilic treatment via the 
O2 plasma etching is temporary, the invisible pattern placed 
under environmental conditions for 7 days can still be fully 
hidden under normal states (Figure S11a, Supporting Informa-
tion) and revealed by blowing a breath (Figure S11b, Supporting 
Information). Since the contact angle contrast decreases sig-
nificantly, the patterned (unetched) region and unpatterned 
(etched) region after blowing show large color difference and 
minimal brightness difference, which is consistent with the 
findings from Figure S6 in the Supporting Information. All 
these results prove it shows good reversibility, high flexibility, 
and high durability. Thus, this invisible photonic pattern can 

be attached to any target surface of various curvatures for anti-
counterfeiting or encryption.

It is worth noting that the invisible photonic inscription 
can be revealed by large brightness and wavelength contrast 
when FOTS is 30  µL. The possibility of showing the invisible 
photonic inscription by adjusting two optical properties using 
merely a single stimulation, has not yet been reported in the 
literature. Here, we study the formation mechanism of wave-
length contrast and brightness contrast in detail by employing 
microscopic measurements, theoretical analysis, and numerical 
simulation. In general, the etched (wetted) area contains hydro-
philic pores conducive to water vapor condensation. Thus, 
once flowing water vapor is applied, water will replace the air 
in the pores, resulting in a large RI increase and a significant 
color change in this region. In contrast, the change in RI is 
not apparent in the unetched (nonwetted) region as it is made 
up of hydrophobic channels.[50] Therefore, a color contrast 
will occur between the two regions under flowing water vapor 
states. Combining our analysis with Bragg’s law (Equation 
(S1), Supporting Information), the wavelength difference (Δλ) 
between two regions can be described as Equation (S2) in the 
Supporting Information and can be further reduced into Equa-
tion (S3) in the Supporting Information. Equation (S3) shows 
the wavelength difference (Δλ) as a function of voids’ volume 
fraction and voids’ diameter, which is plotted in Figure S12 in 
the Supporting Information with MATLAB Software. The theo-
retical wavelength contrast of the blue sample is 30 nm (a white 

Adv. Optical Mater. 2022, 10, 2101268

Figure 5. The tests of reversibility, flexibility, and durability of invisible patterns: a,b) The reflection wavelength and brightness value changes in the 
etched region and unetched region during 100 consecutive vapor exposure–evaporation tests. The insets in (a) show the microscopic images of the 
sample after water exposure and evaporation, where the red circles and black frames represent the detection position of the probes in the unetched 
(patterned) and etched (unpatterned) regions, respectively. c,d) The reflection spectra and the hiding and showing states of the sample after being 
subjected to various bending cycles. The inset on the left-hand side of (c) illustrates that the sample exhibits excellent flexibility, where the radius 
of curvature is ≈2 mm. The inset on the right-hand side illustrates the simple working principle of a flexible bending test machine. The sample was 
clamped between the two splints of the machine, where the left splint is fixed, and the right splint gradually approaches the left splint. This process 
leads to the bending behavior of the sample. “U” and “E” in (d) represent the unetched and etched regions, respectively.
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dot in Figure S12, Supporting Information), while the corre-
sponding experimental value is 26 nm (seen in Figure 2e). The 
calculated value is slightly larger than the experimental values 
because the wavelength of the hydrophobic region shows a 
slight red-shift after blowing. Namely, the hydrophobic region 
is not completely unresponsive to water vapor.

To investigate the origin of brightness contrast, we use the 
high-magnification microscope to monitor the changes in the 
etched and unetched regions when blowing. Upon application 
of flowing water vapor, many tiny water droplets (≈1  µm) are 
quickly captured by the hydrophobic unetched (patterned) area. 
At the same time, this region becomes dark. By contrast, there 
is almost no deposition of water droplets on the surface of the 
hydrophilic etched (unpatterned) area, thereby showing high 
brightness as before. Both phenomena can be observed from 
Figure S13 in the Supporting Information. These results sug-
gest that the water droplets deposited on the surface are essen-
tial to obtain high darkness. Actually, these water drop clus-
ters cause the diffuse reflection of light from the microscope 
source, resulting in less light being reflected vertically back to 
the microscope objective, so that the pattern observed from the 
eyepiece appears to be dark. It is consistent with the numerical 
calculations of the reflectance spectra obtained by the finite 
difference time domain (FDTD) method, where the simpli-
fied computational models are shown in Figure  6a,b (details 
can be found in the Supporting Information). The simulated 
reflectance spectrum of the unetched (patterned) region shows 
many small, messy reflectance peaks (Figure  6c). In contrast, 
the etched (unpatterned) region shows a distinct reflectance 
peak only at 490 nm (Figure 6d). Thus, the etched region shows 
a highly bright structural color, but the unetched region will 
not. The simulative results are consistent with their measured 

values (Figure  2e). The measured reflectance spectra show a 
clear and sharp reflectance peak (496  nm) in the etched area 
after blowing, while the unetched area has a weaker and wider 
reflectance peak (470  nm). In other words, the differences in 
RI values and reflectance effects between etched and unetched 
regions after blowing cause the large color contrast and bright-
ness contrast, respectively. The difference in RI and reflec-
tance effect can be further attributed to the extremely hydro-
philic region (CA = 0°, Figure S4c, Supporting Information) is 
favorable for condensed water vapors to penetrate the voids and 
unfavorable for them to deposit on the surface, while the hydro-
phobic region (CA = 168°, Figure S4b, Supporting Information) 
exhibits the exact opposite properties. Since the condensation 
process of water droplets in voids and the deposition process of 
water droplets on the surface occur simultaneously and rapidly, 
the pattern can be quickly revealed (1.0 s). Because these pro-
cesses are not thermodynamically stable and condensed water 
droplets are loosely attached to the voids of the surface, the 
water droplets will quickly evaporate, and the system will reach 
a new equilibrium state,[16] resulting in a rapid re-hiding of the 
pattern (2.2 s).

To further verify the theoretical predictions of the wave-
length contrast (Δλ) and the cause of the brightness contrast 
(ΔB), other samples with different PBGs are used for testing 
(Figure 7). The resulting green and yellow samples printed with 
hidden “rectangular shape” patterns are shown in Figure 7a,c, 
whose structural parameters can be found in Table S2 in the 
Supporting Information. When the samples are exposed to 
flowing water vapor states, the unetched regions immediately 
turn black-yellow and black-green, while the corresponding 
etched regions show yellow and bottle green, respectively 
(Figure 7b,d). The wavelength (color) contrast between unetched 
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Figure 6. The simulation result of reflection spectra in unetched (patterned) and etched (unpatterned) regions: a) The model of condensated water 
deposited onto the surface of unetched regions. b) The model of condensated water filling the voids of the etched region. c) Simulated reflection spectra 
of the unetched region. d) Simulated reflection spectra of etched region.
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and etched regions of two samples after blowing is 25 and 
32 nm (Figure 7e,f), while the calculated wavelength contrast is 
32 and 38 nm (Table S2 and red and yellow dots in Figure S12, 
Supporting Information), respectively. The measured values for 
these two samples are also larger than the actual values, as their 
unetched regions can respond to flowing water vapor. It is in 
line with our findings in the blue sample. The distinct bright-
ness contrasts of the green and yellow film are 57.6 and 51.2, 
respectively (Figure  7g). This can still be attributed to the fact 
that water droplets deposited on the nonwetted surface cause 
the diffuse reflection of light, while wetted surfaces without 
droplet deposition do not cause it. This is supported by the fact 
that the samples show the same spectral characteristics as the 
blue samples, where the wetted (etched) areas all show more 
pronounced reflectance peaks compared to the nonwetted 

(unetched) areas (Figure  7e,f). Furthermore, the invisible pat-
tern on yellow film is still recognizable by blowing after storing 
in environmental conditions for 7 days (Figure S14, Supporting 
Information).

Our invisible photonic patterns have shown excellent per-
formance in the field of anticounterfeiting and encryption. 
Table 2 compares the invisibility in hidden states, the decryp-
tion effect in displayed states, the decryption speed, and the re-
encryption speed of our invisible photonic patterns with those 
reported for other invisible photonic patterns. Our photonic 
pattern with dual information encryption is entirely invisible in 
hidden states, where the wavelength and brightness contrast in 
patterned (unetched) and unpatterned (etched) regions of our 
sample are both zero (Table  2). By comparison, recent litera-
ture (refs. [14,16,23] in Table 2) have reported the fully invisible 
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Figure 7. Invisible photonic patterns printed onto the green and yellow samples in hidden and displayed states: a,b) The microscopic images of invis-
ible “rectangle shape” patterns onto the green film hidden in normal conditions and revealed in a black-green color after blowing. c,d) The microscopic 
images of invisible “rectangle shape” patterns onto the yellow film and revealed in a black-yellow color after blowing. e,f) The reflectance spectra of the 
etched and unetched regions of the green and yellow samples before and after blowing. g) The brightness values of the etched and unetched regions 
before and after blowing. Red and yellow spots in microscope images represent the monitor position of the probe in the etched (unpatterned) region 
and unetched (patterned) region, respectively. “U” and “E” in (a)–(g) represent the unetched and etched regions, respectively.
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patterns only encrypted by single information (structural 
color). In displayed states, the significant brightness contrast 
(ΔByellow = 51.2) between patterned (unetched) and unpatterned 
(etched) regions is only reported in this work, which compen-
sates for weak color contrast of our system (Δλyellow = 32 nm), 
making them easy to recognize. Excluding the literature that 
did not report speeds, our samples show the fastest re-encryp-
tion speed and the second-fastest decryption time.

3. Conclusion

In summary, we propose a facile way to introduce vapor-respon-
sive PEGDA materials with an IO structure for the creation of 
fully invisible patterns encrypted by double optical information. 
These invisible patterns are prepared by applying a hydrophobic 
treatment to the entire PEGDA film, followed by a selective 
hydrophilic treatment. The two-step modification method 
ensures the same optical properties and great wettability dif-
ference between the unetched region (CA = 168°) and etched 
region (CA = 0°). Therefore, the two regions show the same 
color, same microscale spectra, and same brightness under 
environmental conditions, forming double messages (color and 
brightness) encrypted and fully invisible patterns. These invis-
ible patterns can be shown by the large color contrast (Δλ  = 
26–32 nm) and brightness contrast (ΔB = 48–57.6) after blowing. 
The color contrast derived theoretically from RI contrast was 
calculated according to Bragg’s law and subsequently verified 
by exposing various PEGDA films with different PBGs to water 
vapor. The brightness contrast originated from the difference in 
reflectance effect is measured by Photoshop software and then 
simulated via the FDTD method. This unique dual response 
decryption method (color and brightness contrast), which has 
not been reported before, provides eye-catching recognition for 
humans, especially for those with weaker color discrimination 
capabilities. The pattern also shows a fast speed of decryption 
(1  s) and re-encryption (≈2 s), which are attributed to the fast 
condensation and evaporation processes of water vapor. In 
addition, after at least 100 consecutive vapor exposure–evapora-
tion operations or 100 bending test cycles, the patterned sam-
ples remain the strict invisibility in the hidden state and explicit 
recognition in the displayed state. We believe that IO-structured 

PEGDA film with an invisible pattern will be beneficial for anti-
counterfeiting and encoding thanks to obvious strengths laying 
in its total invisibility, unique dual response decryption, high 
durability, and high flexibility.

4. Experimental Section
Materials: Tetraethylorthosilicate (TEOS, 98%) and aqueous ammonia 

(NH3·H2O, 28%) were obtained from Sigma-Aldrich. PEGDA (average 
Mn = 200), 2-hydroxy-2-methyl-1-phenyl-1-propanone (97%), FOTS were 
purchased from Aladdin Biochemical Technology Co., Ltd. Ethanol 
(99.7%) and hydrofluoric acid (HF, 40%) were supplied from Sinopharm 
Chemical Reagent Co., Ltd. Polydimethylsiloxane (PDMS) precursor 
mixture and cross-linker were provided by Dow Corning (Sylgard 184). 
The metal masks were bought from Shenzhen Rigorous Technology Co., 
Ltd.

Preparation of the SiO2-PEGDA Photonic Suspension: Monodisperse 
SiO2 nanoparticles with diameters of 162, 170, 205 nm were synthesized 
via a modified Stöber method.[51] The obtained SiO2 nanoparticles 
were first washed three times with ethanol and dried in an electric 
thermostatic drying oven at 40 °C. Second, the dried SiO2 nanoparticles 
were re-dispersed in ethanol to form the milky white latex, where the 
mass fraction of SiO2 was 6%. 1  g of the milky white latex, 0.07770  g 
of PEGDA, and a small amount of photoinitiator (2-hydroxy-2-methyl-1-
phenyl-1-propanone, 1 wt%) were mixed in a centrifuge tube and shaken 
in a mixer for 30 min to form a homogenous mixture. Finally, vaporizing 
the mixture at 60 °C for 24 h to remove ethanol, SiO2-PEGDA photonic 
suspension with structural color was obtained, where the content of 
SiO2 in the suspension was 30%. The appearance of the structural color 
could be attributed to the evaporation-induced self-assembly process. In 
this process, the SiO2 nanoparticles gradually arranged into an ordered 
crystalline structure and the suspension displayed a structural color.

Preparation of the Flexible and Free-Standing PEGDA Film with Inverse 
Opal (IO) Structure: The SiO2-PEGDA photonic suspension with 
structural color penetrated a gap between two glass slides separated by 
one-layer transparent tape (60 µm in thickness), followed by irradiation 
with ultraviolet light (365  nm, 6.6  mW cm−2) for 30 s. Thus, a solid 
colloidal PC film with uniform thickness (60 µm) was obtained. Peeling 
it off from two glass slides and soaking it in the diluted HF (2 wt%) for 
3 h, the SiO2 framework was completely removed. Thus, the flexible and 
free-standing PEGDA film with an IO structure was obtained.

Introduction of an Invisible Pattern into the PEGDA Film with IO 
Structure: First, the PEGDA film with the IO structure was exposed to the 
vapor of FOTS for 24 h for chemical modification to create hydrophobic 
properties. The amount of the FOTS varied from 0, 10, 30, and 50 µL. 
Second, the modified PEGDA film was protected by a PDMS mask or 
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Table 2. Comparison of the invisibility in hidden states, the decryption effect in displayed states, the responsive and recovery speeds of our system 
with typical invisible photonic patterns.[14,16,17,23–25,28]

References Performance [14] [16] [17] [23] [24] [25] [28] This work

Invisibilityc) Δλa) (nm) 0 0 14 0 22 15 1 0

ΔBb) — — — — — — — 0

Decryption effectd) Δλa) (nm) — 63 79 140 90 93 150 32

ΔBb) 0 0 0 0 0 0 0 51.2

Responsive speed (s) several 0.20 — 2.00 — 300 180 1.00

Recovery speed (s) 30 8.00 — — — 900 — 2.00

a)Δλ means the wavelength contrasts between the patterned and unpatterned regions of the samples; b)ΔB means the brightness contrasts between the patterned and 
unpatterned regions of the samples; c)Invisibility is evaluated by the color (wavelength) and brightness contrast between the patterned and unpatterned regions under 
normal conditions. The lower the contrast, the higher the invisibility; d)The decryption effect is evaluated by color (wavelength) and brightness contrast between the pat-
terned and unpatterned regions after applying a corresponding stimulus. The greater the contrast, the stronger the decryption effect.
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a metal mask, followed by an oxygen plasma etching for 5  min. The 
PDMS substrate (3 mm thick) was prepared by pouring the 10:1 mixture 
of PDMS base and cross-linking agent into a plastic petri dish and 
curing at 60 °C for 12 h. The PDMS masks were obtained by engraving 
the newly cured substrate with a blade, and each PDMS mask was used 
only once before being discarded, while the metal mask could be used 
multiple times after cleaning. Finally, the mask was peeled off from the 
film, the protected region in the film remained hydrophobic properties, 
while the unshaded region was re-activated and exhibited hydrophilic 
performance. Thus, the invisible pattern was successfully introduced 
into the PEGDA film.

Characterization: The morphological characteristics of PEGDA film 
with IO structure before and after hydrophobic/hydrophilic modification 
were observed by SEM (ZEISS, Germany). The optical microscope 
images were taken by an optical microscope (Leica DM4 P, Germany) in 
reflection mode. The microscale reflection spectra were measured by a 
fiber spectrometer (Ocean Optics, Maya 2000 Pro) mounted on a Leica 
DM4 P optical microscope. The contact angles of water droplets were 
measured using a Drop Shape Analyser (SINDIN, China). The bending 
cycles were tested by a Flexible Bending Test Machine (MEIKO, CHINA).

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