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1. METHODS 88 

 89 

 90 

 91 

 92 

 93 

Figure 1| Schematics for sample preparation and thin film formation.  a, Fabrication of PDMS substrates of different ratios.     

b, Various methods of deposition of thin films on a PDMS substrate. c, Mechanism of the formation of thin uniform films on a 

substrate  
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1.1 Preparation of PDMS 94 

Soft and flexible Polydimethylsiloxane (PDMS) substrates are prepared by mixing X part of liquid PDMS 95 
base (Sylgard 184, Dow Corning) with 1 part of curing agent in weight ratio to form PDMSx. Substrate 96 
softness increases with an increase in the proportion of the liquid PDMS base i.e. PDMS 10 is softer than 97 
PDMS 5 which is again softer than PDMS 3 and so on. The mixture is stirred thoroughly and desiccated to 98 
remove all bubbles. The solution is then poured onto Si moulds (containing grooves pre-etched through 99 
photolithography and RIE-F) and cured at 80ᵒC for 3 hours. Then the cured PDMS substrate (containing 100 
ridges) is peeled off from the Si mould (SI Fig.1a). 101 

 102 

1.2 Selection of thin film and substrate materials103 

 104 

Figure 2| a-b, Absence of wrinkles on rigid substrate (glass). c, Absence of wrinkles on very soft substrate (PDMS 15) due to 105 
dewetting. d, Elastic modulus vs. cross-linking ratio of PDMS substrates cured at 80℃ for 3 hours. 106 

 107 

To achieve well-ordered wrinkles, the substrate's thermal expansion coefficient needs to be carefully 108 
balanced. It shouldn't expand excessively when heated, risking cracks in the thin film above as seen with 109 
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PDMS 15 and PDMS 20 as substrates. Young’s modulus being inversely proportional to the thermal 110 
expansion coefficient, the thermal expansion coefficient of PDMS 5 and 15 can be calculated through 111 
simple ratio proportion method. The thermal expansion coefficient of PDMS 10 is ≈ 270 ×  10−6/𝐾 and 112 
from SI Fig. 2d we see that its Young’s modulus is 1.05 𝑀𝑃𝑎. The thermal expansion coefficient of PDMS 113 
15, having a Young’s modulus of 0.53 𝑀𝑃𝑎, 𝑖𝑠 ≈ 535 ×  10−6/𝐾 and that of PDMS 5, having a Young’s 114 
modulus of 1.31 𝑀𝑃𝑎, is ≈ 216 × 10−6 /𝐾. The substrate  also shouldn't contract too less during cooling, 115 
failing to provide enough stress for the thin film atop it to form uniform wrinkles, as seen with solid 116 
substrates like glass and silicon. Thus, PDMS 3, PDMS 5 and PDMS 10 are found to be the best suited for 117 
our process, their thermal expansion coefficient being in the range 200 − 350 ×  10−6/𝐾 1 118 

 119 

The thin film's thermal expansion coefficient ought to be significantly lower than that of the substrate. 120 
This ensures that during cooling, the film contracts much less than the substrate, subjecting it to 121 
substantial compressive stress, surpassing its critical stress threshold, induced by the substrate. 122 

Thin film material Thermal expansion 
coefficient 

Surface energy Young’s modulus 

As2Se3 𝟐𝟎 − 𝟗𝟎 × 𝟏𝟎−𝟔/𝑲 2–4 𝟎. 𝟐𝑱/𝒎𝟐)5 𝟏 × 𝟏𝟎𝟏𝟎𝑷𝒂 4 

Al 𝟏𝟖 − 𝟑𝟎 × 𝟏𝟎−𝟔/𝑲 6 𝟎. 𝟎𝟔 − 𝟎. 𝟎𝟕𝑱/𝒎𝟐7 𝟒 − 𝟕 × 𝟏𝟎𝟏𝟎𝑷𝒂 8 

Ag 𝟏𝟗 − 𝟑𝟏 × 𝟏𝟎−𝟔/𝑲 9 𝟎. 𝟎𝟒𝟓 − 𝟎. 𝟎𝟓𝟗𝑱/𝒎𝟐 10 𝟑 − 𝟖 × 𝟏𝟎𝟏𝟎𝑷𝒂 11 

PMMA 𝟒𝟎 − 𝟗𝟎 × 𝟏𝟎−𝟔/𝑲 12 𝟎. 𝟎𝟑𝟕𝟕 − 𝟎. 𝟎𝟓𝟖𝟖𝑱/
𝒎𝟐 13 

𝟑 − 𝟒 × 𝟏𝟎𝟗𝑷𝒂  

Table 1| Thermal expansion coefficient, surface energy and Young’s modulus of the thin film materials used. 123 

The wavelength of the wrinkles formed is inversely proportional to the surface energy of the thin film. 124 
As2Se3 having much higher surface energy than that of Al and Ag, forms wrinkles of much smaller 125 
wavelength than the others. The Al and Ag films easily form oxides and turn yellowish when exposed to 126 
ambient atmosphere. This oxide formation is reduced significantly by curing the PDMS substrates at 80ᵒC 127 
for more than 24 hours. 128 

Moreover, the melting point or the glass transition temperature of the substrates and the thin films must 129 
be greater than our maximum working temperature (𝑖. 𝑒. >≈ 200℃). 130 

As2Se3 has generated the most well-organized 1D and 2D sinusoidal wrinkles. 131 

 132 

1.3   Preparation of As2Se3 (chalcogenide) thin film 133 

Powdered As2Se3 is thermally evaporated (HHV thermal evaporator) and deposited onto the PDMS 134 
substrates to form thin films. The thickness of the film and the temperature of the substrate are monitored 135 
by the respective inbuilt thickness and temperature monitoring sensors. The films are deposited at a rate 136 
of 2.5 Å/s. The substrates are kept at room temperature (SI Fig. 1b). 137 

1.4   Preparation of Ag and Al (metals) thin films 138 
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The deposition of the metallic thin films is done by using direct current (DC) magnetron sputtering 139 
deposition technique (HHV sputtering tool). The film thickness deposited in a given time is measured 140 
through optical profilometry and the sputtering tool is accordingly calibrated to give the required film 141 
thickness. The depositions are carried out at room temperature (SI Fig. 1b). Al depositions are done at 142 
6 × 10−3  Argon pressure and 16W sputtering power. Ag depositions are done at 9 × 10−3  Argon 143 
pressure and 16W sputtering power. 144 

 145 

1.5   Requirements and explanation for the formation of uniform thin films 146 

When the film deposition initiates, surface undulations occur in the film due to the thermal oscillation of 147 
the molecules. The Vander Waal’s force of attraction driven disjoining pressure favours these undulations 148 
whereas the surface tension driven Laplace pressure tries to homogenize the film. Beyond a critical film 149 
thickness (which varies from material to material depending on its Vander Waal’s force of attraction), the 150 
Laplace pressure predominates over the disjoining pressure and a uniform thin film is formed on the 151 
substrate. Below this critical thickness uniform film depositions do not occur. This critical thickness for 152 
As2Se3 is considerably higher (≈ 60 − 70𝑛𝑚) as compared to materials like Al or Ag, where uniform thin 153 
films can be achieved at much lower thicknesses (≈ 10 − 15𝑛𝑚) (SI Fig. 1c). 154 

During the deposition the substrate is constantly struck by the hot molecules of the thin film due to which 155 
it expands. If the substrate is soft enough (i.e. having a high thermal expansion coefficient) it may form 156 
cracks, thereby cracking the thin film deposited over it. The higher the time of deposition more the 157 
chances of crack formation. To prevent this, the substrate should have an optimum softness, and the rate 158 
of deposition must be high enough so that the duration of deposition decreases. 159 

 160 

1.6   Preparation of PMMA (polymer) thin film 161 

495PMMA A2 resist is spin coated on the PDMS substrate at 4000 rpm for 40 seconds followed by hard 162 
baking at 110℃ for 2 minutes to form a thin film on the substrate. 163 

 164 

 165 

 166 

 167 

 168 

 169 

 170 

 171 

2. MATHEMATICAL MODELING OF WRINKLED THIN FILM FORMATION ON PDMS SUBSTRATES  172 
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In this section we hypothesize the wrinkle forming mechanism in rigid thin films deposited atop soft 173 
flexible substrates. Also, we propose a Wavelength Equation, and a Critical Length Equation based on a 174 
few assumptions to model the attributes of the experimentally observed wrinkles. 175 

 176 

2.1   Thermal processing and explanation of stress formation 177 

 178 

 179 

 180 

 181 

Figure 3|Stress formation mechanism in a film a, Schematic of a film-substrate bilayer system with film thickness ℎ and 

substrate thickness H. b, Schematic of the stress formation in the film and the substrate during cooling. Purple arrows indicate 

the direction of stress. c, Schematic representing the resultant stress and moment acting on the film and the substrate. d, 

Schematic showing the stress formation on the film of width w and radius of curvature R, due to the compressive stress acting 

over it 
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When the film-substrate bilayer system as shown in SI Fig.3a starts cooling down, the PDMS substrate, 182 
owing to its higher thermal expansion coefficient than that of the film deposited atop, contracts faster 183 
than the film. In order to maintain the compatibility between the film and the substrate, the substrate 184 
experiences a tensile stress whereas the film experiences a compressive stress (depicted in SI Fig. 3b). In 185 
SI Fig. 3c we have replaced the interfacial set of stresses by a single force and moment for each of the film 186 
and the substrate, 𝐹𝑓 and 𝑀𝑓 for the film and 𝐹𝑠 and 𝑀𝑠 for the substrate. The system will bend to 187 
counteract the unbalanced moments. Considering the film to be a longitudinal beam and defining the 188 
strain over it as, (SI Fig. 3d) 189 

                                                                                 𝑆𝑡𝑟𝑎𝑖𝑛 =
{ 𝑅𝜃−(𝑅−ℎ)𝜃}

𝑅𝜃
                                                                (1) 190 

Therefore, the stress acting over it is defined as, 191 

𝜎𝑓 =
𝑌𝑓{ 𝑅𝜃 − (𝑅 − ℎ)𝜃}

𝑅𝜃
 192 

                                                                              ⟹ 𝜎𝑓 =
𝑌𝑓ℎ

𝑅
                                                                                       (2) 193 

Where 𝜎𝑓 is the stress acting on the film, 𝑌𝑓 is its Young’s modulus, 𝑅 is the radius of curvature, 𝜃 is the 194 
angle of curvature and h is the film thickness. Thus, we can see that for a given film stiffness and radius of 195 
curvature, higher the film thickness higher is the stress experienced by it. This is the reason why we get 196 
wrinkles of larger wavelengths for higher film thicknesses and wrinkle formation also becomes easier with 197 
increase in film thickness. 198 

 199 

2.2 Hypothesis of wrinkle formation mechanism and our proposed Wavelength Equation200 

 201 

 202 

 203 

 204 

When the system is heated, the substrate expands more than the film, thereby exerting a tensile stress 205 
over the film. If the substrate expansion is too high, as in the case of PDMS 15,20 and above, the tensile 206 
stress acting on the film is so high that cracks are formed in it (SI Fig.2c). 207 

Figure 4|Schematic showing the wrinkle formation mechanism in the thin film. Due to the mismatch in the thermal 

expansion coefficient of the film and the substrate, during cooling, wrinkles are formed in the film to maintain the equilibrium 

of the system. 
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As the system cools, the substrate contracts more than the film, resulting in a compressive stress on the 208 
film. To maintain equilibrium, wrinkles with appropriate wavelength form in the film, as shown in SI Fig.4 209 
The size of these wrinkles directly correlates with the stress on the film. A greater mismatch in thermal 210 
expansion coefficients between the film and substrate leads to increased stress on the film, resulting in 211 
wrinkles with larger wavelength. Similarly, cooling the system from a higher temperature increases the 212 
stress on the film, again enlarging the wrinkles' wavelength. 213 

 214 

 215 

 216 

 217 

 218 

 219 

 220 

MATHEMATICAL MODELING 221 

Let us consider that stress energy 𝑈 leads to the formation of n number of wrinkles 222 

𝑈 =  ∫ 𝑑𝑈
𝑈

0

 223 

  = ∫ 𝑓𝑑𝑥
𝑙

0

 224 

Where 𝑓 is the compressive force acting on the film at an instant and 𝑑𝑥 is the contraction in the film along 225 
the direction of the compressive force at that instant. 𝑙 is the total contraction that should occur in the 226 
film due to the total stress energy 𝑈. 227 

 228 

Figure 5|AFM images illustrating that the wavelength of the wrinkles is much greater than their amplitude.  Samples having a 

film of As
2
Se

3 
deposited over PDMS 5 substrate. The line plot shows the surface profile of the film across the line drawn over the 

AFM image. The table to the right gives the Δx(µm) and Δy(nm) values of the cursor pairs in the line profile. Δx(µm) is half of the 

wavelength of the wrinkles whereas Δy(nm) is their amplitude. a, for a film thickness of 150nm, and change is temperature of 

95ᵒC, the wavelength and amplitude of the wrinkles are around 7.5µm and 700nm respectively. b, for a film thickness of 200nm, 

and change is temperature of 75ᵒC, the wavelength and amplitude of the wrinkles are around 6µm and 200nm respectively. Thus, 

the amplitude of the wrinkles is much smaller than their wavelengths. 
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 229 

The Young’s modulus of a system is defined as 230 

𝑌 =
𝜎

𝜖
 231 

Where 𝑌 is the Young’s modulus of the system, 𝜎 is the stress and ∈ is the strain acting on it. The strain 232 
acting on the film in the bilayer system can be defined as 233 

∈= (𝛼𝑠 − 𝛼𝑓)𝑌𝑓 234 

Where 𝑌𝑓  is the Young’s modulus of the film, 𝛼𝑠 and 𝛼𝑓  are the thermal expansion coefficients of the 235 
substrate and the film, respectively. 236 

Thus, the compressive force 𝑓 acting on the film at an instant is defined as 237 

                                                                            𝑓 = 𝑌𝑓(𝛼𝑠 − 𝛼𝑓)∆𝑇𝑤ℎ                                                                        (3) 238 

∆𝑇 signifies the temperature change within system and 𝑤, ℎ are the width and thickness of the film, 239 
respectively. Therefore, the stress energy 𝑈 can be defined as 240 

𝑈 =  ∫ 𝑌𝑓(𝛼𝑠 − 𝛼𝑓)
𝑙

0

∆𝑇(𝑤ℎ)𝑑𝑥 241 

                                                                              =  𝑌𝑓(𝛼𝑠 − 𝛼𝑓)∆𝑇𝑤ℎ𝑙                                                                               (4) 242 

Total surface area of a triangular wrinkle can be defined as (assuming triangular wrinkles as shown in SI 243 
Fig.6a, and using Pythagoras theorem,) 244 

                                                                               𝐴 = 2 ×  2𝑤√
𝑑2

4
+ 𝑎2                                                                      245 

Therefore, the surface area of a sinusoidal wrinkle will be defined as 246 

                                                                         𝐴 = 𝐶 × 2 ×  2𝑤√
𝑑2

4
+ 𝑎2                                                           (5) 247 

Figure 6| Schematic of an array of wrinkles. a, Width w, amplitude a, and periodicity (wavelength) d. For modeling 
purpose, we have assumed the wrinkles to be triangular. b, Schematic representing the superposition of sinusoidal and 
triangular wrinkles of same amplitude and wavelength. Sinusoidal wrinkles have higher surface are than triangular ones. 
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Where 𝑎 is the amplitude and 𝑑 is the periodicity(wavelength) of the wrinkle. The first 2 is for the top and 248 
the bottom surface of the wrinkle and the second 2 is for both the faces of the triangle. Only the bottom 249 
surface of the wrinkle is the newly formed surface during wrinkle formation. 𝐶 is a proportionality 250 
constant, greater than 1, which accounts for the disparity in surface area between a sinusoidal and a 251 
triangular wrinkle. The surface area of a sinusoidal wrinkle is greater than that of a triangular wrinkle as 252 
shown in SI Fig.6b. Higher the value of the amplitude and periodicity of the wrinkles, higher is the value 253 
of 𝐶. 254 

At the verge of wrinkle formation, the stress energy gets converted to the surface energy of the newly 255 
formed surfaces of the wrinkles. Thus, from energy conservation we get  256 

                                                                𝑌𝑓(𝛼𝑠 − 𝛼𝑓)∆𝑇𝑤ℎ𝑙 = 𝐶𝑛2𝑤√
𝑑2

4
+ 𝑎2𝛾𝑓                                                 (6) 257 

Where 𝛾𝑓  is the surface energy of the thin film. 258 

Now, since 𝑑 ≫ 𝑎 (refer SI Fig. 5), using Binomial expansion we get, 259 

                                                               𝑌𝑓(𝛼𝑠 − 𝛼𝑓)∆𝑇𝑤ℎ𝑙 = 𝐶𝛾𝑓𝑛𝑤𝑑                                                                     (7) 260 

                                                                           𝑑 =  
𝑌𝑓 (𝛼𝑠−𝛼𝑓)∆𝑇ℎ𝑙

𝐶𝑛𝛾𝑓
                                                                                        (8) 261 

We know that the strain acting on the film is defined as, 262 

                                                              ∈ =  
𝑙

𝐿
=  (𝛼𝑠 − 𝛼𝑓)∆𝑇                                                                                       (9) 263 

Where 𝑙 is the total change in length of the film, along the direction of the compressive stress and 𝐿 is the 264 
total expanded length of the film after heating, along which the compressive stress starts acting when the 265 
system starts cooling down from the maximum temperature. Therefore, 266 

                                                                  𝑙 = 𝐿(𝛼𝑠 − 𝛼𝑓)∆𝑇                                                                                   (10) 267 

This leads to our proposed Wavelength Equation, 268 

                                                              𝑑 =  
𝑌𝑓 [(𝛼𝑠−𝛼𝑓)∆𝑇]2ℎ𝐿

𝐶𝑛𝛾𝑓
                                                                                        (11) 269 

Ascertaining the maximum length 𝐿  of the film (i.e. the length of the film after heating) and the 270 
proportionality constant 𝐶 directly isn't feasible. Therefore, (L/𝐶n) has been replaced by a proportionality 271 
constant 𝐶𝑤. It is a dimensional constant with units of length (i.e. meter when SI units are used for all other 272 
parameters). Thus, our final wavelength equation is, 273 

                                                                     𝑑 = 𝐶𝑤
𝑌𝑓 [(𝛼𝑠−𝛼𝑓)∆𝑇]2ℎ

𝛾𝑓
                                                                             (12) 274 

The proportionality constant 𝐶𝑤 depends on the following parameters 275 

i. More the thermal expansion coefficient of the substrate more is the tensile stress exerted by it 276 
on the film during heating. 𝐿 is directly proportional to the tensile stress acting on the film. In case 277 
of PDMS, the thermal expansion coefficient varies with the curing temperature and also the 278 
duration of curing. 279 
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ii. More the thermal expansion coefficient of the film more is its expansion during heating, and 280 
more is the value of 𝐿. In case of thin films, the thermal expansion coefficient of a given material 281 
can also vary with the film thickness. 282 

iii. Lower the surface energy of a film, the higher the surface area required to balance out a given 283 
stress. Thus, to balance out a given stress during heating, the expansion in length 𝐿 will be more 284 
for a thin film material having lower surface energy. Thus, 𝐿 is inversely proportional to surface 285 
energy. 286 

iv. The higher the tensile force acting on the film while heating, higher is the expansion in it. Thus 𝐿 287 
is directly proportional to the tensile force acting on the thin film. The tensile force is dependent 288 
on the Young’s modulus (𝒀𝒇), width (𝒘), and thickness of the film (𝒉), change in temperature 289 
of the system (∆𝑻), and the thermal expansion coefficient mismatch between the film and the 290 
substrate (𝜶𝒔 − 𝜶𝒇). (Refer SI equation 3).  291 

v. 𝐿 also depends on the initial length of the sample. Higher the initial length, higher is the expanded 292 
length 𝐿. However, it has been experimentally seen that beyond a critical length 𝐿𝑐, keeping other 293 
parameters constant, as 𝐿 increases, 𝑛 also increases such that the wrinkle periodicity doesn’t 294 
change significantly. Below the critical length wrinkle formation does not take place. 295 

 296 

2.3    Comparison of results from Wavelength Equation with experimental results 297 

To model the above picture, we solve the Wavelength Equation for bilayer systems consisting of As2Se3 298 
thin films deposited on PDMS substrates with arbitrary but reasonable choice of values for coefficients of 299 
thermal expansion for the substrate and film, and also for the surface energy and Young’s modulus of the 300 
As2Se3 thin film. The selected values being 𝛼𝑃𝐷𝑀𝑆 5 = 216 × 10−6/𝐾,   𝛼𝑃𝐷𝑀𝑆 10 = 270 × 10−6/𝐾 , 301 
𝛾𝐴𝑠2𝑆𝑒3

= 0.2𝐽/𝑚2 , 𝑌𝐴𝑠2𝑆𝑒3
= 1 × 1010𝑃𝑎. The values lie within the respective ranges obtained from 302 

literature as enlisted in SI Section 1.2. 303 

As shown in the following figures, for each trend in wrinkle wavelength periodicity as observed from the 304 
top view scanning electron microscope images, there exist parameters of Wavelength Equation which, 305 
when used to solve, give matching results.  306 

 307 

2.3.1 Dependence of wrinkle wavelength on film thickness and temperature 308 

Our Wavelength Equation predicts an increase in wrinkle wavelength with increase in film thickness and 309 
temperature. 310 

 311 

 312 

 313 

Film thickness(nm) Proportionality constant (𝑪𝒘) with PDMS 5 substrate (m) 

𝟏𝟎𝟎 3.07 × 10−6 
𝟏𝟓𝟎 3.11 × 10−6 
𝟐𝟎𝟎 3.155 × 10−6 
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 314 

 315 

According to our Wavelength Equation, an increase in film thickness and/or ∆𝑇 leads to an increase in the 316 
wavelength of the wrinkles. As the film thickness increases, the stress acting on it during the cooling 317 
process also increases, thereby increasing the wavelength (SI Equation 2). Similarly, as the heating 318 
temperature increases, the compression in the substrate while cooling down to room temperature also 319 
increases, thereby increasing the compressive stress on the film during the cooling process (SI Equation3).  320 

 Figure 7| (Top) Table showing the parameters used in the Wavelength Equation, for different film thicknesses, matching the 

modeling results with the experimental results. a, Comparison matrix of SEM images depicting the dependence of wrinkle 

wavelength on Film thickness and Heating Temperature. As   the film thickness and heating temperature increases, the 

wavelength (d) also increases. Substrate: PDMS 5, Thin Film material: As2Se3. Heating temperature ranges from 90ᵒC to 120ᵒC, 

in intervals of 10ᵒC and the room temperature is 25ᵒC. The film thickness ranges from 100nm to 200nm in intervals of 50nm. 

b, Experimental plots of the SEM images shown in (a) vs. plots obtained from our Wavelength equation under similar 

parameters. 
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SI Fig.7a depicts the dependence of wrinkle wavelength on film thickness and heating temperature. As   321 
the film thickness and heating temperature increases, the wavelength(d) also increases. The substrates 322 
are PDMS 5, with the thin film material being As2Se3. In SI Fig. 7a the heating temperature ranges from 323 
90ᵒC to 120ᵒC, in intervals of 10ᵒC and the room temperature (i.e. the cooling temperature) is 25ᵒC. The 324 
film thickness ranges from 100nm to 200nm in intervals of 50nm. SI Fig. 7b illustrates the compatibility of 325 
our wavelength equation with the experimental results. The solid circles represent data from the 326 
experiments while the solid lines depict the corresponding plots obtained from the Wavelength Equation 327 
using similar parameters (i.e. thermal expansion coefficient of substrate and film, thickness, surface 328 
energy, Young’s modulus of film and ∆𝑇). 329 

 330 

2.3.2   Dependence of wrinkle wavelength on thermal expansion coefficient mismatch between 331 
film and substrate 332 

Our Wavelength equation predicts that as the difference in the thermal expansion coefficient between 333 
the film and the substrate increases, the wrinkle wavelength also increases. 334 

As the difference in thermal expansion coefficients between the substrate and the rigid film deposited 335 
on it increases, so does the disparity in their thermal expansion. Consequently, as the system cools, the 336 
mismatch in contraction between the substrate and the film intensifies, leading to greater compressive 337 
stress on the film. This is why we observe larger wrinkles when there's a higher thermal expansion 338 
coefficient mismatch between the film and the substrate. PDMS10 has a higher thermal expansion 339 
coefficient than PDMS5, hence the wrinkles formed on the thin film deposited atop PDMS10 have higher 340 
wavelength than that deposited on PDMS5, for the same film material and film thickness (SI Fig.8). It is 341 
to be noted that mismatch between the theoretical and experimental values arises because all the thin 342 
film and substrate parameters have been assumed to be constant with respect to change in film 343 
thickness and system temperature. Also, in the theoretical model the sinusoidal wrinkles have been 344 
assumed to be triangular.  345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

Film thickness(nm) 𝑪𝒘 (𝒎) with PDMS 5 as substrate  𝑪𝒘 (𝒎) with PDMS 10 as substrate  

𝟏𝟎𝟎 3.07 × 10−6 3.15 × 10−6 
𝟐𝟎𝟎 3.155 × 10−6 3.2 × 10−6 

 353 
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 354 

 355 

2.3.2.1   Role of PDMS curing time on the thermal expansion coefficient mismatch between the 356 
film and the substrate 357 

As the curing time of PDMS increases, the crosslinking between the PDMS base and the curing agent also 358 
increases, thereby reducing its softness i.e. with increase in curing time the thermal expansion 359 
coefficient of PDMS decreases 360 

Figure 8| (Top) Table showing the parameters used in the Wavelength Equation, for different film thicknesses for PDMS 5 and 

PDMS 10 substrates, matching the modeling results with the experimental results. a, Comparison matrix of SEM images with 

PDMS 5 as substrate. b, Comparison matrix of SEM images with PDMS 10 as substrate. (a-b), The temperature varies from 

80℃ to 100℃  in intervals of 10℃ . The film thickness are100 𝑛𝑚  and 200𝑛𝑚. Film material: As2Se3  c, Plot showing the 

dependence of wrinkle wavelength on the thermal expansion coefficient mismatch between the film and the substrate. The 

solid dots represent the experimental data points, and the solid lines are obtained from our Wavelength Equation using similar 

parameters. 
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 361 

Figure 9| This figure illustrates that, for the same film thickness, as the curing time of PDMS increases, the wavelength of the 362 
wrinkles formed in the bilayer system decreases. Substrate: PDMS 5, Thin film material: As2Se3.  363 
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As the thermal expansion coefficient of the substrate decreases with increase in curing time, the mismatch 364 
in the thermal expansion coefficient between the film and the substrate also decreases, thereby reducing 365 
the stress acting on the film. Thus, by increasing the PDMS 5 curing time from 1 hour to 3 hours, the 366 
wavelength of wrinkles decreases from 4.32𝜇𝑚 to 1.86𝜇𝑚 for ∆𝑇 = 75℃ and from 5.4𝜇𝑚 to 2.5𝜇𝑚 for 367 
∆𝑇 = 95℃. All the samples consist of 100nm As2Se3  deposited on PDMS 5 substrates. 368 

When the compressive stress acting on the thin film in a single direction is high enough, non-linearities 369 
take place leading to paired wrinkles (SI Fig. 9 Top right). Such high stresses lead to high aspect ratio 370 
wrinkles (i.e. wrinkle amplitude being much higher than their wavelength), which merge at the wrinkle 371 
tips to form doubly paired wrinkles as illustrated in SI Fig. 9 Top right inset. Each doubly paired wrinkle has 372 
a very shallow indent at the top and acts as a single wrinkle. 373 

 374 

2.3.3   Requirement of a critical film thickness for wrinkle formation 375 

Compressive stress acting on a thin film is directly proportional to the thickness and Young’s modulus of 376 
the film (Equation 3). Wrinkles manifest in a film when the stress energy due to a compressive force is 377 
balanced by the surface energy generated due to the formation of new surfaces. Consequently, a thin film 378 
with a higher surface energy will require a higher compressive stress for wrinkle formation. For instance, 379 
when being cooled down from 80℃ to 25℃, As2Se3, having a Young’s modulus of 1010𝑃𝑎, and surface 380 
energy of 0.2 𝐽/𝑚2 requires a critical thickness exceeding 70nm for wrinkle formation, while materials like 381 
Ag and Al, boasting a Young’s modulus of approximately 5 × 1010 𝑃𝑎, and surface energy around 382 
0.05𝐽/𝑚2  exhibit a critical thickness of around 15 nm. Thus, we can see in SI Fig.10, wrinkles have formed 383 
in 15nm Ag and Al films but not on 60nm As2Se3 film 384 

 385 
 386 

 387 

 388 

 389 

 390 

 391 

Figure 10|SEM images showing wrinkle formation in 15nm Al and Ag thin films and the absence of wrinkles in 60nm As
2
Se

3 
thin 

films. All the thin films were deposited on PDMS5, heated to 80ᵒC for 5 minutes and cooled down to 25ᵒC. 
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2.4    Prediction from the Wavelength Equation 392 

Our wavelength equation can be efficiently used to find the thermal expansion coefficient of thin films 393 
by selecting appropriate values of the different parameters. (Refer Fig. 9 and Fig. 10). 394 

 395 

 396 

2.5    Requirement of a critical length for wrinkle formation and our proposed Critical Length 397 
Equation 398 

By combining SI Equation 4 and SI Equation 10, the stress energy can be defined as 399 

                                                                      𝑈 =  𝑌𝑓[(𝛼𝑠 − 𝛼𝑓)∆𝑇]2𝑤ℎ𝐿                                                            (13) 400 

Thus, in order to overcome the critical stress required for wrinkle formation, the compressive stress should 401 
act along a length that is greater than the critical length required for the system. This is why as the distance 402 
between the grooves increases, the 1D wrinkles give way to 2D wrinkles because then both the lateral and 403 
longitudinal stress are greater than the critical stress required by that system for wrinkle formation (SI Fig. 404 
11). 405 

From SI Equation 7 and SI Equation 11 we can conclude that, if 406 

𝐿 < 𝐶𝑙

𝛾𝑓𝑑

𝑌𝑓ℎ[(𝛼𝑠 − 𝛼𝑓)∆𝑇]
2 407 

then wrinkle formation does not take place. Here 𝐶𝑙 is a unitless proportionality constant and is = 𝐶𝑛.  408 
Thus, we arrive at the critical length equation which is defined as 409 

                                                                       𝐿𝑐 = 𝐶𝑙  
𝛾𝑓𝑑

𝑌𝑓ℎ[(𝛼𝑠−𝛼𝑓)∆𝑇]
2                                                                       (14) 410 

During the formation of 2D wrinkles the lateral and longitudinal stress are not equal. The lateral stress 411 
being lesser than the longitudinal stress, the periodicity of the wrinkles due to the lateral stress is lesser.  412 

The proportionality constant 𝐶𝑙 depends on the following parameters 413 

i. For a given expanded length 𝐿, higher the compressive stress higher is the periodicity 𝑑 and lower 414 
is the value of 𝑛. Since 𝑛 is directly proportional to 𝐶𝑙, a decrease in the value of 𝑛 also decreases 415 
𝐶𝑙   and the critical length 𝐿𝑐. Thus, for higher compressive stress the critical length decreases. 416 

Material Film 
thicknes
s(nm) 

Surface 
energy 
(𝑱 𝒎𝟐)⁄  

Young’s 
Modulus 
(𝑷𝒂) 

∆𝑻(𝑲) Wavelength 
(µm) 

𝜶𝒔(𝑲−𝟏) 
      PDMS 5 

𝑪𝒘 (
× 𝟏𝟎−𝟔𝒎) 

𝜶𝒇(𝑲−𝟏) 
(predicted 
from 
Wavelength 
Equation) 

𝜶𝒇(𝑲−𝟏) 
(reported 
in 
literature) 

As2Se3 100 0.2 𝟏𝟎𝟏𝟎 75 3.3 𝟐𝟏𝟔
× 𝟏𝟎−𝟔 

3.07 𝟐𝟐. 𝟑
× 𝟏𝟎−𝟔 

𝟐𝟐 × 𝟏𝟎−𝟔 

Al 15 0.07 𝟒. 𝟓
× 𝟏𝟎𝟏𝟎 

55 3.7 𝟐𝟏𝟔
× 𝟏𝟎−𝟔 

3.5 𝟐𝟓. 𝟓𝟏
× 𝟏𝟎−𝟔 

𝟏𝟖
− 𝟑𝟎 × 𝟏𝟎−𝟔 

Ag 15 0.055 𝟑. 𝟓
× 𝟏𝟎𝟏𝟎 

55 3.2 𝟐𝟏𝟔
× 𝟏𝟎−𝟔 

3.15 𝟐𝟕. 𝟓𝟕
× 𝟏𝟎−𝟔 

𝟏𝟗
− 𝟑𝟏 × 𝟏𝟎−𝟔 
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 417 

 418 

 419 

2.6   Comparison of results from Critical Length Equation with experimental results 420 

If any or all of ∆𝑇, (𝛼𝑠 − 𝛼𝑓) and ℎ increases, then the stress acting on the film also increases, potentially 421 
allowing compressive stress along a shorter length to surpass the critical stress necessary for wrinkle 422 
formation. This explains why 1D wrinkles form when a 150nm As2Se3 film on PDMS5 is heated to 120ᵒC 423 
and then cooled to 25ᵒC, whereas 2D wrinkles emerge when the substrate is changed to PDMS10 while 424 
keeping other variables constant (SI Fig. 12a and b). This difference occurs because the thermal expansion 425 
coefficient of PDMS10 is higher than that of PDMS5. 426 

Similarly, with increasing ∆𝑇, 𝐿𝑐 decreases. For instance, when a 150nm As2Se3 film deposited on PDMS10 427 
is heated to 100ᵒC, it forms 1D wrinkles, while 2D wrinkles appear at 120ᵒC (SI Fig. 12b and c).  428 

A reduction in the surface energy and an increase in the Young’s modulus of the thin film material lowers 429 
the critical length. Consequently, 1D sinusoidal wrinkles are observed in a 100nm As2Se3 thin film (with 430 
𝛾𝑓 = 0.2𝐽/𝑚2 and 𝑌𝑓 = 1 × 1010 𝑃𝑎 ) on a PDMS 5 substrate when heated to 80ᵒC and subsequently 431 
cooled, whereas 2D wrinkles are observed in Ag and Al thin films, which have 𝛾𝑓 ≈ 0.04𝐽/𝑚2 and  𝑌𝑓 ≈432 
4 × 1010 𝑃𝑎 under similar conditions (SI Fig. 12d, e and f). The critical Length equation has been 433 
experimentally found to be more accurate for well-ordered wrinkles, i.e. for wrinkles on As2Se3 thin films. 434 

 435 

Figure 11|Large area SEM image of wrinkled As
2
Se

3
 thin film on PDMS5 substrate. As the distance between the grooves 

increases to 1150µm, 2D wrinkles start appearing. Film thickness: 100nm, Heating temperature 120ᵒC. 
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 436 

 437 

 438 

 439 

 440 

2D wrinkles or zigzag wrinkles are a superposition of two sets of 1D wrinkles formed along two different 441 
directions whereas, 3D wrinkles or labyrinth isotropic wrinkles are a superposition of multiple sets of 1D 442 
wrinkles formed along different directions. 443 

 444 

2.6.1. Effect of heating temperature and substrate softness on wrinkle formation and critical 445 
length  446 

As the heating temperature increases, the compressive stress acting on the thin film while it cools, also 447 
increases. Wrinkle formation requires the compressive stress acting on the thin film to be greater than 448 
its critical stress. The formation of large area, uniform, ordered wrinkles requires a uniform force acting 449 
on the film which can be achieved within an optimal temperature range. The lack of wrinkle formation at 450 
temperatures much below this range is attributed to the insufficient generation of compressive stress on 451 
the film (Figure 13). Conversely, when the system is heated to temperatures exceeding this range by a 452 
large extent, disorderedness starts in the thin films (Figure 14). 453 

Figure 12|SEM images a, 150nm As2Se3 deposited on PDMS5, heated to 120ᵒC. b, 150nm As2Se3 deposited on PDMS10, heated 

to 120ᵒC. c, 150nm As2Se3 deposited on PDMS10, heated to 100ᵒC. a-c, Lateral distance 950nm, black arrow indicates the 

direction of lateral distance. d, 100nm As2Se3 deposited on PDMS 5, heated to 80ᵒC. e, 100nm Al deposited on PDMS 5, heated 

to 80ᵒC. f, 100nm Ag deposited on PDMS 5, heated to 80ᵒC. All the samples were cooled down to 25ᵒC for wrinkle formation. 
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 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 

 462 

Figure 13|Optical microscope images illustrating the absence of wrinkles in bilayer systems, consisting of 100nm As2Se3 thin films 

deposited on PDMS 5 substrates, when heated to temperatures lower than the optimum temperature range for the bilayer system. 

The PDMS substrates were cured for 1 hour (Top), 3 hours (Middle), and 6 hours (Bottom). The thermal expansion coefficient being 

higher in PDMS substrates cured for 1 hour, during heating the tensile stress acting over the film deposited atop is also higher 

leading to the formation of cracks as seen in the Top Right image. For substrates cured for 3 hours and 6 hours, cracks are absent. 
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 463 

 464 

 465 

 466 

Figure 14 illustrates that as the heating temperature increases, 1D ordered wrinkles give way to 2D 467 
wrinkles, finally leading to multiple cracks and disordered labyrinthine wrinkles after cooling down to the 468 
room temperature (25℃). As the curing time of the PDMS 5 substrate increases from 1 hour to 6 hours, 469 
the wrinkles become more ordered with respect to increase in heating temperature. For ∆𝑇 = 115℃, 2D 470 
wrinkles have just started forming on PDMS substrates cured for 6 hours, whereas the 2D wrinkles are 471 
more prominent on substrates cured for 1 hour. At ∆𝑇 = 135℃, cracks have started forming for substrates 472 
cured for 1 hour. At ∆𝑇 = 155℃, multiple cracks have formed leading to disordered labyrinthine wrinkles 473 
on the substrates cured for 1 hour, whereas the substrate cured for 6 hours still has 2D wrinkles, with much 474 
lesser number of cracks. Thus, the critical length decreases with increase in heating temperature and 475 
duration of curing of PDMS substrate. 476 

 477 

 478 

 479 

 480 

 481 

 482 

 483 

Figure 14|Optical microscope images illustrating the effect of heating temperature on the orderliness of the wrinkles. Substrate: 

PDMS 5. Thin film material: 100nm As2Se3. (Top) Substrates cured for 1 hour. (Bottom) Substrates cured for 6 hours. As the heating 

temperature increases, the 1D ordered wrinkles give way to 2D wrinkles, finally leading to multiple cracks and disordered 

labyrinthine wrinkles. Again, the wrinkles are more ordered for substrates with higher curing time 
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3.        PHYSICS OF WRINKLED SURFACES ACTING AS DIFFRACTION GRATINGS 484 

3.1     Origin of diffraction spots from an ordered sinusoidal surface 485 

Diffraction occurs when a wave encounters an obstacle or aperture that causes it to bend around corners 486 
or spread out thereby producing periodic alterations in its phase, amplitude or both. The origin of 487 
diffraction spots from an ordered sinusoidal surface can be understood through Huygens-Fresnel principle 488 
and wave interference. According to this principle, every point on a wavefront can be considered as a 489 
source of secondary spherical wavelets. When a wavefront encounters an obstacle, these secondary 490 
wavelets interfere with each other constructively and destructively, leading to the formation of a 491 
diffraction pattern. An ordered sinusoidal surface acts as a reflection-based diffraction grating because its 492 
crests resemble a repetitive array of diffracting elements i.e. obstacles for an incoming wave of light. Each 493 
part of the surface acts as a source of secondary wavelets, and the interference between these wavelets 494 
results in constructive interference in certain directions and destructive interference in others. The 495 
diffraction orders and the spacing between the spots depend on the periodicity of the wrinkles (which is 496 
equivalent to the periodicity of the wrinkle crests), the angle of incidence, wavelength of the incident wave 497 
and the angle of detection. 498 

 499 

 500 

When plane waves of wavelength λ are incident at an angle 𝜃𝑖,  on a wrinkled surface of periodicity d, in 501 
order to get constructive interference at a detection angle 𝜃𝑑 , the following relation must be satisfied 502 

𝐶𝐷 − 𝐴𝐵 = 𝑚𝜆 503 

Figure 15|Schematic of diffraction from a wrinkled surface of periodicity d. Angle of incidence is  𝜃𝑖  , angle of detection 
of rays is 𝜃𝑑. If the wavelength of the waves is λ, for constructive interference the path difference between two adjacent 
waves should be an integral multiple of λ, i.e. 𝐶𝐷 − 𝐴𝐵 = 𝑚 𝜆, where m is an integer. 
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Where m is an integer and also the diffraction order. Therefore, we get the relation, 504 

𝑑 sin 𝜃𝑑 + 𝑑 sin 𝜃𝑖 = 𝑚𝜆 505 

𝑚𝜆 = 𝑑(sin 𝜃𝑑 + sin 𝜃𝑖) 506 

Thus, for a given wavelength (λ) of incident light, incident at an angle 𝜃𝑖 , we can get different diffraction 507 
orders by tuning the periodicity of the wrinkles. 508 

3.2     Orientation of diffraction spots 509 

The alignment of the diffraction spots relies on the orientation of the plane of incidence relative to the 510 
direction of the wrinkles. When the plane of incidence is oriented parallel to the direction of the wrinkle 511 
array, vertical diffraction spots appear. Conversely, if the plane of incidence is perpendicular to the wrinkle 512 
array's direction, horizontal diffraction spots are observed. 513 

As we know that the diffraction spots represent the hkl planes in the reciprocal lattice of the Bravais lattice, 514 
the ordered wrinkles are analogous to a set of parallel hkl planes. As the orientation of the wrinkles with 515 
respect to the incident plane changes, the hkl plane also changes thereby altering the orientation of the 516 
diffraction spots. This is why we get circular diffraction patterns for isotropic labyrinth wrinkles. These ring 517 
like diffraction patterns find applications in cataract surgeries where circular incisions are needed to be 518 
made. 519 

In SI Fig. 16 we can see that as the orientation of the wrinkles with respect to the incident beam plane 520 
changes from 0ᵒ to 90ᵒ in steps of 30ᵒs, the orientation of the diffraction spots also changes. 521 

 522 

 523 

 524 

 525 

(15) 

Figure 16| Schematics depicting the orientation of wrinkles and the corresponding simulation images for the diffraction 
spots. The simulations were done for a periodicity of 6.2µm, amplitude of 400nm and incident light of wavelength 500nm. 



26 
 

3.3     Wrinkles for optical diffusion 526 

Disordered labyrinthine wrinkles can be considered as superposition of multiple sets of 1D sinusoidal 527 
wrinkles at different angles to each other. Thus, when light diffracts over disordered labyrinthine wrinkles, 528 
ring like circular diffraction patterns are formed on the detector screen. These wrinkles form when the 529 
samples are heated to sufficiently high temperatures followed by subsequent cooling. During cooling as 530 
the temperature of the bilayer system decreases, the wavelength and the disorderliness of the wrinkles 531 
increases. This subsequent cooling leads to an increase in the number of diffraction rings formed on the 532 
screen 533 

 534 

 535 

 536 

 537 

3.4    Disappearance and reappearance of colors during thermal processing 538 

When the wrinkled samples are heated to sufficient temperature the wrinkles disappear due to the 539 
thermal expansion in the thin film and also due to the tensile stress acting on it because of the thermal 540 
expansion mismatch between the film and the substrate. Diffraction doesn’t take place in the absence of 541 
wrinkles i.e. on a flat surface, thereby leading to the disappearance of colors on being heated. On 542 
subsequent cooling the colors reappear due to the formation of wrinkles which diffract light. The samples 543 
are responsive to simple thermal heating as well as joule heating (since both lead to an increase in 544 
temperature of the bilayer system), thereby making them excellent candidates for adaptive visible 545 
camouflage 546 

 547 

 548 

 549 

 550 

 551 

 552 

 553 

Figure 17| Experimental images of a tunable optical diffuser, illustrating the dependency of diffraction rings on the 
cooling temperature 
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3.5     Dependence of diffraction orders on temperature 554 

As discussed before, as the heating temperature increases the wavelength(periodicity) of the wrinkles also 555 
increases, thereby increasing the number of diffraction orders. For a given wavelength and angle of 556 
incidence of incident light, more the periodicity, the more the diffraction orders observed (SI Equation 15). 557 

 558 

 559 

In SI Fig. 18, the experimental images(left) and the corresponding simulation images (right) illustrate how 560 
the number of diffraction orders increases due to the increase in periodicity of the wrinkles when the 561 
same sample is heated to different temperatures followed by subsequent cooling. 562 

 563 

 564 

 565 

 566 

Figure 18| Experimental images(left) and corresponding simulation images(right). Sample: 150nm As2Se3 deposited on 
PDMS 5. a, heated to 90ᵒC to get wavelength of 3.6µm. b, heated to 100ᵒC to get wavelength of 4.7µm. c, heated to 110ᵒC 
to get wavelength of 6.5µm. d, heated to 130ᵒC to get wavelength of 9.4µm.  
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3.6     Simulation of diffraction spots 567 

 568 

 569 

For the MATLAB simulations we have considered two coordinate systems, a global coordinate system (X, 570 
Y) and a local coordinate system (X’, Y’) rotated by an angle ∅ with respect to the global coordinates and 571 
have placed a sinusoidally varying function along the X’ axis, as shown in SI Fig.19a. The cross-sectional 572 
image shown in SI Fig.19b illustrates that the function of the sinusoidal structure can be defined as, 573 

Figure 19| a, A global coordinate system (X, Y), a local coordinate system (X’,Y’) rotated by an angle ∅ with respect 

to global coordinates and a sinusoidal variation along X’ axis. b, Cross-sectional image of the sinusoidally varying 

function along X’ axis. 
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𝑓 = 𝐴 + 𝐴𝑠𝑖𝑛(𝑘𝑑𝑋′) 574 

Where 𝑘𝑑 = 2𝜋 𝑑⁄  and d is the periodicity of the structure. For normal incidence of light along -Y direction, 575 
since the amplitude of the structure is very low as compared to its periodicity, the phase profile on the (X’, 576 
Y’, 2A) plane can be defined as, 577 

∅(𝑋′, 𝑌′) = 𝑘0(2𝑙(𝑋′)) 578 

Where 𝑙(𝑋′) = 2𝐴 − 𝑓 579 

Therefore,                                                  𝑙(𝑋′) = 𝐴 − 𝐴𝑠𝑖𝑛(𝑘𝑑𝑋′) 580 

The local co-ordinates is related to the global co-ordinates by the rotation matrix and the relation is defined 581 
as, 582 

(
𝑋′

𝑌′
) = (

𝑐𝑜𝑠∅ 𝑠𝑖𝑛∅
−𝑠𝑖𝑛∅ 𝑐𝑜𝑠∅

) (
𝑋

𝑌
) 583 

From this relation we get, 584 

𝑋′ = 𝑋𝑐𝑜𝑠∅ + 𝑌𝑠𝑖𝑛∅ 585 

Thus,                                                             𝑙(𝑋, 𝑌) =  𝐴 − 𝐴𝑠𝑖𝑛(𝑘𝑑(𝑋𝑐𝑜𝑠∅ + 𝑌𝑠𝑖𝑛∅)) 586 

and the phase is defined as  587 

                            ∅(𝑋′, 𝑌′) = 𝑘02(𝐴 − 𝐴𝑠𝑖𝑛(𝑘𝑑(𝑋𝑐𝑜𝑠∅ + 𝑌𝑠𝑖𝑛∅))) 588 

Ignoring the constant phase we get, 589 

                        ∅1(𝑋′, 𝑌′) = −𝑘02𝐴𝑠𝑖𝑛(𝑘𝑑(𝑋𝑐𝑜𝑠∅ + 𝑌𝑠𝑖𝑛∅)) 590 

Considering the light to be incident along X axis, making an angle 𝜃 with respect to Y axis, the additional 591 
phase due to this angle of incidence is defined as, 592 

 ∅2(𝑋, 𝑌) = 𝑘0𝑋𝑠𝑖𝑛𝜃 593 

Therefore, the net phase in the plane (X’, Y’, 2A) is defined as, 594 

∅(𝑋, 𝑌) =  ∅1(𝑋, 𝑌) + ∅2(𝑋, 𝑌) 595 

And the corresponding filed is, 596 

𝐸(𝑋, 𝑌) =  𝑒𝑖[𝑘0𝑥𝑠𝑖𝑛𝜃−2𝑘0𝐴𝑠𝑖𝑛(𝑘𝑑(𝑋𝑐𝑜𝑠∅+𝑦𝑠𝑖𝑛∅))] 597 

Considering a finite size of the aperture i.e. limiting the spot size, the field is defined as, 598 

𝐸(𝑋, 𝑌) = {𝑒𝑖[𝑘0𝑥𝑠𝑖𝑛𝜃−2𝑘0𝐴𝑠𝑖𝑛(𝑘𝑑(𝑋𝑐𝑜𝑠∅+𝑦𝑠𝑖𝑛∅))] , √(𝑋2 + 𝑌2) ≤ 𝑅

0, √(𝑋2 + 𝑌2) > 𝑅
 599 

Where R is the radius of the spot. 600 

(17) 

(18) 

(19) 

(20)

) 

 (19) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 
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We have ignored the edge effects since we are in scalar diffraction theory regime as R is very large 601 
compared to the periodicity of the sinusoidal structure. Once the field on the Z=2A plane is known, we can 602 
calculate the field at any point (x0,y0,z0) using the Ray Sommerfeld diffraction formula which is defined as, 603 

𝐸(𝑥0, 𝑦0, 𝑧0) = ∬
𝐸(𝑋, 𝑌, 𝑍)

𝜆
(

1

𝑘𝑙0
− 𝑖)

(𝑍 − 2𝐴)

𝑙0

𝑒𝑖𝑘𝑙0

𝑙0
𝑑𝑥𝑑𝑦

∞

−∞

 604 

Where 𝑙0 = √(2 − 2𝐴)2 + (𝑋 − 𝑥0)2 + (𝑌 − 𝑦0)2 and λ is the wavelength of the incident 605 
monochromatic light. Using SI Equation 28 we calculate the field at a plane Z=1cm (since in our 606 
experiments the plane was placed at a distance of 1cm from the sample) to get the diffraction patterns. 607 

 608 

 609 

 610 

 611 

 612 

 613 

 614 

 615 

 616 

 617 

 618 

 619 

 620 

 621 

 622 

 623 

 624 

 625 

 626 

 627 

 628 

(28) 
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4.          ROLE OF WRINKLES IN INCREASING THE OUT-COUPLING EFFICIENCY  629 

We know that when a ray passes from a medium of higher refractive index to lower refractive index, if the 630 
angle of incidence is higher than the critical angle for that pair of media, then total internal reflection (TIR) 631 
takes place. TIR reduces the outcoupling efficiency of encapsulated light sources and photovoltaics like 632 
solar cells. The presence of wrinkles in the top-most layer increases the critical angle for a pair of media 633 
thereby increasing the out-coupling efficiency. This happens because of the change in the position and 634 
angle of the normal to the free surface of a film, as illustrated in SI Fig. 20a and b. When an LED is 635 
encapsulated by a wrinkled surface consisting of transparent PMMA wrinkles on PDMS substrate, the 636 
detector registers a power of 3.526mW, whereas when it is encapsulated by plain PDMS, the detector 637 
detects a power of 2.779mW (Figure 6b). Figure 6c shows the simulation result for the above experiment. 638 
Wrinkled surface shows a transmittance of 98% as compared to a transmittance of around 87% when 639 
encapsulated by an unpatterned PDMS substrate (depicted in SI Fig. 21) 640 

 641 

 642 

 643 

Figure 20| a, schematic showing TIR when the angle of incidence of a beam going from a higher refractive index to lower 
refractive index is greater than the critical angle of a given pair of media, i.e.  𝜃𝑖0 > 𝜃𝑐. b, schematic showing the absence 
of TIR even when the angle of incidence of a beam going from a higher refractive index to lower refractive index is greater 
than the critical angle (with respect to the normal to the plane surface) of a given pair of media, i.e.  𝜃𝑖 < 𝜃𝑐  even though 
𝜃𝑖0 is still the same. 
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 644 

Figure 21| a, Increase in out-coupling efficiency of encapsulated light sources. LED lights encapsulated by transparent 645 
wrinkles (PMMA wrinkles on PDMS substrate) register higher power as compared to those encapsulated by flat unpatterned 646 
PDMS. When the LED is encapsulated by a wrinkled surface, the detector registers a power of 3.526mW, whereas when it 647 
is encapsulated by plain PDMS, the detector detects a power of 2.779mW. b, shows the simulation result for the above 648 
experiment. The wrinkled surface shows a transmittance of 98% as compared to a transmittance of around 87% when 649 
encapsulated by an unpatterned substrate. 650 

 651 

 652 

 653 

 654 

 655 

 656 

 657 
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5.         NOVELTY OF THE WORK 658 

5.1    Novelty in the processing (Ordered, Large area, Defect-free), Calibration, Materials and 659 
Applications 660 

While wrinkles have been fabricated through various techniques, such as LASER treatment, exposure to 661 
UV, visible, or NIR light, plasma treatment, chemical swelling, mechanical strain induction, and thermal 662 
annealing, most of them suffer from limitations such as restricted fabrication area, the presence of defects 663 
like cracks and delaminations, and disorderliness. Here, we utilize a straightforward thermal processing 664 
approach to achieve large area, orderly, and defect-free wrinkles. In this work, we demonstrate, for the 665 
first time, a simple calibrated method for the formation of wrinkles of desired periodicity and orientation. 666 
Additionally, we have explored various thin film materials like chalcogenides, metals, and polymers, 667 
confirming the versatility of our method across these materials. 668 

 669 

Attached is a table highlighting the novelty of our work in comparison to existing similar studies. 670 

 671 

Sl 
No
. 

Thin film processing 
technique 

Substrate Thin film 
material 

Defects 
formed  

Calibrated 
with 
respect to 
structure 
causing 
stimuli 

Type of 
structures 
formed 

Applications Reference 

1 Electrically 
Suitable voltage bias 
and its reverse 
applied to a thin film 
stack of amorphous 
iron oxide and silver 
to float the silver layer 
above or below the 
oxide layer by the 
migration of silver 
atoms 
 

Si wafers 
with 1𝜇𝑚 
thermal 
oxidized 
layer and 
polyethylen
e 
terephthala
te 

Stacked 
multilayer of 
TiW/Ag/Fe2O3

/ITO 

Disordere
dness in 
the 
atomic 
arrangem
ent of 
amorpho
us Fe2O3 

affects 
the 
quality of 
the 
devices 

No Floating 
thin film 
layer 

Dynamic 
structural 
color 

14 

2 Mechanically 
Uniaxial stretching of 
the PDMS/thin film 
system 

PDMS PVA/Laponite 
composite 

No No Disordered 
cracks 

Mechanochro
mic devices 
with 
capabilities 
like changing 
transparency, 
switching 
luminescence 

15 

3 Mechanically  
Formation of thin 
layer of SiOx on UVO 
treated PDMS, 
Uniaxial stretching of 
PDMS substrate, 
Poisson effect causing 
compressive stress 
and leading to wrinkle 
formation in direction 
perpendicular to the 
stretching direction 

PDMS       - Cracks  Yes (wrinkle 
periodicity 
as a 
function of 
pre-strain) 

disordered 
sinusoidal 
wrinkles 

Tunable 
optical 
transmittance
, Smart 
windows, 
Switchable 
elastomeric 
display 

16 
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 672 

 673 

 674 

 675 

Sl 
No
. 

Thin film processing 
technique 

Substrate Thin film 
material 

Defects 
formed  

Calibrated 
with 
respect to 
structure 
causing 
stimuli 

Type of 
structures 
formed 

Applications Reference 

4 Mechanically 
Carbon nanotube 
solution spray-coated 
on PDMS substrates 
followed by uniaxial 
and biaxial 
mechanical stretching 
to alter the 
morphology of the 
nanotubes 

PDMS Carbon 
nanotube 
solution 

Not 
reported 

No Isotropic 
orientation 
of buckled 
nanotubes 

Pressure and 
strain sensors 

17 

5 Mechanically  
Spin-coating of 
polymer films on UV 
treated Si wafer and 
placing cured PDMS 
films on the 
supported polymer 
films, 
Transferring the 
polymer films onto 
PDMS substrates by 
immersing the system 
in water, 
Wrinkle formation 
upon applying 
mechanical strain on 
the film/PDMS system 

PDMS PS Cracks No 1D ordered 
sinusoidal 
wrinkles 

Measuring 
elastic moduli 
of thin 
polymer films 

18 

6 Mechanically  
Spin-coating of LC 
polymer films on UV 
treated Si wafer and 
placing cured PDMS 
films on the 
supported polymer 
films, 
Transferring the 
polymer films onto 
PDMS substrates by 
immersing the system 
in water at room 
temperature for 10 
hours, 
Achieving wrinkle 
formation through 
lateral uniaxial 
compression on the 
polymer/PDMS 
system using a 
Hoffman type 
pinchcock 

PDMS Az containing 
LC polymer 

Not 
reported 

No Partially 
ordered 1D 
sinusoidal 
wrinkles 

Not shown 19 
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 676 

 677 

Sl 
No
. 

Thin film processing 
technique 

Substrate Thin film 
material 

Defects 
formed  

Calibrated 
with 
respect to 
structure 
causing 
stimuli 

Type of 
structures 
formed 

Applications Reference 

7 Mechanically+ 
Thermally  
Biaxial pre-stretching 
of air plasma treated 
and silanized PS 
substrates, 
Incubation in APTES 
solution to form 
molecular linking 
layer on the substrate, 
Pattern-masking and 
incubating in Au 
nanoparticle solution 
to form Au seed layer, 
Depositing continuous 
Au film through 
electroless deposition 
on seed layer, 
Formation of wrinkles 
on thin film through 
thermal processing 

PS Au Not 
reported 

No Disordered 
isotropic 
folds 

SERs based 
substrates 

20 

8 Mechanically 
Spin-coating PS or 
PS/Plasticizer films 
onto polished 
hydrophilic Si wafers. 
Transferring the 
polymer films onto 
PDMS substrates by 
immersing in water, 
Achieving wrinkles by 
applying uniaxial 
compressive strain 

PDMS PS Not 
reported 

No Ordered 
sinusoidal 
wrinkles 

Measurement 
of residual 
stress in 
polymer films 

21 

9 Mechanically 
Spin-coating PU and 
TiO2 sol on PDMS 
substrates followed by 
heat treatment and 
oxygen plasma 
treatment. Achieving 
wrinkles by applying 
mechanical strain on 
the system 

PDMS PU and TiO2 
sol 

Not 
reported 

No Partially 
ordered 1D 
wrinkles 

Anti-
counterfeiting 
photonic 
patterns 

22 

10 Mechanically 
+Chemical Swelling  
(i) Sequential 
stretching of oxygen 
plasma treated PDMS 
substrate leading to 
wrinkle formation 
(ii) DI water swelling 
of PHEMA films 
deposited on UV 
exposed rigid 
substrates leading to 
wrinkle formation 

PDMS Composite of 
PHEMA+ 
EGDMA 

Not 
reported 

Method (i) 
is 
calibrated 
d(λ) as a 
function of 
critical 
strain 

1D and 2D 
ordered 
wrinkles, 
isotropic 
disordered 
wrinkles 
and creases 

Tunable 
wetting and 
adhesion, 
tunable open 
channel 
micro-fluidics, 
strain 
responsive 
micro-lens 
arrays 

23 
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 679 

 680 

 681 

Sl 
No
. 

Thin film processing 
technique 

Substrate Thin film 
material 

Defects 
formed  

Calibrated 
with 
respect to 
structure 
causing 
stimuli 

Type of 
structure
s formed 

Applications Reference 

11 Chemical Swelling  
Coating and curing 
liquid PDMS on PVA 
films deposited on 
rigid foundations, 
Peeling off the 
PVA/PDMS from the 
liquid foundation, 
Preparing 3 types of 
wrinkles by proper 
exposure to UV, 
oxygen and moisture 

PDMS PVA Not 
reported 

No  Isotropic 
labyrinthi
ne 
wrinkles 

Anti-counterfeit 
tags, Smart 
displays, Water 
indicators, Light 
diffusers, 
Antiglare films 

24 

12 Chemical Swelling  
Controllable swelling 
of sugar particles 
infused polymer 
matrices immersed in 
water, 
Deposition of 
conducting thin films 
on swollen substrates 
to obtain wrinkled 
thin films upon 
shrinking. 

PDMS, 
Ecoflex 

Au, Graphene Not 
reported 

No Isotropic 
labyrinthi
ne 
wrinkles 

Soft electronics 25 

13 Chemical Swelling  
UVO treatment of PS 
solution spin-coated 
on Si wafer, 
Swelling induced 
surface wrinkling by 
exposure of PS film to 
toluene vapours 

Si PS Not 
reported 

No Isotropic 
circular 
wrinkles, 
Spokes, 
Targets, 
Labyrinth
s, Dots 

Not shown 26 

14 Chemical Swelling  
Peeling off cured 
PDMS stamp from 
structured Si master, 
Immersing the PDMS 
substrates in Aniline 
solution of required 
monomer 
concentration and 
polymerization at 2-
5ᵒC for 20 minutes to 
form PANI films, 
Wrinkled and 
dewrinkled states 
achieved in PANI film 
through 
swelling/deswelling 
via acid doping and 
base dedoping 

PDMS PANI Multiple 
repetitio
ns of 
doping/ 
dedoping 
causes 
cracks 
and 
delamina
tions 

No Isotropic 
labyrinthi
ne 
wrinkles, 
Ordered 
1D 
sinusoida
l wrinkle 
strips of 
width 1-
10µm 

Smart display 27 
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 682 

 683 

Sl 
No
. 

Thin film processing 
technique 

Substrate Thin film 
material 

Defects 
formed  

Calibrated 
with 
respect to 
structure 
causing 
stimuli 

Type of 
structures 
formed 

Applications Reference 

15 LASER treatment 
UV curing of hybrid 
acryl-amide titania 
films spin-coated onto 
rigid substrates, 
Formation of localized 
wrinkled strips via 
localized UV light 
illumination and 
successive deposition 
of thin film material 

Si, Silica Acrylamide-
titania 

Not 
reported 

No 1D ordered, 
2D array, 
and 
disordered 
isotropic 
wrinkles 

Gratings 28 

16 LASER treatment 
Deposition of 
Chalcogenide thin 
films on Si substrates 
through magnetron 
sputtering, 
Wrinkle formation 
through focused 
pulsed LASER beam 
irradiation on rotating 
sample surface 

Si GeTe, 
Ge30Te70, 
Ge2Sb2Te5 

Not 
reported 

No Disordered 
isotropic 
labyrinthin
e wrinkles 

Anti-
counterfeiting 
tags 

29 

17 LASER treatment 
Wrinkle formation 
through LASER 
irradiation 

PDMS           - Cracks No Partially 
ordered 1D 
sinusoidal 
wrinkles 

Not shown 30 

18 UV treatment 
Wrinkle formation 
through UV induced 
gradient cross-linking 
and photochemical 
boundary 

 Anthracene 
containing 
PSPU and 
Graphene 

No No Disordered 
labyrinthin
e wrinkles, 
different 2D 
patterned 
wrinkles 

NIR 
controlled 
optical 
gratings 

31 

19 UV treatment+ 
Thermally  
Spin-coating PMMA 
on PDMS substrates 
followed by heating 
and cooling, 
Formation of wrinkle 
patterns under UV 
radiation or thermal 
stimulation of PMMA 
films 

PDMS PMMA No No  Disordered 
labyrinthin
e wrinkles 

Tunable 
UV/thermal 
sensitive 
optical 
diffusers 

32 

20 Thermally  
Heating of multilayer 
system to a 
temperature higher 
than the Tg of second 
layer and lower than 
that of the uppermost 
layer, 
Formation of wrinkles 
through compressive 
stress generation 

Si PS/Al/P4VP No No Isotropic 
disordered 
labyrinthin
e wrinkles 

Estimation of 
Tg of 
polymeric 
thin films 

33 
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Sl 
No
. 

Thin film processing 
technique 

Substrate Thin film 
material 

Defects 
formed  

Calibrated 
with 
respect to 
structure 
causing 
stimuli 

Type of 
structure
s formed 

Applications Reference 

21 Thermally  
Thermal evaporation 
of Al thin films on PS 
films spin-coated on Si 
wafers, 
Wrinkle formation on 
Al films through 
thermal annealing for 
atleast 3600s at 
temperatures above 
the glass transition 
temperature of PS 

Si PS/Al Not 
reported 

No Isotropic 
disordere
d 
wrinkles 

Estimation of 
stress-
relaxation 
modulus of 
polymer thin 
films confined 
by both a 
substrate and a 
superstrate 

34 

22 Thermally  
Supersonic cluster 
beam implantation of 
neutral Au 
nanoparticles into 
thermally retractable 
PS sheets, 
Wrinkle formation 
through thermal 
shrinking of the 
material at 160ᵒC for 
6 minutes 

PS sheet Au 
nanoparticles 

Not 
reported 

No  Isotropic, 
Disordere
d 3D,2D 
and 1D 
wrinkles 

Not shown 35 

23 Thermally 
Spin-coating PAN 
solution on CNT-PDMS 
substrate followed by 
sequential exposure 
to UV light through 
photomask, 
Deposition of metal 
films on PAN layer 
through e-beam 
evaporation, 
Wrinkle formation in 
metal films through 
heat treatment 

CNT-PDMS PAN 
interlayer, 
Functional 
metallic layer 
of Al or Ge or 
Au 

Not 
reported 

No 1D,2D 
ordered 
sinusoida
l strips 
wrinkles 

Smart displays, 
devices for 
resolving light 
pollution 

36 

24 Thermally  
Dip-coating 
borosilicate glass 
substrate in ZnO sol 
gel, 
Heat treatment at 
150ᵒC in IR chamber 
of dip coater, 
Post annealing in air 
at 450ᵒC for 1 hour, 
Multi layers prepared 
through the same 
procedure leading to 
wrinkle formation 

Boro-
silicate 
glass 

ZnO No No  Isotropic 
labyrinthi
ne 
wrinkles 

Enhancing 
photocatalytic 
degradation of 
organic 
pollutants in 
water 

37 
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Sl 
No
. 

Thin film processing 
technique 

Substrate Thin film 
material 

Defects 
formed  

Calibrated 
with 
respect to 
structure 
causing 
stimuli 

Type of 
structure
s formed 

Applications Reference 

25 Thermally  
Spin-coating PDMS on 
glass,Thermal 
evaporation of Al thin 
films on PDMS, 
enhancement of 
cross-linking in the 
PDMS due to the 
temperature of the 
film leading to 
freezing of patterns 
substrate and 
consequent wrinkling 
in thin film 

PDMS Al Not 
reported 

No  Disordere
d 
labyrinthi
ne 
wrinkles 

Fabrication of 
surfaces with 
controlled 
wettability 
and 
reflectance 

38 

26 Nanoimprint 
lithography and 
dewetting 
Soft lithography to 
imprint a PDMS mask 
onto a thermoplastic 
or sol-gel layer via 
nanoimprinting. 
Thermal deposition of 
thin layer of 
Chalcogenide glass 
followed by thermal 
annealing at different 
temperatures 

Thermoplas
tic, Sol-gel 

Ge6Se82Te12, 
Se 

Not 
reported 

Yes Dewetted 
droplets 
on 
patterne
d 
substrate
s 

Metasurfaces 
and 
stretchable 
optics  

39 

27 Thermal deposition 
Thermal evaporation 
of thin films on 
flexible substrates 

PDMS Ga No Yes Ga 
droplets 
on PDMS 
substrate
s 

Mechanochro
mic sensors 

40 

28 This paper: 
Thermally  
Spin-coating PDMS 
solution on patterned 
Si mold followed by 
curing at 80ᵒC for 
different time 
durations (ranging 
from 1hr to 6 hours), 
Peeling off the PDMS 
substrate and thin 
film deposition on its 
surface, 
Wrinkle formation in 
thin films through 
thermal heating for 3 
minutes and 
subsequent cooling 
 

PDMS 5, 
PDMS 10 of 
different 
softnesses 

As2Se3, Al, Ag, 
PMMA 
(encompassin
g a wide 
range of 
materials like 
chalcogenide 
glasses, 
metals and 
polymers) 

No Yes 
(Periodicity 
d as a 
function of 
Change in 
temperatur
e ΔT, also 
an 
equation 
illustrating 
the critical 
length 
required 
for ordered 
wrinkle 
formation 
in case of 
thermally 
induced 
wrinkles) 

Ordered 
1D 
sinusoida
l, 
Ordered 
2D 
zigzag, 
Disordere
d 
labyrinthi
ne 

Multilevel 
hybrid 
encryption 
device, Large 
area flexible 
reflective 
displays, 
dynamically 
tunable 
diffraction 
grating and 
optical 
diffusers, 
devices for 
increasing the 
out-coupling 
efficiency of 
encapsulated 
light sources, 
adaptive 
visible 
camouflage, 
mechanochro
mic sensors 
for healthcare 

Novelty:  
(i) For the first 
time, this thermal 
process has been 
calibrated based 
on the wrinkle-
inducing factors 
such as 
temperature 
change (∆T), 
material 
properties like 
thermal 
expansion 
coefficients, and 
surface energy. 
This has led to the 
development of 
equations that aid 
in achieving 
customized 
wrinkle patterns 
with different thin 
films and 
substrates. 
(ii)Obtained large 
area, defect free, 
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5.2    Novelty in the Encryption device: 687 

Our fabricated encryption device is a combination of software and hardware thereby providing complete 688 
protection from data theft and data tampering. It also boasts an exceptionally low decryption probability 689 
of the order of ~10−53. Here is a comparison of our device with all similar reported works: 690 

Sl. 
no. 

Working principle Possible states & levels of 
encryption 

Maximum number 
of possible 
combinations (n= 
number of pixels) 

Dynamic tunability Reference 

1. Encryption of 2D patterning 
through photo-induced 
gradient cross-linking and 
subsequent stretching and 
releasing for wrinkle 
formation. Wrinkle 
disappearance through 
thermal heating 

i. 2 orientations: 
stretched & 
unstretched 

𝑪 = 𝟐 No (A pattern once 
printed cannot be 
changed) 

41 

2. Disordered labyrinthine 
wrinkles acting as unique 
identifiers 

i. 3 distinct color 
states of 
fluorescence 

𝐶 = 3 No. Disordered 
labyrinthine wrinkle 
formations are 
unpredictable 

42 

3. 2D patterns of microarrays 
fabricated through multi-
stage photo-patterning. 
Optical encryption by 
modulation of structural 
colors and FL/CPL through 
interferometric 
retroreflection and chemical 
treatment 

i. 4 distinct 
orientations of 
microarrays (𝜷 =
𝟎°, 𝟒𝟓°, 𝟗𝟎°, 𝟏𝟑𝟓°) 

𝑪 = 𝟒 No (A pattern once 
printed cannot be 
changed) 

43 

ordered and 
reversible 
wrinkles on 
metals, 
chalcogenides and 
polymers through 
a simple thermal 
processing 
technique 
(iii) Elaborately 
studied the effect 
of substrate 
softness on the 
formation of 
different thin film 
surface 
morphologies. 

                                                        Table 2|Comparison of our work with existing works on wrinkles 
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Sl. 
no. 

Working principle Possible states & levels of 
encryption 

Maximum number 
of possible 
combinations (n= 
number of pixels) 

Dynamic tunability Reference 

4. Encryption through UV 
treatment and heating on 
thermochromic perovskite 
microcapsules (TPMs), 
perovskite QD 
microcapsules, and dye 
microcapsules 

 

i. State of UV 
treatment 

ii. State of heating 

 

𝑪 = 𝟒 

 

No 44 

5. Encryption based on 
cascaded encrypted LC 
elements by leveraging 
Malu’s law in cascaded LC 
elements and the rotational 
degeneracy of LC molecules 

i. 5(1 far field image 
and 4 near field 
images based on 
the relative 
orientation of the 
LC elements 

 

𝑪 = 𝟓 

 

Not mentioned 
explicitly 

 

45 

6. Encryption in bilayer systems 
by IR detection, temperature 
dependence, and visible anti-
counterfeiting 

i. Concentration of 
W-doped VO2 
(determines 0/1 
above a particular 
temperature 

ii. Presence and 
absence of 
structural colors in 
PS photonic 
crystals 

 

𝑪 = 𝟐 × 𝟐𝒏 

𝒏 = 𝟏𝟔,  𝑪 ≅ 𝟏𝟎𝟓 

𝒏 = 𝟑𝟔,  𝑪 ≅ 𝟏𝟎𝟏𝟏 

 

No 46 

7. RH and LH polarized 
plasmonic chiral 
nanostructures arranged in 
definite orders give a 
uniqueness to the data 
through a distinctive g-factor 
as compared to the 
background 

 

i. 3 states (2 
polarization states 
LH and RH and 1 
non-polarized 
state) 

 

 

𝑪 = 𝟑𝒏 

𝒏 = 𝟏𝟔,  𝑪 ≅ 𝟏𝟎𝟕 

𝒏 = 𝟑𝟔,  𝑪 ≅ 𝟏𝟎𝟏𝟕 

 

No 47 

8. Optical encryption through 
controllable structural colors 
and polarization phases 

 

i. 5 distinct color 
states 

 

𝑪 = 𝟓𝒏 

𝒏 = 𝟏𝟔,  𝑪 ≅ 𝟏𝟎𝟏𝟏 

𝒏 = 𝟑𝟔,  𝑪 ≅ 𝟏𝟎𝟐𝟓 

 

No (A pattern once 
printed cannot be 
changed) 

 

48 

 691 
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Sl. 
no. 

Working principle Possible states & levels of 
encryption 

Maximum number 
of possible 
combinations (n= 
number of pixels) 

Dynamic tunability Reference 

9. Encryption through 
mechanical stretching of 
chiral liquid crystal 
elastomers of varying 
thicknesses 

i. 7 color states 

 

𝑪 = 𝟕𝒏 

𝒏 = 𝟏𝟔,  𝑪 ≅ 𝟏𝟎𝟏𝟑 

𝒏 = 𝟑𝟔,  𝑪 ≅ 𝟏𝟎𝟑𝟎 

 

No (Absence of 
calibration equation 
relating stimuli and 
the encryption 
parameters) 

49 

10. Encryption through 
fluorescence, CPL, color 
emission and time response 
characteristics 

i. 11 color states 
(including 1 
colorless state) 

 

𝑪 = 𝟏𝟏𝒏 

𝒏 = 𝟏𝟔,  𝑪 ≅ 𝟏𝟎𝟏𝟔 

𝒏 = 𝟑𝟔,  𝑪 ≅ 𝟏𝟎𝟑𝟕 

Not mentioned 
explicitly 

 

50 

11. Encryption through dynamic 
PUF using a combination of 
transient fluorescence 
through QDs and temporally 
dependent luminescence 

i. 9 color states for 
barcodes 

ii. 10 number states 
and 3 color states 
for each digital 
number 

𝑪 = 𝟑𝟎𝒏 

𝒏 = 𝟏𝟔,  𝑪 ≅ 𝟏𝟎𝟐𝟑 

𝒏 = 𝟑𝟔,  𝑪 ≅ 𝟏𝟎𝟓𝟑 

 

Not mentioned 
explicitly 

 

51 

12. Encryption through hybrid 
mode (software + hardware). 
Each pixel needs to be heated 
to a certain temperature 
(known only to intended 
receiver) and cooled down to 
room temperature for 
wrinkle formation. Upon 
reaching the room 
temperature each pixel has 
to be scanned under a 
microscope and their 
dimensions and wrinkle 
periodicities need to be 
entered in the software in 
the right order (known only 
to the intended receiver) for 
information decryption 

 

i. Specific order of 
arrangement of 
lengths(𝒏!) 

ii. Specific order of 
arrangement of 
widths (𝒏!) 

iii. 7 possible 
temperature 
information for 
each pixel 

iv. Specific order of 
arrangement of 
breadths (𝒏!) 

 

𝑪
= 𝒏! × 𝒏! × 𝟕𝒏 × 𝒏! 

𝒏 = 𝟏𝟔,  𝑪 ≅ 𝟏𝟎𝟓𝟑 

𝒏 = 𝟑𝟔,  𝑪 ≅ 𝟏𝟎𝟏𝟓𝟓 

Yes (If the 
arrangement orders 
or wrinkle 
periodicities get 
leaked, the app can 
be stopped from 
launching and a 
different set of 
arrangement orders 
and temperatures can 
be used on the same 
device) 

 

This device 

Table 3|Comparison of our work with similar existing works on encryption devices 692 

 693 

The salient novelty accompanying the fabrication process, materials used, calibration of the process 694 
and photonic applications, summarized from above discussion are as follows: 695 

1) Simple fabrication process: The processing technique involves thin film deposition on PDMS 696 
substrates followed by simple heating and subsequent cooling, thus marking a departure from the 697 
previous reliance on intricate chemical, mechanical and lithographic methods and making it highly 698 
scalable and cost effective. 699 
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 700 
2) Large area, cost-effective process: The process has been thoroughly studied and engineered to 701 

get large area (~100𝑐𝑚2 ) ordered wrinkled samples that are almost free of defects like cracks 702 
and delaminations. Such large area flexible and stretchable defect free structures are crucial for 703 
applications in the domains of AR-VR due to their lightweight nature, uniform light scattering and 704 
ability to generate dynamically tuneable vivid structural colours, reducing dependence on 705 
traditional pigments and dyes for colour generation. 706 

 707 

3) Impact in processing of micro and nanostructures: For the first time, this thermal process has 708 
been calibrated based on the wrinkle-inducing factors such as temperature change (∆T), material 709 
properties like thermal expansion coefficients, and surface energy. This has led to the 710 
development of equations that aid in achieving customized wrinkle patterns, thereby addressing 711 
a theoretical gap in this area. 712 
 713 

4) Impact in the domain of soft materials: The process has been extensively studied to investigate 714 
how substrate softness influences the formation of different thin-film surface morphologies, thus 715 
impacting the thermal properties, optical behaviour, and functional performance of the materials 716 
in applications such as flexible electronics, biomaterials, and soft robotics. 717 
 718 

5) Compatibility with different materials: Our method is compatible with a wide range of materials 719 
including metals, semiconductors and polymers. For the first time, we have achieved large area 720 
ordered wrinkles in Chalcogenide thin films. 721 
 722 

6) Applications in encryption-decryption, soft photonics, healthcare and large-area smart displays: 723 
The applications of the thermo- and mechanoresponsive structures range from healthcare to 724 
dynamically tunable photonics, and optical devices. The fabricated multilevel hybrid encryption-725 
decryption device can find great utility in military and government settings. The large-area flexible 726 
reflective displays, known for their energy efficiency and durability, are suited for use in electronic 727 
paper, outdoor advertising, wearable devices, and military settings. The thermo responsive large 728 
area ordered wrinkled structures also act as dynamically tunable diffraction gratings and adaptive 729 
visible camouflage that can find applications in military settings. 730 
 731 

7) Applications in stretchable electronics domain: The fabricated thin film samples can find 732 
applications in stretchable interconnects, energy storage devices like flexible batteries and 733 
supercapacitors, as flexible substrates for OLEDs, photovoltaics and light-emitting diodes due to 734 
their light weight, dynamically tunable and high surface area, mechanical durability and ability to 735 
maintain electrical conductivity under deformation. 736 
 737 

8) Applications in bioengineering and bio-interface sciences: The controlled thin film structures can 738 
also find applications in tissue engineering, cell studies involving mechanobiology, bio-sensing 739 
platforms, microfluidics, biomedical implants and artificial skins due to their dynamically tunable 740 
topographies and adhesion for guiding cell alignment, proliferation and specific interactions with 741 
biological samples. They can also act as reservoirs and carriers for controlled drug release. The 742 
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controlled patterns and high surface area offered by these structures are also beneficial for protein 743 
binding. 744 

 745 
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