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Abstract
We report the fabrication of both single-scale and hierarchical superhydrophobic surfaces, created by exploiting the spontaneous wrinkling of a rigid Teflon film on two types of shrinkable plastic substrates. Sub-100 nm to micrometric wrinkles were reproducibly generated by this simple process, with remarkable control over the size and hierarchy. Hierarchical Teflon wrinkled surfaces showed extremely high water repellence (contact angle 172°) and very low contact angle hysteresis (2°), resulting in droplets rolling off the surface at tilt angles lower than 5°. The wrinkling process intimately binds the Teflon layer with its substrate, making these surfaces mechanically robust, as revealed by macroscale and nanoscale wear tests: hardness values were close to that of commercial optical lenses and aluminium films, resistance to scratch was comparable to commercial hydrophobic coatings, and damage by extensive sonication did not significantly affect water repellence. By this fabrication method the size of the wrinkles can be reproducibly tuned from the nanoscale to the microscale, across the whole surface in one step; the fabrication procedure is extremely rapid, requiring only two minutes of thermal annealing to produce the desired topography, and uses inexpensive materials. The very low roll-off angles achieved in the hierarchical surfaces offer a potentially up-scalable alternative as self-cleaning and drag-reducing coatings.
Introduction
The fabrication of durable surface coatings that repel liquids and resist stains has broad technological implications but has proven to be extremely challenging.1 Inspiration from natural non-wetting structures, particularly the leaves of the lotus,2 has led to the development of superhydrophobic surfaces,3-4 on which water droplets form an equilibrium contact angle larger than 150°, and readily roll off, carrying with them small dirt particles that soil the surface.5 The rolling motion of droplets, much more efficient at removing dirt than the sliding motion that occurs at lower contact angles,6 relies on the hierarchical surface roughness (micro- and nano-scale combined)7 trapping thin layers or small pockets of air.1 This wetting scenario is known as the Cassie state,8 with low water adhesion, and is attractive surface property due it’s potential application for self-cleaning, drag-reducing and anti-fouling coatings.9 The fabrication of robust superhydrophobic surfaces remains a significant technological challenge due to fragility, both thermodynamic and mechanical, of the hierarchical surface roughness,10-18 and the high production costs.19 
Numerous fabrication methods have been proposed in the literature, usually requiring multi-step processes and sophisticated techniques.20 One mechanism for the spontaneous generation of roughness is surface wrinkling.21 This phenomenon is due to the mismatch in elasticity between a top rigid layer and the shrinkable substrate on which it is coated.22-27 When the shrinkable substrate is allowed to shrink,25-26 firstly waves appear in the top layer, and as more stress is applied, they evolve into wrinkles, and finally into folds. A simple model links wrinkle wavelength λ in a layer of thickness h to the Young’s modulus of the rigid film Ef and that of the soft substrate Es,25 as in Equation 1: 
								(1)
[bookmark: _GoBack]More sophisticated models exist that include the effect of strain.28-29 Wrinkled substrates have been proposed for use in applications as varied as stretchable electronics,28, control of cell attachment,30-31 photonics,32 and surface wettability. For example, thermally annealing thin layers of gold on sheet-extruded polystyrene produce wrinkled gold surfaces.22 We replicated this method and applied a fluorinated self-assembled monolayer on the gold to produce a superhydrophobic wrinkled topography. However, these surfaces were not durable, due to the well-known degradation of the gold-thiol bonds upon exposure to ambient conditions.33-34 Wrinkled surfaces were produced using adsorbed PEI/PVDMA layers, but the method required numerous repeated immersions in hydrophobic polymer solutions.24 Wrinkled surfaces were used to transfer the topography by molding onto polymer surfaces to reduce bacterial adhesion, but the process requires an additional step.31 Most of the methods reported in the literature to fabricate superhydrophobic surfaces require multiple sophisticated steps for their preparation, and also typically lead to fragile surfaces, both from the thermodynamical and the mechanical point of view.5, 20, 35 A thorough literature review reveals that the mechanical properties of superhydrophobic surfaces are not commonly reported, and the field of nanoindentation on rough surfaces is in its infancy.36 
Here, an amorphous fluoropolymer (Teflon AF 1600) was applied directly in thin films onto two types of shrinkable substrates: PolyshrinkTM, a shrink polystyrene substrate used as a children’s toy, which upon annealing at 160 °C shrinks to about 30% of its original size; and polyolefin, a shrink wrap which shrinks to 10% of its original size. To our knowledge, this is the first time that a single Teflon coating has been wrinkled in this manner, and shown to possess robust superhydrophobic properties.
Materials and Methods
The substrates used were Cryovac Soft Shrink Film D940 (polyolefin, Get Packed Packing), and Polyshrink™, which is made of polystyrene, as established by thermo gravimetric analysis (Figure S1), differential scanning calorimetry and contact angle measurements. All samples and glassware were cleaned in ethanol and blown dry with a high purity nitrogen stream. Films were prepared by spin coating 50 μl of Teflon AF solution (6% - 0.75% w/w) in fluorinated solvent FC-40 (3M), onto shrinkable plastic squares (area 3-5 cm2, spun at 3000 - 8000 rpm, resulting in thicknesses 718 - 13 nm). As polyolefin is thin and flexible, it was pre-shrunk onto a glass slide prior to spin coating. The Teflon thickness was quantified by spectroscopy ellipsometry (J.A. Woollam Co. Inc., M2000V) on silicon wafers coated with a polystyrene film. Shrinking was performed in an oven at approx. 160 °C for 2 minutes for Polyshrink™ substrates, and approximately 110 °C for polyolefin substrates. 
For imaging a Zeiss EVO/Qemscan SEM and a Bruker Multimode 8 AFM in Tapping Mode were used. The measurement of wrinkle wavelength (width) was taken from trough to trough either side of the wrinkle features (Figure S2).
Surface wettabillity measurements were performed with a KSV CAM 200 goniometer and Milli-Q water. Advancing and receding contact angles were collected both with volume addition/subtraction and by roll off, with drop volumes of 10 µl used for static and roll off measurements. Three measurements per sample were taken and averaged. 
Pencil hardness tests were performed following ASTM D3363 without the use of a holder.37 Seven pencil lead hardness from 6B to 6H were selected, and pushed by hand across the surface at a 45° angle. The lead grade that did not remove the wrinkled topography from the surface (as imaged by SEM) was given as the hardness rating. For cavitation experiments surfaces were sonicated in a beaker of Milli-Q water with a FXP4 UniSonics Sonicator, at 50 Hz for up to 2 hours, and then the samples were dried with ethanol, high purity nitrogen stream, and under vacuum for 10 minutes.  
Anton Paar Nano Scratch Tester (NST), with a 5 µm spherical diamond indenter (SC-A24) was used for nano scratch tests. A schematic of the set-up is shown in Figure S3. Scratch lengths were 0.5 mm, with loading force from 0.5 – 30 mN, and were performed 6 times per sample, with varying force loading rates of 59 – 199 mN/min. Nanoindentation was performed using a Hysitron nanoindenter with a NorthStar 40 nm 90° tip (corner tip on fused quartz), with 6 indentations per sample. The penetration depth was kept to a minimum to mimimize the effects of the underlying substrate.38,39 

Results and Discussion
Figure 1 illustrates the striking wrinkled topographies produced on Teflon films coated on the Polyshrink substrate upon thermal annealing: a dense mat of single-scale kinked wrinkles covered the entire surface within two minutes of annealing. The wrinkles appeared because at 160 °C the Young's modulus of the bottom Polyshrink is 20 MPa (Tg ≈ 110 °C, Figure S1), while that of the bulk Teflon AF1600 is 600 MPa (Tg ≈ 160 °C).40-41 As predicted by Eq. (1), the wavelength of the produced wrinkles varied gradually and reproducibly with the initial film thickness, from the microscale (4360 nm for 718 nm thick films, Figures 1(a) and (b)) to the nanoscale (85 nm for a 13 nm film, Figures 1(e) and (f)). The height of the wrinkles also decreased proportionally to film thickness in a reproducible fashion. The thinnest Teflon films (13 nm) wrinkled, but also revealed defects in the underlying PolyshrinkTM substrate (Figures 1(e)), and below this threshold wrinkles were not obtained. The glass transition temperature (Tg) of ultrathin polymer films decreases substantially with respect to its bulk value, and here the Tg of the thinnest Teflon films was below the annealing temperature.25, 42-43 Indeed, wrinkles were not obtained when annealing thicker Teflon films at temperatures substantially above the bulk Tg, as shown in Figure S4. Table 1 displays the values of water contact angle on the single-scale wrinkles, in dependence of wrinkle wavelength and height. Despite the large change in wrinkle wavelength and height, the advancing contact angle of water changed only by a few degrees for all the wrinkles and was large (>163°), when compared to that of flat Teflon AF (127°), but also the contact angle hysteresis was large (19° - 40°) relative to that of flat Teflon AF (12°). The high hysteresis suggests that water adopted a partially collapsed Cassie-Baxter state, with water droplets penetrating portions of the surface roughness and becoming strongly pinned to the surface.44-45 We attribute this wetting state to the presence of a single-scale roughness, with insufficient height variation to trap air in a stable manner.46 
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Figure 1. Scanning electron microscopy and atomic force microscopy images of single-scale Teflon AF wrinkle surfaces created upon annealing onto Polyshrink™ substrates, with corresponding Teflon AF film thickness indicated on each row.

Table 1. Wrinkle size and wettability of single-scale Teflon AF wrinkled surfaces on top of Polyshrink as a function of film thickness. Wrinkle height and wavelength were measured by AFM, and values are compared to those predicted by Equation 1, calculated using Es= 20 MPa and Ef = 600 MPa. Standard deviation on contact angle measurements is approx. ± 1°, and film thickness is ± 5 nm.
	Teflon AF film thickness [nm]
	Wrinkle Height [nm]*
	Wrinkle Wavelength [nm]*
	Wrinkle Wavelength Predicted by Equation 1 [nm]
	Advancing Contact Angle [°]
	Receding Contact Angle [°]

	718
	1800 ± 300
	4360 ± 480
	9700
	164
	124

	460
	1600 ± 150
	2640 ± 280
	5700
	163
	124

	168
	1100 ± 80
	1190 ± 100
	2300
	165
	134

	34
	290 ± 29 
	147 ± 23
	510
	169
	150

	13
	130 ± 7
	85 ± 10
	180
	167
	129

	Flat Teflon layer
	No wrinkles
	-
	-
	127
	115


* Measured by AFM

The smallest nanoscale wrinkled surface produced exhibited slightly higher hysteresis than that immediately larger, due to exposure of the defects in the underlying Polyshrink™. The values of measured wrinkle wavelengths were around three times smaller than those predicted by the simple model in Equation 1. This is to be expected as Equation 1 is an approximate empirical equation, which only takes into account the intrinsic properties of the materials, the elastic moduli of film and substrate.23 Although this formula is useful for describing the occurrence of wrinkles in relation to the rigid film thickness prior to compressive stress, it does not take into account other important factors, such as strain,29 and layer adhesion to the substrate.40 In addition, the elastic modulus Ef used in the calculation is the value tabulated for bulk Teflon, while it is expected that the modulus in thin films will be lower due to faster surface dynamics.47-48 Both these factors add to the level of approximation in comparing observed Teflon AF wrinkle wavelength with theoretical predictions. Our observations (shown later in Figure 3) indicate that upon annealing the Polyshrink™ substrate also wrinkles and interpenetrates the Teflon film, therefore increasing adhesion to the Teflon. (Increasing the adhesion by increasing interfacial roughness or plasma treatment did not result in any change in surface topography, data not shown).
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Figure 2. SEM micrographs of hierarchical Teflon AF wrinkles created upon annealing polyolefin sheet with film thickness indicated in the images. (c) Advancing and receding contact angle of wrinkled Teflon AF with different initial film thickness. (Standard deviation of each measurement is approx. ± 2°). Inset: corresponding static contact angle.

Hierarchical roughness, which is expected to be more effective in achieving very low contact angle hysteresis,49-50 was obtained by compressing the wrinkles further into folds, by coating Teflon AF on a polyolefin sheet. Figures 2(a) and (b) show the hierarchical topography obtained when annealing Teflon films onto the polyolefin (thickness approx. 168 nm and 19 nm, respectively). The 168 nm film exhibited microscale ridge-like folds, with wavelength of approx. 6800 ± 900 nm, covered and interspersed with nanoscale wrinkles, with wavelength of approx. 670 ± 70 nm, and the 19 nm film exhibited uniformly distributed hierarchical wrinkles, with microscale wavelength of approx. 4000 ± 250 nm, with nanoscale wavelength of approx. 240 ± 30 nm superimposed on top. A scanning electron microscopy (SEM) investigation at different stages of annealing revealed that the nanoscale wrinkles formed first, and as annealing progressed, microscale folds began to follow (Figure S5). The more advanced wrinkling compared to the Polyshrink occurred on polyolefin because of the even more pronounced shrinkage of the polyolefin substrate upon annealing (to 10% of its original size). The wetting properties of these surfaces were striking, with an advancing contact angle of 172°, an extremely low contact angle hysteresis values of 2°, and very low roll off angles of < 5° (Figure 2(c)). These properties suggest that the hierarchical wrinkled Teflon surfaces keeps water in a suspended Cassie state, and identify them as excellent candidates for self-cleaning and drag-reducing applications.
To test the durability of the produced superhydrophobic surfaces, four different wear and adhesion methods were used. Firstly, the pencil hardness test was utilized as an elementary investigation,37, 51 which showed that Teflon wrinkles on PolyshrinkTM could be scratched by HB pencil lead, a robustness level analogous to automotive clear coatings52 (Figure S6). Using the HB pencil, the top most parts of the Teflon wrinkle topography were lost due to compression (height loss of approx. 40%), but the underlying features remained undamaged. To investigate durability at a high load, wear and friction tests on the surfaces were performed by a nano-scratching (Anton Paar Nano Scratch Tester) whereby a 5 µm spherical diamond probe applies an increasing normal load while sliding on the sample surface. Table 2 shows the values of load force required to remove the Teflon layer (procedure described in Figure S7). For Teflon films on PolyshrinkTM of thickness in the range tested (718 nm - 34 nm), the force needed to delaminate the layer was found be within the range of 9.1 – 14.2 mN, values similar to those obtained on a commercial hydrophobic coating of ScotchgardTM on PolyshrinkTM (13.6 ± 2.8 mN). These values are of the same order of magnitude as those measured on mechanically durable superhydrophobic surfaces existing in the literature, which were fabricated with multi-step processes.53 The maximum force required on the polyolefin substrate coated with a 168 nm Teflon layer was lower (5.7 ± 2.5 mN), due to the more elastic nature of the polyolefin film. 


Table 2. Load force for film removal, as obtained from nano-scratch tests, on wrinkled Teflon layers of thickness indicated on both PolyshrinkTM and polyolefin.  
	Teflon AF Surface
	Load force for film removal, as determined by friction coefficient  (mN)*

	Wrinkled 718 nm on PolyshrinkTM
	12.1 ± 2.1

	Wrinkled 168 nm on PolyshrinkTM
	10.8  ± 1.7

	Wrinkled 34 nm on PolyshrinkTM
	12.2  ± 1.5

	ScotchgardTM on PolyshrinkTM
	13.6  ± 2.8

	Wrinkled 168 nm on Polyolefin
	5.7  ± 2.5


* The point on the scratch at which the friction coefficient reached a plateau value was used to estimate the point at which the film delaminated, and the corresponding values of load force are plotted. The procedure is explained in detail in Figure S7.

Table 3 summarizes the nano-indentation results, which provide quantitative information on the mechanical properties of the surfaces. Errors in nano-indentation measurements on rough substrates are notoriously large,54 so to provide a meaningful comparison with more accurate results, the mechanical properties of Teflon AF wrinkles were related to those of a more controlled flat and smooth system, a flat Teflon film on a polystyrene coated silicon wafer. The result revealed that Teflon AF wrinkles formed from film of thickness 460 nm and 168 nm showed similar hardness values to that of a flat Teflon film of 460 nm, at the same maximum pressure and penetration depth, despite the addition of nano- and micro-scale topography. The measurement of the elastic modulus of a thin film remains a phenomenological measurement, strongly affected by the elastic modulus of the substrate and applied pressure.55 For accurate measurements on films, nanoindentation depth should be around 10% of the film thickness, but as large as possible otherwise.56 The elastic modulus measured on the flat Teflon films at two different pressure values (20 µN and 50 µN) and indentation depths (45 nm and 126 nm) were similar (10.5 GPa), which confirmed that the protocol adopted at 50 µN was suitable for flat Teflon, and was then adopted for wrinkled Teflon. 




Table 3. Nano-indentation results on different Teflon AF thickness, both flat* and wrinkled on Polyshrink, at different maximum pressure and subsequent layer penetration. 
	Teflon AF Surface
	Maximum Pressure (µN)
	Maximum Penetration Depth (nm)
	Effective Young’s Modulus (GPa)
	Hardness (GPa)

	Flat 460 nm Film*
	20
	45 ± 3
	10.6 ± 0.6
	1.01 ± 0.08

	Flat 460 nm Film*
	50
	126 ± 3
	10.5 ± 0.2
	0.54  ± 0.02

	Wrinkled 460 nm Film
	50
	162 ± 30
	4.4 ± 0.9
	0.45 ± 0.15

	Wrinkled 168 nm Film
	50
	154 ± 46
	5.9 ± 2.2
	0.51 ± 0.23


*Prepared on polystyrene films coated on silicon wafers. 

Upon comparison with literature values, it appears that the hardness of the wrinkled Teflon films developed here compares favorably with many coatings developed for commercial applications (Table 4).  The hardness of the single-scale wrinkled surfaces (0.45 – 0.51 GPa) was very close to that of a flat Teflon film at the same maximum pressure (0.54 GPa at 50 µN), and similar to that of commercial lenses used in optics,57-58 and of commercial aluminium thin films.56 The hardness values obtained on the wrinkled surfaces demonstrate useful mechanical properties for practical applications. The values of the effective Young’s modulus of the wrinkles surfaces (4.4 ± 0.9 GPa and 5.9 ± 2.2 GPa) were about half that of flat Teflon films (10.5 GPa).







Table 4. Hardness values of coatings present in the literature and used for various applications.
	Material
	Hardness (GPa)
	Use

	Nano-/micro-scale Teflon AF wrinkles
(this paper)
		0.45 - 0.5 
	Superhydrophobic coating

	Reactive nano-particles59
	0.2-1.2
	Hydrophobic coatings

	Commercial organic lenses57
	0.21-0.33
	Ophthalmic coatings

	Silica matrix with encapsulated nano-scale pores60
	0.1-1.0
	Hydrophobic and oleophobic coatings

	SiOxCy soft coating61
	0.1-1.5
	Hard transparent coatings

	Cobalt-based metal oxide thin films58
	0.8-1.5
	Multipurpose coatings

	Aluminium thin films56
	0.95
	Multipurpose coatings

	SiOxCy hard coating61
	1.5-10
	Hard transparent coatings




Finally, the superhydrophobic surfaces were exposed to extended sonication in water, which induces cavitation events that damage the surface, due to the extremely high local shear strain rates and temperatures achieved.62 The effect of local damage on the wettability was established. Figures 3(a) and (b) show the damaged areas where Teflon wrinkles (white in the SEM micrographs) were removed on the sample with wrinkle wavelength 4360 nm, revealing the wrinkled under-structure of PolyshrinkTM (darker). 
[image: ]Figure 3. (a) - (b) SEM micrographs of Teflon wrinkles with wavelength 4360 nm on PolyshrinkTM after 2 hours of cavitation damage; (c) change in static contact angle and contact angle hysteresis of wrinkled Teflon AF on PolyshrinkTM for different wrinkle wavelength, as a function of duration of exposure to sonication. 

Cavitation damage on this surface results in the advancing contact angle decreasing from about 163° to 145°, with hysteresis increasing from about 40° to 80°. The smaller wrinkles (wavelength 147 nm) were the most damaged by cavitation, losing large patches of wrinkles, and reaching a contact angle of 125° and hysteresis value of 70° at the end of the 2 hours of sonication. As shown in Figure S8, the wrinkles with 1190 nm wavelength were more resistant to damage, presenting smaller areas of layer removal. The wettability data (Figure 3(c)) also confirmed that the 1190 nm wavelength wrinkles were the most durable, as the advancing contact angle remained high at 163° without significant variation over the 2 hours of cavitation, with the damage mainly affecting contact angle hysteresis (increasing from 31° to 49°). 

Conclusions
In summary, we have fabricated two families of superhydrophobic wrinkled Teflon surfaces where the width and height of the wrinkles can be easily tuned by varying film thickness. Single-scale Teflon wrinkled surfaces ranged in size from the micrometric to the nanometric (wavelength 4360 – 85 nm and height 1800 - 130 nm), and were found to have high advancing contact angle (above 163°), however they also showed high contact angle hysteresis (19 - 40°). Hierarchical Teflon wrinkled surfaces displayed extremely high water repellence (contact angle 172°) and very low adhesion of water (contact angle hysteresis 2°), resulting in droplets rolling off the surface at tilt angles lower than 5°. The double-scale of the roughness (microscale wavelength 6800 – 4000 nm and nanoscale wavelength 670 - 240 nm) was key to achieving the extensive air trapping, required for easy roll-off of water and self-cleaning properties. The single-scale Teflon wrinkled surfaces exhibited scratch resistance that rivals commercially available colloidal Teflon hydrophobic coatings, and hardness that compares well to commercial coatings, showing potential for their use in the real world. The intrinsic hardness of Teflon, and the fact that the wrinkling process intimately binds the Teflon layer with its substrate, make these surfaces mechanically robust. The wrinkles were formed in a single step over the entire substrate area, so the process is scalable to large surfaces. Application of the Teflon layers by dip-coating would adapt their use to three-dimensional and large objects. As these superhydrophobic coatings require a simple coat-and-bake two-minute preparation, they will prove useful for advancing fundamental studies into superhydrophobicity and self-cleaning, and more in general in studies that benefit from topography structuring such as cell adhesion, microfluidics, and flexible electronics.
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Thermal Properties of Polyshrink™ of white color (Figure S1), example of AFM cross-sectional profiles taken to obtain wavelength measurements (Figure S2), schematic of nano scratch set-up using Anton Paar Nano Scratch Tester (NST) (Figure S3) , SEM micrographs of topography formed on a Teflon AF layer on PolyshrinkTM at different annealing temperatures (Figure S4), SEM micrographs of hierarchical Teflon AF wrinkles forming on polyolefin at different stages of annealing at 110 °C (Figure S5), pencil hardness test on Teflon wrinkles with corresponding SEM and AFM micrographs (Figure S6), nano scratch data interpretation with corresponding SEM micrographs (Figure S7), SEM micrographs after 2 hours of exposure of cavitation damage on single scale Teflon wrinkles on PolyshrinkTM (Figure S8). This material is available free of charge via the Internet at http://pubs.acs.org. 
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Superhydrophobic wrinkled surfaces are generated by coating a film of Teflon AF onto a shrinkable substrate which is flat and featureless (a). On this flat surface water forms a contact angle of about 93 degrees. (b) Teflon AF is spin-coated on the surface, and (c) following 2 minutes of thermal annealing, the Teflon film is wrinkled and has a water contact angle of 160° - 172°. The wrinkle size can be easily tuned from the nanometer to the micrometer.
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