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ABSTRACT  

Micro- and nanoscale surface wrinkling has been widely studied in artificial systems, mostly in 

soft substrates like polydimethylsiloxane or polystyrene, where the wrinkling dynamics is 

triggered by thermal stresses or tensile prestrains. Here we introduce a new wrinkling regime based 

on photoresist layers on top of a rigid substrate. By introducing a bending deformation, combined 

with fluorine-based plasma treatment, wrinkles with a characteristic wavelength of below 1 µm 

can be created. By adding micropatterns on photoresists with standard UV exposure, ordered 

wrinkles can also be realized. This technique is demonstrated to be applicable with several 

commercially available photoresists, and the wrinkled patterns can be employed conveniently to 

create high aspect ratio silicon gratings and large-scale silicon dioxide membranes. This unique 

strategy broadens the spectrum of available materials to create wrinkled surfaces in a controllable 

manner, and provides a platform to easier fabricate wrinkle-based devices. 

 

INTRODUCTION 

The formation of wrinkles on the surface of soft materials is a universal phenomenon, which has 

been widely studied in both natural objects 1, 2 and artificial systems, 3 with the scale from 

kilometers (folds on planar surfaces) to tens of nanometers (nanowrinkles on a thin thermoplastic 

film 4). Most of the wrinkling processes in micro- and nanoscale artificial systems can be 

described with a bilayer model, where a stiff skin layer is bound to a soft substrate. When a 

mechanical prestrain is applied to the underlayer, or the bilayer system is exposed to a thermal 

stress, the mismatching Young’s modulus will drive surface deformations to minimize the total 
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elastic energy in the system, thus leading to a wrinkled morphology. Depending on the boundary 

conditions and mechanical properties of the bilayer system, the wrinkles can be either isotropic 

or anisotropic with oriented patterns. 5, 6 Inspired by the features of surface wrinkling, 

considerable research interests have been attracted for large scale nanopatterning, 7 broad-band 

photonic devices 8 and 3D hierarchical structures. 9, 10 

Practically, a widely used technique to generate wrinkled surfaces is to introduce an in-plane 

tensile strain in the elastic substrate, while the skin layer can be a plasma hardened polymer 

surface or an additionally deposited thin film. In order to have a well-defined wrinkled 

morphology, the prestrain is normally above 0.1, limiting the choices for substrate materials, 

therefore most of the previous studies use flexible viscoelastic polydimethylsiloxane (PDMS) 11 - 

13 or polystyrene (PS) sheets.  These materials are normally difficult to be integrated with 

standard semiconductor industries due to organic cross-contaminations, and additional processes 

(e.g. embossing) are necessary to transfer the wrinkled patterns into other materials. 8 

In this study a novel strategy is presented to create wrinkled surfaces free from elastomers like 

PDMS or PS. Firstly, standard photoresists are coated uniformly on a silicon wafer surface, 

which is normally considered as rigid due to its relatively high Young’s modulus. Instead of 

applying a tensile prestrain, the wafer piece is bended in a controllable manner with a simple 

setup. The bended sample is then treated by fluorine-based plasma to generate a stiff skin layer 

on the photoresist surface. After releasing the prestrain, wrinkled photoresist surfaces can then be 

created on a large scale. This technique is proved to be effective to pattern wrinkles on various 

standard commercial photoresists or electron beam resists. The wavelength and amplitude have 

been investigated by varying resist thicknesses and bending deformations, and submicron 

wavelengths can be achieved. The wrinkled resist can serve directly as a mask for plasma 



 4 

etching, thus quasi-random gratings can be fabricated conveniently. The wrinkled patterns can 

also be transferred into a thin silicon dioxide (SiO2) film to create a porous membrane or high 

aspect ratio (HAR) silicon gratings. Compared with the conventional elastomer-based bilayer 

design, this method can be easily integrated with standard techniques in semiconductor 

industries, thus is more flexible for fabricating wrinkle-based photonic and electronic devices.   

 

RESULTS AND CONCLUSIONS 

The process flow is illustrated schematically in Figure 1a. Firstly, photoresist is coated 

uniformly on a 4-inch silicon wafer by standard spin coating methods. Here we define the 

principal axis in x- and y- directions to be in the wafer plane, while z-axis is perpendicular to the 

wafer plane. In order to reduce the thickness of resist layers for smaller wavelengths of wrinkled 

structures, an oxygen plasma is applied inside a reactive ion etching (RIE) chamber. Afterwards, 

the wafer is cleaved into pieces with length L of around 10 cm and width W of 1 cm. With a 

simple setup as shown in Figure 1b, the wafer piece is bended around the y-axis, which can be 

approximated as a cantilever with a point load in the center. While Kapton tape is used to pin the 

edges symmetrically, wedges with various thickness (simply by bonding multiple wafer pieces 

together onto a carrier wafer) are placed in the center. As the bending moment of inertia 𝑀𝑀𝑦𝑦 is 

larger in the carrier wafer compared with the sample piece, the deflection 𝛿𝛿 can be approximated 

as the thickness of wedges. The whole setup is then treated by a fluorine-based plasma inside the 

same RIE system, during which a stiff skin layer can be generated, which has been demonstrated 

by previous studies. 4 When the stress is released, wrinkled surfaces are formed on the surface of 

the resist layer with a wavelength of 𝜆𝜆0  and amplitude of 𝐻𝐻0. By applying a switched etching 
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process inside the RIE system, the wrinkled patterns can then be transferred into silicon 

substrate, giving grating structures with a quasi-random morphology. It should be mentioned that 

silicon is normally considered as mechanically rigid due to its high Young’s modulus, making it 

technically difficult to apply a tensile prestrain in the wafer plane, which is otherwise feasible for 

soft substrates like PDMS or PS films. However, as the efficient spring constant for wafer 

bending deformation is given by 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∝ 𝐸𝐸𝐸𝐸𝐻𝐻3/𝐿𝐿3, which is on the order of 10-4 compared 

with the axial loading 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∝ 𝐸𝐸𝐸𝐸𝐻𝐻/𝐿𝐿, the sample piece can be easily bended with a deflection 

limit 𝛿𝛿𝑚𝑚𝑎𝑎𝑎𝑎 of around 3.0 mm. 

Figure 1c shows the optical microscopic image of wrinkled resist surfaces. After performing 

plasma etching process, silicon grating structures are fabricated preserving the morphology of 

wrinkled resist patterns, which is shown in the scanning electron microscopic (SEM) image in 

Figure 1d. It can be observed that the fabricated silicon gratings have a uniform period of around 

3 µm, which is consistent with the wavelength of wrinkled resist patterns 𝜆𝜆0. This is verified by 

performing a 2D fast Fourier transform (FFT) on the SEM image with orientation 𝜃𝜃 = 0𝑜𝑜, 

showing a clear peak with the wavenumber of 0.303 µm-1 (Figure 1e). This spatial periodicity of 

fabricated gratings is isotropic with regard to different orientation angles. Figure 1f illustrates 

FFT spectra with the orientation angle 𝜃𝜃 between 0o and 180o, showing a uniform peak position 

at around 0.3 µm-1. Considering the randomness of structure orientations, this type of grating 

structures will be referred to as quasi-random gratings in this study.   
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Figure 1. (a) Schematic illustration of the process flow to create wrinkled resist surfaces; (b) The 

setup to introduce a bending deformation on the sample; (c) Optical microscopic image showing 

the wrinkled resist surface; (d) SEM image of the silicon grating structures transferred from 

wrinkled resist patterns; (e) 2D FFT of quasi-random silicon gratings with orientation of 𝛉𝛉 = 𝟎𝟎𝐨𝐨; 

(f) 2D FFT with different  𝛉𝛉, showing an isotropic spatial periodicity.   

We will start the discussion with a standard type of photoresist named AZ MiR 701 

(Microchemicals GmbH), which is a positive tone photoresist widely used for UV lithography (we 

will see later that the wrinkling process is universal for various resists). Figure 2a shows surface 

morphology of wrinkled resist surfaces by atomic force microscopy (AFM), when the initial 

thickness or resist 𝑯𝑯𝑹𝑹 is set to be (1) 300 nm; (2) 566 nm; (3) 830 nm and (4) 1145 nm. All 4 

samples were fabricated with a deflection 𝜹𝜹=1.5 mm and 10s treatment of SF6 plasma (thus should 

give a comparable thickness of skin layer 𝑯𝑯𝑺𝑺). It can be observed that the wavelength 𝝀𝝀𝟎𝟎 increases 
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with 𝑯𝑯𝑹𝑹, which is verified by the 2D FFT spectra (insets in Figure 2a). A tilted view of AFM 

scanned profiles also shows an increasing amplitude 𝑯𝑯𝟎𝟎 for a thicker resist layer (Figure 2b). The 

profiles of wrinkles are compared directly in Figure 2c, which resembles sinusoidal waves and has 

been well described in previous studies. 7 A more quantitative study in Figure 2d shows a 

monotonically increasing 𝝀𝝀𝟎𝟎 with 𝑯𝑯𝟎𝟎. It should be addressed that most of the previous studies have 

applied a model based on a thin skin layer on top of substrate with an infinite thickness, in which 

case the wrinkling wavelength 𝝀𝝀𝟎𝟎  is proportional to the thickness of skin layer 𝑯𝑯𝑺𝑺. This model is 

however not applicable in this study, as 𝑯𝑯𝑺𝑺 is a fixed value and is not significantly smaller than 

𝑯𝑯𝑹𝑹 (𝑯𝑯𝑺𝑺 is assumed to be around 150 nm, below which surface wrinkles cannot be observed). 

Following the models in previous studies 14 but with a finite boundary condition in z-axis, 𝝀𝝀𝟎𝟎 can 

be written as 𝝀𝝀𝟎𝟎 ∝ 𝟐𝟐𝟐𝟐�𝑯𝑯𝑺𝑺𝑯𝑯𝑹𝑹(𝑬𝑬𝑺𝑺/𝑬𝑬𝑹𝑹)𝟏𝟏/𝟔𝟔, 1 suggesting an increasing wavelength for a thicker 

resist, which agrees with the result from Figure 2d, here 𝑬𝑬𝑺𝑺 and 𝑬𝑬𝑹𝑹 are the Young’s modulus for 

the skin layer and resist layer. The amplitude 𝑯𝑯𝟎𝟎 is also observed to be roughly proportional to  

𝝀𝝀𝟎𝟎. The wrinkled patterns with various wavelengths and amplitudes can be transferred into silicon 

substrate directly, which is shown in Figure S1. By increasing the wedge thickness for a larger 

deflection 𝜹𝜹, 𝝀𝝀𝟎𝟎 is not varying significantly, but a larger amplitude can be achieved (Figure 2e), 

suggesting a linear model of the wrinkling dynamics, where a higher strain is absorbed by the 

increasing amplitude. 15 The AFM scanned profiles of wrinkled resist surfaces with various wedge 

thicknesses are shown in Figure S2. It should also be addressed that even though the bending 

moment is only applied around y-axis, the wrinkled structures are isotropic due to the Poisson 

effect inside the wafer plane.  
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As can be seen from the AFM scanned profiles, the wrinkled resist surface has a sinusoidal profile, 

which will lead to a gradual mask regression under continuous RIE process, when the wrinkled 

patterns are transferred into the substrate. Figure 3a illustrates the mask regression process as the 

etching continues (from top to bottom). While the wavelength is preserved as 𝜆𝜆0 = 𝜆𝜆1 = 𝜆𝜆2, the 

distance between the gratings 𝐷𝐷 increases with the etch time, giving a smaller filling ratio defined 

by 1 − 𝐷𝐷/𝜆𝜆. Here a switched etching process (named as DREM process 16, 17) is performed with 

different number of etching cycles, and the height of the grating structures is increasing almost 
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linearly, before the RIE lag starts to limit the etch rate after 100 cycles.  A reducing filling ratio 

can also be seen, which is measured by analyzing the SEM images from a top view (Figure 3c). 

Since the filling ratio of surface patterns is closely related to the optical properties like 

transmissions and absorptions, a tunable filling ratio can be harnessed for flexible designs of 

optical components. 18, 19 

 

Figure 3. (a) Schematic illustration showing the regression of wrinkled resist patterns; (b) 

dependence of filling ratio and height of gratings on the number of etching cycles; (c) comparison 

of SEM images (from a top view) showing the silicon gratings etched with various numbers of 

cycles.  

 

In practical applications, ordered patterning is often desirable. By applying anisotropic prestrains, 

oriented wrinkles have been realized in previous studies, as the wrinkling direction is 

perpendicular to the prestrain direction. 20 Due to the Poisson effect induced by the bending 

deformation, this strategy is not applicable. However, since wrinkle structures are generated inside 

photoresists, UV exposure can be performed conveniently to pattern various structures before 

bending deformations. These patterns can be then used to release the strain locally and thus control 

the orientation of wrinkles. 21, 22 Figure 4 (a1, a2 and a3) show wrinkled photoresist surfaces with 

AZ MiR 701, where the blank areas are patterned regions free from photoresists, and ordered 
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patterns like spokes, squares and line arrays can be observed. The oriented wrinkles can also be 

transferred directly inside the silicon substrate, which are shown in Figure 4 (b1, b2 and b3). While 

previous studies require additional steps to define patterns on the soft substrates, here we used 

photoresist for both patterning and wrinkle generation, making the process more facile and 

compact. 

 

 

Figure 4. Ordered wrinkles and gratings by direct patterning on the wrinkled resist surfaces. 

Optical microscopic images showing wrinkled patterns with different designs (a1) spokes; (a2) 

squares and (a3) lines; the etched grating structures are shown by SEM images in (b1), (b2) and 

(b3) correspondingly.  

 

To demonstrate the applicability of this technique for other types of resist, we performed the same 

procedure and wrinkles could be successfully reproduced in both AZ 5214E UV-sensitive 

photoresist (Microchemicals GmbH) and AR-P 6200 electron beam-sensitive resist (Allresist 

GmbH), showing the generality of this strategy. Figure 5a shows AFM scanned wrinkled surfaces 
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of AZ 5214E with different initial thickness (𝛿𝛿=1.5 mm). The comparison of surface profiles 

(Figure 5b) suggests an increasing wavelength for a thicker resist, which agrees with the results 

from wrinkled AZ MiR 701 photoresist (SEM images are shown in Figure S3). Ordered silicon 

gratings could also be transferred with the wrinkled AZ 5214E surface, which is shown by the 

SEM images in Figure 5c. Wrinkled patterns could also be produced on an electron beam-sensitive 

resist (AR-P 6200) with an initial thickness of 423 nm, the AFM scanned surface profile and 

transferred silicon gratings are shown in Figure 5d and Figure 5e correspondingly (SEM images 

of wrinkled surfaces are also shown in Figure S4). It should be addressed that the morphology of 

the wrinkles on these two types of resist are different compared with AZ MiR 701, which has a 

smooth and sinusoidal profile, this is assumed to be dependent on the chemical components of 

photoresist, and a higher vulnerability to fluorine-based plasma can lead to a porous resist surface 

with a higher roughness. While the wrinkled patterns were mostly in PDMS and PS in previous 

research, this method provides a much broader spectrum of available materials for further studies. 
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Figure 5. (a) AFM scanned surface wrinkles with AZ 5214E photoresist, when the initial thickness 

is (1) 509 nm; (2) 796 nm and (3) 1244 nm; (b) comparison of surface profiles; (c) SEM images 

showing silicon gratings transferred from wrinkled AZ5214E resist surfaces; (d) wrinkled surface 

with AR-P 6200 electron beam resist scanned by AFM; (e) SEM image of silicon gratings 

transferred from wrinkled surface as in (d). 

 

We have already seen the advantage of this technique with regard to the flexible choice of materials 

to generate wrinkled surfaces, here we will show that the rigid substrate can also be other materials 

than silicon. By performing plasma enhanced chemical vapor deposition (PECVD), a 500 nm thick 

SiO2 layer is deposited on the wafer surface, before AZ MiR 701 photoresist is coated with a 

thickness of 1300 nm. Following the same process, wrinkles could be transferred into SiO2, which 

can then be used as a hard etch mask to fabricate high aspect ratio (HAR) silicon grating structures 

(Figure 6a) with an aspect ratio of over 20. By performing an isotropic etch process with RIE, the 

underlying silicon substrate can be removed, and a suspended SiO2 membrane can be fabricated 

with a large area of 2 cm by 2 cm (Figure 6b). Optical microscopic images show the buckling 
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morphology of SiO2 membranes in Figure 6c and Figure 6d. The fabricated membrane is a thin 

layer of interconnected grating, which resembles the quasi-random morphology of the wrinkles in 

resist surfaces (Figure 6e and Figure 6f). 

 

 

 

Figure 6. Patterning wrinkled resists on silicon substrate with 500 nm PECVD-deposited SiO2 on 

top. The SiO2 gratings was then used as a hard mask to etch HAR silicon grating structures (a). 

An isotropic etch was also performed to create large scale SiO2 membranes with size of 2 cm by 

2 cm (b); optical microscopic images (c and d) and SEM images (e and f) show the morphology 

of fabricated membranes.  

 

CONCLUSION 

To summarize, a facile fabrication strategy has been developed for patterning wrinkled structures 

on photoresist, which could be then used to generate quasi-random gratings in various rigid 

substrates. The wrinkling dynamics is based on a bending deformation inside the plasma-treated 

photoresists, which is different compared with previous studies, where a tensile stretching is 

normally used. Submicron characteristic wavelengths can be achieved on wrinkled resist surfaces, 
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depending on the resist thickness, bending deflections and resists being used. Compared with 

conventional methods for generating micro- and nanoscale wrinkles, where PDMS and PS are 

mostly used, this method provides a much broader spectrum of available materials. By patterning 

the photoresist directly with standard UV exposure, prestrain can be released locally and ordered 

wrinkles can be realized. The wrinkled resist surfaces can be conveniently transferred into silicon 

and SiO2 (or other types of materials), which is demonstrated by HAR silicon gratings and large-

area SiO2 membranes. We believe this study provides a unique approach to flexibly fabricate 

micro- and nanoscale wrinkles in a controllable manner, besides, we anticipate this strategy can 

be used as a platform to easier create devices based on random structures. 23, 24 

 

METHODS 

Fabrication of wrinkled resist surfaces: Photoresist and electron beam resist were coated onto 4-

inch wafers with an automatic spin coater (SUSS MicroTec Lithography GmbH), and a soft baking 

of 3min was added afterwards at 90 °C. The resists were thinned by an oxygen plasma inside an 

induced coupled plasma etching machine DRIE-Pegasus (SPTS Technologies Ltd.), with coil 

power of 200 W, platen power 20 W, O2 gas flow 40 sccm, and pressure of 4 mTorr. The wafers 

were then cleaved by a diamond pen manually. The wedge piece was bonded onto the carrier wafer 

by crystal bond (Ted Pella, Inc.), and the sample piece was then mounted by Kapton tape onto a 

4-inch carrier wafer. A continuous SF6 plasma was then applied with DRIE-pegasus to form the 

wrinkles on resist surfaces. The process time was 20s, with coil power of 2000 W, platen power 

100 W, SF6 gas flow of 200 sccm, and pressure of 7 mTorr. For oriented winkled surfaces, the 

resist was exposed using direct write lithography (maskless aligner MLA100, Heidelberg 
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Instruments GmbH) and developed with an automatic developer (SUSS MicroTec Lithography 

GmbH). 

Transferring wrinkled resist patterns: To transfer the wrinkled patterns into silicon substrate, a 

modified Bosch process was applied with DRIE-pegasus, the process has been described in details 

in previous studies. 16, 17 To transfer the wrinkled patterns into SiO2, a CF4-based plasma was 

performed with Advanced Oxide Etcher system (SPTS Technologies Ltd.). While SiO2 was 

deposited with a PECVD system (SPTS Technologies Ltd.). 
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