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Controlled surface wrinkling is widely applied for structuring surfaces in the micro- and nano-range. The
formation of cracks in the wrinkling process is however limiting applications, and developing approaches
towards crack-free wrinkles is therefore vital. To understand crack-formation, we systematically charac-
terized the thickness and mechanics of thin layers formed by O,-plasma-oxidation of polydimethyl
siloxane (PDMS) as a function of plasma power and pressure using Atomic Force Microscopy
Quantitative Nano-mechanical Mapping (AFM-QNM). We found a nearly constant layer thickness with
simultaneously changing Young's moduli for both power and pressure screenings. We determined the
respective crack densities, revealing conditions for crack-free wrinkling. Thus we could identify
correlations between the intensity of plasma treatment and the cracking behavior. The primary cause for

Received 18th September 2018, crack-suppression is a continuous elasticity gradient starting within the soft bulk PDMS, and rising up to

Accepted 20th November 2018 several hundred MPa at the oxidized layer's surface. With mechanical simulations via the Finite Elements
DOI: 10.1039/c8sm01910j Method (FEM) we were able to demonstrate a noticeable difference in maximal stress intensity omax

between a comparable, but theoretical single layer and a gradient interface. A threshold in tensile stress
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Introduction

Nano-structured surfaces have recently made great impact on
scientific and industrial applications, such as, e.g., adaptive
surfaces for improved heat transfer’ or friction reduction.” These
structures share the ability to enhance the properties of existing
surface systems,® or to even create desired properties which an
unstructured surface could not exhibit.* The approaches to
fabricate nano-structured surfaces are diverse, such as physical
or chemical vapor deposition, chemical etching and photolitho-
graphy. Photolithography in particular offers high order para-
meters and low defect densities; nevertheless the method is
accompanied by disadvantages such as size limitations, elabo-
rate setups and slow and expensive production.’ Therefore
soft-lithographic methods have attracted great interest, as
diverse approaches to pattern surfaces are accessible, such as
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of ot = 14 MPa distinguishes between intact and cracked layers.

micro-contact-printing,® laser-interference-lithography,” or con-
trolled wrinkling, with the last approach being the focus of the
present paper.® Wrinkles develop if a strained elastomer is
in strong adhesive contact with a comparably thin, stiff layer.
When the two-layer-system is subjected to in-plane compres-
sion, wrinkles will form as a consequence of the mechanical
mismatch between the thin layer and the thick substrate.
Wrinkle assisted pattern formation is cheap, has low instru-
mentation requirements and is well scalable. Wrinkles can be
formed unordered or - by applying a defined stress-field — ordered
as well, with well-defined wavelengths.>*> Wrinkle-structured
surfaces have found applications in micro-fluidic devices,"
stretchable electronics,* optics for micro-lens arrays,"® or
templates for the self-assembly of particles."®'” Controlled
surface wrinkling however is accompanied by defect structures,
such as line defects and surface cracks. While line defects can in
some cases be used for introducing hierarchical patterning,'®>*
in most cases especially cracking is undesired and several groups
have reported protocols for reducing crack formation. Fig. 1
schematically shows the fabrication of wrinkles, with two possi-
ble outcomes: as cracked surfaces (upper path) or uncracked
surfaces (lower path). For cracking defects, methods have been
presented that are able to avoid such defects, e.g. with UV-
curable systems. Xuan et al. synthesized a UV-curable acrylated
polydimethylsiloxane with an acrylate cross-linker,** Park et al.
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Fig. 1 Schematic description of the wrinkling process. In step 1 the elastomeric substrate becomes stretched to a pre-defined strain, followed by the
in situ plasma oxidation in step 3. In the final step 3 wrinkles are formed and — in case a critical mechanical tension in the interface of layer and substrate is

exceeded — cracks form as well.

used tetraethylene glycol diacrylate and tetraethylene glycol bis-
(4-ethenyl-2,3,5,6-tetrafluorophenyl) as the UV-curable polymer,*®
and other groups utilized similar systems.**° Another approach
via chemical treatment of PDMS-surfaces with acids was pre-
sented by Watanabe et al®>* For plasma-treated PDMS, Béfahy
et al. found crack-free conditions for oxygen plasma treatment on
PDMS in a comparable screening setup to ours,”" while Rhee et al.
used CHF; instead of 0,.>? Li et al. used initiator-integrated PDMS
(iPDMS) to generate the stiff layer in grafting-from polymerization,
leading to a stiff film consisting of dense polymer brushes on top
of the comparably soft iPDMS.** However, so far, crack-free
wrinkles were achieved by semi-empirical optimization rather
than based on structure-property relationships. Initial pointers
to the existence of a vertical gradient within the layer were found
by Efimenko et al. by assuming a slight modification shift in UVO
oxidized PDMS slabs, since this impedes the electron reflectivity
on interfaces in near-edge X-ray fine structures (NEXAFS).**
Other hints to a nonlinear slope have been found by various
groups using X-ray photoelectron spectroscopy (XPS),*™’ simple
specular X-ray reflectivity (XR),***® energy-dispersive X-ray analysis
(EDXA),* attenuated total reflection mode FT-IR (ATR-FTIR),***”
sum frequency generation spectroscopy (SFG)*° or Auger electron
spectroscopy (AES).*" All these methods offer the possibility to
analyze the physical or chemical modifications of PDMS inside
the oxidized layer, but not the mechanical modifications in deep-
reaching cross section profiles. Chan et al were the first to
introduce a mechanical model system based on Ultraviolet/
Ozone-(UVO) treated PDMS. They postulated a composite layer
consisting of a moderately converted intermediate layer topped by
a thin, dense silica film.** The Young’s modulus within the inter-
mediate layer is defined as a square function of the local posi-
tion z on the gradient, resulting in an overall effective Young’s
modulus Eer = ¢(2)-Esilica- In addition, Sui et al suggest an
exponential decay function to describe the z-change in elasticity
over a time-dependent system.*® In this contribution, we correlate
for the first time directly the nanostructure and nano-mechanical
properties with crack densities for plasma-oxidized PDMS, the
most widely used wrinkle-system. We compare our findings to
finite element modelling and identify gradient formation in the
surface layer as key to crack-free wrinkling. In general, the process
to gain crack-free wrinkles can be utilized in all wrinkled surfaces
that are desired to be uniform, which is relevant to most practical
applications. Those are for example the template-assisted self-
assembly (TASA) system as used by us,'®** grating structures for
photons,* anti-fouling surfaces*®™*® as well as surface films that
additionally act as barrier layers for the surrounding media.
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Experimental
PDMS preparation

PDMS was prepared by mixing the pre-polymer and curing
agent of a Dow Corning Sylgard 184 PDMS Kit in 5:1 ratio,
curing it at RT for 24 h followed by a thermal treatment of 4 h at
80 °C under ambient conditions. Slabs of 4.5 x 1.0 cm were cut
out, cleaned with Milli-Q water and dried with nitrogen.

Plasma oxidation

Samples for wrinkling. The slabs were clamped in a custom-
made stretching-device and strained uniaxially to 60% of their
initial length. Afterwards the slabs were placed in a plasma
chamber and irradiated for 300 s at a time under varying
conditions.

Samples for QNM cross section analysis. The slabs were placed
on a polyether-ether-ketone (PEEK) block inside the chamber and
oxidized under the same conditions as for the wrinkling proce-
dure. Afterwards they were left for 48 h in order to let the surface
reverse to a hydrophobic state. Then they were placed in a PS mold
with the glass surface facing upwards, and overcast with a perylene
dye-doped second layer of PDMS under the same conditions as
described above.

AFM topographical analysis

Oxidized and wrinkled slabs were analyzed in tapping mode
(cantilever nominal spring constant = 5 N m™', nominal
resonance frequency = 290 kHz) using a Bruker Dimension
Icon as well as a Bruker Dimension FastScan, both running
with NanoScope 9.3 Software. Image sizes were 90 x 90 pm with

4096 px resolution and 35 x 35 pm with 1024 px resolution.

QNM analysis

Samples were cut in half in the middle. A small section was cut
out, clamped in an AFM-holder, and the sample was smooth-
ened along the three-layer-axis with a Cryo-Microtome. The
smoothened surfaces were analyzed in QNM-in-air-mode with
the same cantilevers and AFMs as described before. Image sizes
were 1 X 1 pm with a resolution of 512 px. Every cantilever was
calibrated in terms of spring constant, deflection sensitivity
and tip radius.

Results and discussion

The cracks on the surface usually occur at locations that experi-
ence the highest stress intensities, or at points with reduced

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sm01910j

Open Access Article. Published on 04 December 2018. Downloaded on 2/11/2026 3:08:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

mechanical properties. In the case of wrinkling, a mechanical
mismatch between the layer and the substrate is the reason for
periodic deformations of the two-layer-system. Nevertheless,
this mismatch also is always accompanied by high in-plane
stress at the interface between the layer and the substrate, due
to the strongly differing mechanical properties of the layer and
the substrate.* This stress concentration at the interface is
most probably the reason for cracking of wrinkled surfaces.>
We therefore investigate such interfaces in our model system
of plasma-oxidized and wrinkled PDMS stripes, and discuss
reasons thereof. We use Dow Corning’s Sylgard 184 ina 1: 5 ratio
for the substrate, resulting in a Young’s modulus measured via
indentation of 3.5 £ 0.7 MPa. This is slightly higher than the
comparable results from the literature, measured via tensile
testing.*’

First, we systematically tune the intensities of oxygen plasma
via two parameters: the nominal power of the plasma cleaner
and the oxygen pressure inside the plasma chamber, while all
other parameters but the studied one are kept constant. We
investigate the effect on the wrinkle size and crack density on
pre-strained and wrinkled PDMS stripes as shown in Fig. 2. We
strain the samples by 60% - a comparatively large strain - and
subsequently plasma-treat them in order to achieve a high
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mechanical in-plane stress in the freshly formed two-layer-
system. In the eventual pre-strain relaxation step, wrinkles form
as well as surface cracks. The wrinkles then are analyzed via
2D-Fourier Transformation (2D-FT) as schematically described
in Fig. 2a, showing a broad distribution of accessible wave-
lengths. Interestingly, the power screening showed a moder-
ately pronounced increase of wavelength with a coincident rise
of applied plasma power from 198 to 500 nm (Fig. 2b). At the
same time the pressure screening generates a strongly pro-
nounced increase of wavelength from 263 to 1703 nm, with a
steep increase especially for very low pressures <0.2 mbar
(Fig. 2¢). To check the validity of the 2D-FT analysis, we further-
more performed Power Spectral Density (PSD) analysis. The
detailed procedures and results of both 2D-FT and PSD can be
found in the ESIt (Fig. S1-S4 as well as Tables S1-S2). For both
screenings we find a parameter window near the technically
achievable extreme values, in which we are able to generate
crack-free wrinkles. In the case of the power screening this
window stretches from 0 to 8 W (0-10% of the nominal plasma
cleaner power), while for the pressure screening it ranges from
0.9 to 1.2 mbar. Both windows cover the smallest feasible wrinkle
wavelengths for each screening, and furthermore within these
crack-free windows only slight changes in wavelength are
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(a) Scheme of data evaluation of wrinkled surfaces: for crack density analysis (top), first a threshold was set for each image, and afterwards the

cracked surface area was assessed. Wavelength analysis (bottom) was accomplished via a 2D-Fourier transformation; the scale bar is 20 pm. Results for
power (b) and pressure (c) screening, considering crack density and wavelength results; the image size is 10 um each.
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obtained - being 198 nm to 207 nm for power screening, and
263 nm to 311 nm for pressure screening.

In order to correlate the observed crack densities with the
structural properties of the film, we repeat the screenings under
the same conditions for un-strained PDMS stripes. These allow
for cross-section analysis of the interfacial region via QNM to
determine the thickness and mechanical properties of the thin
layer at the nanometer scale. The unstrained samples have
equal geometries to those in the first part; furthermore they
are treated with the same parameters as before. By this we
ensure to fabricate compliant layers that are un-cracked and
un-wrinkled due to the missing mechanical pre-strain. In a
subsequent step we cast a dye-doped embedding consisting of
another batch of 1: 5 PDMS on top of the oxidized layer, and cut
eventually out cross section profiles. The embedding step is
necessary, as the analysis will be performed by the contact
analysis QNM method. This essentially needs continuous
surfaces to measure reliable values. The QNM analysis then is
performed crosswise to the thin, oxidized layer, showing a
three-layer-system consisting of the post-cast and dye-doped
PDMS embedding/thin, plasma-oxidized layer/elastic PDMS
substrate (Fig. 3a). The results of both power and pressure
screenings are depicted in Fig. 3b and c. Here the elasticity
always just represents the maximum stiffness of the layer.
It gradually transits from hard to soft, and may be considered
as a grouping of innumerable, infinitesimally thin layers with
decreasing stiffness. We can identify two regions within the
thin, plasma-oxidized layer — on the one hand a steep incline to
the maximum Young’s modulus, and on the other hand a
gentler slope from the modulus’ maximum down to the elasticity
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value of the elastic bulk material (Fig. 3a). The first region
appears due to the overcasting of the oxidized layer with the
PDMS embedding. This is due to a gentle thermal curing of the
three-layer-system, in order to guarantee a good covalent bond-
ing to the plasma-oxidized layer for the QNM analysis. Therefore
the thin oxidized layer also blurs slightly into the embedding,
resulting in a broadened layer appearance. Nevertheless, only the
second region represents the original plasma-oxidized layer.
We clearly identify an increase in elasticity from the substrate
to the layer with decreasing chamber pressure and increasing
nominal chamber power. As can be seen in Fig. 3b and c, in the
power screening the incline reaches from 61 MPa to 745 MPa
(see also Fig. S5, ESIT), and in the pressure screening it is even
more pronounced (Fig. S6, ESIt), reaching from 119 MPa to
1278 MPa. This is in good agreement with previously measured
screenings for comparable setups.®’ Nevertheless, at the same
time the thickness of the layer remains relatively constant with
values fluctuating around 78 nm for the power screening and
131 nm for the pressure screening (Fig. 3b and c). Within the
power screening the deviations from the average layer thickness
value are smaller compared to the ones in the pressure screen-
ing. The fluctuations can mainly be explained by the difficulty of
deciding where the borderline from the PDMS substrate to the
elasticity gradient is situated. We set a very low threshold for this
crossover in order not to accidently cut the flat parts of the
gradient out of the analysis. However, as not all layers show the
same ideal gradient characteristics, in those analyses also parts
of the PDMS substrate may be counted to the layer’s gradient.
Yet we see a reliable trend for the layer thickness, which does not
rise or drop while changing the power or pressure of the process.
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(a) AFM data evaluation: to exemplify the 0.05 mbar-sample from the pressure screening is depicted. First the modulus channel of the QNM

measurement is converted to a 3D-data-matrix (left) and eventually averaged line by line over the whole image size of 512 rows (right); the scale bar is
100 nm. Results for power (b) and pressure (c) screening, regarding the maximum elasticity and layer thickness.
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The reasons for this nearly constant behavior can be found in the
nature of plasma-surface interaction. The modification effect of
a polymeric surface upon low pressure plasma treatment is,
roughly, a superposition of two major pathways. The first is the
impact of energetic ions: depending on the type and energy
distribution of ions hitting the surface, a collision cascade with
a characteristic range develops. The second is the appearance of
Vacuum Ultraviolet (VUV) absorption: the range of VUV photons
depends on the wavelength of the plasma emission and the
corresponding absorption coefficient of the exposed material.
For the given system of plasma, one can assume that the crucial
parameters for the interaction range, which are most likely ion
energy and VUV wavelength, do not exhibit a pronounced varia-
tion across the screening intervals applied in this study.>® So the
variability of the excitation range is quite low, and furthermore
self-bias effects close to the sample seem to be unlikely due to the
very symmetric chamber geometry as well.>> However, the flux of
ions and VUV photons should vary significantly as a function of
power or pressure. From that point of view the experimental
evidence of surface modification with variable degree but constant
range appears plausible. The order of magnitude observed for the
overall range of the PDMS surface modification suggests that the
major contribution arises via the VUV pathway, as bombardment
ions penetrate only a few nm into the bulk material.>*>*
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In order to clarify why the regime of crack-free samples
correlates with the gradient nature of the hard layer, we carried
out numerical simulations. For technical reasons, the contin-
uous real gradient layers that have been measured are dis-
cretized into approximate stepwise gradient layer systems, as
depicted in Fig. 4a. Such a multilayered step gradient consists
of many small intermediate layers of pre-defined steady thick-
ness (blue curves), whose elasticity values are abstracted from
the corresponding real gradient (black curve), while the corres-
ponding Poisson ratio numbers have been estimated from
materials with comparable Young’s moduli. The Young’s mod-
ulus of the PDMS substrate was set as E = 3.5 MPa. As a result,
the real gradient now can be described via a multilayered step
function. Secondly, a theoretical single layer is created, being
the arithmetic mean of the experimentally determined Young’s
modulus along its total layer thickness (red dashed line).
It represents the theoretical case, where the oxidized layer has
no gradient-shaped interface to the bulk PDMS, and is also the
most simple case of a two-layer-system. The three different cases
are also described schematically in Fig. S7a (ESIt). We test the real
gradients with the cubic model systems of Chan®” and the expo-
nential system of Sui*? (see Fig. S7b, ESIT). We find both in very
good agreement with the experimental data, where the expo-
nential system is matching extremely well with a determination
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(a) The real gradient (black curve; 1.20 mbar-sample, taken from the pressure screening) is recalculated and overlaid by the stepwise gradient

(blue curve) consisting of 30 steps, and eventually compared with the single step layer (red curve), whose stiffness represents the mean value of the real
gradient. For the FEM simulation (b), the single layer (left) and also the stepwise gradient (right) are fixed on a quasi-infinite substrate underneath. Both are
exposed to a simulated uniaxial strain of ¢ = 60%, and with equivalent boundary conditions. The results show the von-Mises-stress in both layers
graphically, with a maximal stress intensity reaching from 5 to 80 MPa, indicated by the colored scale bar. (c) and (d) represent the simulated von-Mises-stress
maxima for each sample, accomplished for the stepwise gradient (blue curve) as well as for the single layer (red curve). The critical stress (black dotted line) is

calculated as ot = 14 MPa.
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coefficient of R* = 0.996, while the cubic system is only slightly
lower at R* = 0.990. In conclusion, both model systems appear
to be suitable for the calculation and prediction of mechanical
gradient layers.

For our numerical simulations, both recreated layers are
eventually calculated with mechanical ANSYS 19.1 FEM soft-
ware (Fig. 4b). Boundary conditions are chosen equally for all
simulated samples. We define the left sample edge as the
foundation, while the strain of ¢ = 60% is homogeneously
applied to the right edge. The mesh size is created automatically,
with a medium target range and a densification inside the layer.
The results are obtained and displayed in the von-Mises-yield
criterion. This allows for the estimation of tensile stress values in
the real gradients. By doing so, we obtain two different maximal
von-Mises-stress values — one for the stepwise gradient layer and
one for the single layer. Plotting them against the according
power (Fig. 4c) or pressure (Fig. 4d) values shows a trend similar
to the corresponding wavelengths and crack densities in Fig. 2b
and c. Nevertheless, besides high power or low pressure values,
the stepwise gradient always has a lower o,,,, compared to its
corresponding single layer value. When taking the experi-
mentally derived crack density from Fig. 2b and c into account,
we are able to determine a critical tensile stress g, up to
which crack-free wrinkling under high mechanical pre-strains
is possible. For the power screening, it can be found between
8 and 16 W, and for the pressure screening between 0.6 and
0.9 mbar. From Fig. 4c and d we therefore conclude 13.7 MPa <
Omax < 14.4 MPa, 50 0.t ~ 14 MPa. Thus it appears that the
maximum stress of each single layer is higher, as the significant
drop of elasticity between the hard layer and the soft substrate
generates noticeably higher maximal stress values than within
the corresponding gradient interface.

Conclusion

We measured the effect of the plasma device power and the
plasma chamber pressure on highly strained elastomeric materials,
in order to determine the emerging wrinkle wavelengths as well
as the crack density. By this we identified a narrow parameter
range for each, in which surface cracking does not occur. Based
on these findings, we calculated the elasticity for every sample
via two approaches: first as a theoretical single layer, and
second as a stepwise gradient layer according to the corres-
ponding experimental data. FEM simulations under mecha-
nical strain were executed with both layers, resulting in the
implication that the mechanical z-gradients cushioned the maxi-
mum tensile stress o, Within the layer-to-substrate-interface.
Therefore we could reduce o,.x for some parameters below a
threshold of o. = 14 MPa, where cracking of the surface
did not occur. We therefore conclude that the production of
crack-free wrinkles can be tuned via the implementation of a
mechanical z-gradient in the hard, thin layer. The gradient
slope nevertheless must not be too steep, since this leads to
internal layer stress values that are higher than a theoretical
corresponding single layer setup. For the generation of such
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gradients with PDMS, we therefore suggest systems that have a
high penetration depth, but at the same time can be tuned to
low plasma intensities. The insights of this paper can be used
to develop crack-free wrinkled surfaces also for other applica-
tions, just as for particle assembly, optics, anti-bacterial, anti-
cellular or anti-viral surfaces, etc., where disruptive features as
cracks may obstruct the nano-structured functionality.
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