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a b s t r a c t

Here, a simple and low-cost fabrication strategy to efficiently construct well-ordered micron and sub-
micron gratings on polymeric substrates by oxygen plasma treatment is reported. The Poly-
dimethylsiloxane (PDMS) substrate is prepared on the polyethylene (PET) by spin-coating method, then
the curved PDMS-PET substrates are processed in oxygen plasma. After appropriate surface treatment
time in plasma the curved substrates are flattened, and well-ordered wrinkling shape gratings are ob-
tained, due to the mechanical buckling instability. It is also demonstrated that changing the curvature
radius of PDMS-PET substrates and the time of plasma treatment, the period of the wrinkling patterns
and the amplitude of grating also change accordingly. It is found the period of the wrinkling patterns
increased with the radius of curvature; while the amplitude decreased with that. It also shows good
optical performance in transmittance diffraction testing experiments. Thus the well-ordered grating
approach may further develop portable and economical applications and offer a valuable method to
fabricate other optical micro strain gauges devices.

© 2017 Elsevier B.V. All rights reserved.m.co
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1. Introduction

Folding structures are ubiquitous in the natural environment,
such as human skin, dehydrated fruit skin and rolling hills, etc.
Recently these folding structures have been imitated to fabricate
nanostructure self-assembly templates [1,2], twisted liquid crystal
displays [3], stretchable electrodes or interconnects [4,5], optical
devices [6,7], microfluidic devices [8], thin film metrology [9e11],
etc.

At present, there are two methods commonly used to fabricate
the periodic structure, i.e. lithography and self-assembly technol-
ogies. However, lithography technology is relatively expensive, not
suitable for the large scale production. In contrast, self-assembly
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method is low cost, and thus it is a commonly used method.
Polydimethylsiloxane (PDMS) is a commercially available clean

room compatible type of elastic polymer material with awide range
of applications, due to the low glass transition temperature, low
surface energy, high transparency, excellent insulating perfor-
mance and chemical stability performance. In most of the pub-
lished research works, PDMS has been used as an elastomeric
substrate. Several creative methods have been developed to
improve its surface properties, including heating [13,14], mechan-
ical stretching, compression [15e18], and chemical oxidation
[12,20,21], which contribute to the formation of various layer on
the surface. When the PDMS films are properly stretched and the
residual stresses exceed the critical value, the PDMS wrinkles could
be formed on the surface of the substrate. Using these techniques,
various wrinkling patterns could been produced, including gratings
[6], microlenses [7], checkerboard patterns [19], etc. Especially, the
grating based on PDMS has good tunability and excellent diffraction
effects in the visible light wave band. There are many feasible
methods have been widely used to form uniform wrinkles of
grating.

For example, Masashi Watanabe and Koujirou Mizukami [21]
reported using a mixture of sulfuric acid and nitric acid on a
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PDMS substrate formed wrinkles with a well-ordered stripe
pattern. However, when the oxidation duration varies, the stripe
patterns appear substantially different, and the required experi-
mental high-temperature environment is difficult to control. Unlike
chemical oxidation, oxygen plasma treatment is commonly used to
create a stiff surface layer. Later, Cunjiang Yu et al. [6] reported a
simple method to fabricate the tunable gratings on prestretched
PDMS substrate by oxygen plasma treatment. In this paper, we
propose a simple method to manufacture micron and submicron
scale grating patterns on the curved PDMS surface by combining
surface stress control and oxygen plasma treatment. And there are
not any cracks on the grating patterns surface. After diffraction
testing, the tunable elastic polymeric grating exhibites good
tunability, and the self-formed grating could further serve as a
strain sensors.
2. Experiment

The transparent PDMS substrates were prepared by casting the
mixture of base and curing agent at the ratio of 10:1 by weight
(Sylgard-184, Dow Corning); then, the mixture was degassed in a
vacuum chamber and spin coated on a clean polyethylene (PET)
substrate (~0.5 mm), then cured at 65 �C for 3 h. Finally, the ob-
tained PET-PDMS sheets (~0.8 mm) were cut into 10 � 30 mm2 and
10 � 50 mm2 slabs.

Experimental schedule is listed in Fig. 1. Both ends of the PET-
PDMS sheets are clamped by using a custom-made jig and
applied prestress to obtain a symmetrical bending of the sheet; the
L values are 0.5 cm and 2.5 cm, respectively, △L are 0.4 cm and
1 cm, r (radius of curvature of the center area) are 1.4 mm and
Fig. 1. Scheme of the fabrication of the micron and submicron gratings. (a) Prepared a
polyethylene (PET) substrate (~0.5 mm); (b) The mixture of base and curing agent was
spin coated on the PET substrate; (c) The prestretched PET-PDMS specimens were
treated by using oxidation plasma (PVA TePla ION Wave 10); (d) Well-ordered wrinkles
formed when the substrate was made flat again.
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5.6 mm, respectively. The prestretched PET-PDMS specimens are
treated by using oxidation plasma (PVA TePla ION Wave 10) with
input power of 150 W and oxygen flow rate of 150 sccm; the re-
action time is systematically set in the range of 60e540 s. After
plasma treatment, the surface is capped with a glassy layer; when
the sheet is released from the bending restriction, the strain
mismatch between the hard coating and the polymer substrate
leads to buckling of the surface glassy layer. In addition, we find
that in the process of the grating fabrication, the period d and
amplitude A are almost unchanged when the radius of curvature
and plasma treatment time are controlled well and remain un-
changed. As shown in Fig. 2, we carry out 50 experiments under the
same conditions that the errors on period and amplitude are
basically floating in 60 and 5 nm, respectively. Therefore, we
conclude that the method has good repeatability.
3. Results and discussions

3.1. Morphology

The surface morphology was analyzed by using atomic force
microscopy (AFM; CSPM-5000, Benyuan) and laser scanning
confocal microscopy (LEXT OLS4100, OLYMPUS). After the oxygen
plasma treatment, the surface of PDMS became brittle. Notably,
owing to the thermal expansion instability and the influence of the
Poisson effect, the period and shape of the wrinkling patterns were
difficult to control. Thus, in this work, the PDMS-PET sheets were
bent and the stress was exerted very homogeneously, which is
different from the study that stretching PDMS slab along a single
planar direction [18].

Fig. 3(a) shows a PET-PDMS sheet (180 s, r ¼ 1.4 mm) after
releasing the strain from the oxygen plasma treated PET-PDMS
sheet. The usable surface area of the film is the center area (about
1 cm long) where the curvature is relatively close. The diffraction
wavelengths induced by the gratings could be modulated by
deforming and bending the flexible substrates under the indoor
light. The photograph of the colorful PDMS grating clearly shows
that all different parts of the wrinkling pattern had diffraction
peaks; these peaks were symmetrically distributed with respect to
the center of the sheet. We attributed this phenomenon to the
changing of the grating period. Well-ordered stripe patterns are
observed via optical microscopy, as shown in Fig. 3(b). In order to
demonstrate grating parameters clearly, the profile and side of this
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Fig. 2. The 50 experiments under the same conditions were carried out to test the
repeatability of the grating. The error of period (left axis) and amplitude (right axis) is
basically floating in 60 and 5 nm, respectively.
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Fig. 3. (a) The PET-PDMS sheet (180 s, r ¼ 1.4 mm) after releasing the strain from the oxygen plasma treated; (b) Well-ordered stripe patterns are observed via optical microscopy;
(c) and (d) 3D atomic force microscopy reconstruction of well-ordered micron and submicron gratings on polymeric substrates by oxygen plasma treatment.
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grating were also measured using AFM. As shown in Fig. 3(c) and
(d), the period d and amplitude A were 1.25 mm and 0.15 mm,
respectively.

As shown in Fig. 4, the thickness of stiff film approximately
linearly increases with oxidation duration, and the period of the
wrinkling shape grating is almost linearly proportional to the
oxidation duration correspondingly. According to the linear buck-
ling theory, the wrinkle period d and amplitude A of the wrinkling
Fig. 4. Effect of treatment duration on period and amplitude of the wrinkling shape grating
different radius of curvature of the central region. (a) The radius of curvature is 1.4 mm for
bottom. (b) The radius of curvature is 5.6 mm for five rows, the plasma treatment times ar
wrinkling shape grating vs different oxygen plasma treatment times and radius of curvatur
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pattern can be theoretically expressed by the following equations
[22]:
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for different radius of curvature. Plane-view AFM images of stripe patterns with two
five rows, the plasma treatment times are 60 s, 180 s, 300 s, 420 s, 540 s from top to
e 60 s, 180 s, 300 s, 420 s, 540 s from top to bottom. (c) Period and (d) Amplitude of
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A ¼ hf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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εc
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r
(2)

where E is Young's modulus and n is Poisson's ratio. h is the
thickness of the thin film (the subscripts ‘f’ and ‘s’ denote to the top
stiff layer and the bottom substrate, respectively). hf is the thickness
of the stiff thin film.

The critical strain εc can be theoretically expressed as:
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According to the equation, the periodicity and amplitude
depend on themechanical properties of hard coating and substrate,
as well as the thickness of the stiff layer and prestrain of PDMS.

In our experiment, the periodicities of the wrinkling shape
grating can be tuned by varying reaction time and radius of cur-
vature. As shown in Fig. 4, as processing time is prolonged from 60 s
to 540 s, the period and amplitude of the grating increased
accordingly. In addition, the bending curvature (1/r) also is a key
parameter to determine the prestrain of εpre. The smaller r values
correspond to the larger εpre and A values. To verify the surface
characteristics of the wrinkling shape grating patterns, the central
area of the wrinkling shape grating is characterized via AFM.
Fig. 4(c) and (d) show that curvatures of the central region are
similar and periods of these stripe wrinkling patterns are in the
range of 1.1e3.0 mm and 1.2e3.5 mm, and amplitudes are in the
range of 90e550 nm and 80e400 nm, corresponding to the two
different initial radius of curvature of 1.4 mm and 5.6 mm,
respectively. Thus, the change of period was generally in good
agreement with the theoretical prediction of Eq. (1). The wrinkle
period was almost linearly proportional to the oxidation duration,
as the thickness of the stiff film increased approximately linearly
with the oxidation duration.

Moreover, in order to show the distribution of the grating, AFM
was used to scan five samples, as shown in Fig. 5. The oxygen
plasma treatment time is 540 s and the radius of curvature is
1.4 mm, 2.4 mm, 3.5 mm, 4.5 mm, 5.6 mm in turn, respectively. We
also carried out 10 groups of data acquisition for every sample. It is
observed that the grating period and amplitude present gradient
distribution. The results showed that the periodicities of wrinkling
patterns increased with the radius of curvature, while the ampli-
tude showed the opposite trend.

w.sp
Fig. 5. In order to show the distribution of the grating, atomic force microscopy was used
curvature is 1.4 mm, 2.4 mm, 3.5 mm, 4.5 mm, 5.6 mm in turn, respectively. (a) The overa
curvature. (b) The overall distribution of wrinkle amplitude and the amplitude decreased w

ww
3.2. The diffraction properties of wrinkling shape grating

Due to the good transparency for visible light, PDMS can be
employed as a light-coupling mask for photolithography or the
realization of optical waveguide systems. The tunable diffractive
grating [6] made of PDMS showed great performance in the
diffraction tests. To validate the well-ordered buckling structure of
the grating sample created by this method, optical transmittance
diffraction tests are conducted.

The law of diffraction can be theoretically expressed by the basic
grating equation:

dðsin qi þ sinqkÞ ¼ kl (4)

where qi and qk are the angle of incidence and the diffraction order
kth, respectively, can bemeasured from the grating surface normal;
d refers to the period of the grating, and l is the wavelength of the
incident light. Moreover, to obtain a high grating resolvance in the
visible light range, submicron scale period of the wrinkling shape
grating is desired.

A schematic of the experimental setup is shown in Fig. 6(a). Hold
the slit up to a source of light (xenon lamp), make the grating was
irradiated vertically by light, while a spectrometer (AvaSpec-
2048 � 14, Avantes) is placed at the angle of qk ¼ 24� to detect the
transmitted light. As there is an overlap between the second and
the third diffraction orders, the first diffraction order was selected
for testing. In this experiment, as the angles of qi ¼ 0� and qk ¼ 24�

were fixed, kl/d could be considered constant. When the wrinkling
shape grating is stretched, the period is increased, and the detected
wavelength of the first-order diffraction light at qk is increased
accordingly.

As shown in Fig. 6(b), the tested sample had been previously
treated with oxygen plasma for 60 s and the radius of curvature of
r ¼ 1.4 mm, exhibiting a well-ordered stripe pattern on the surface.
Fig. 6(b) shows that the average wavelength l and amplitude A of
the measured sample are 1.1 mm and 90 nm, respectively.

The value of strain is related to the ratio of curing agent and
PDMS base. In order to ensure that there is no cracks when the
grating is stretched, we measured a strain up to 10%. When the
strain applied on the grating varied from 0 to 10%, the minimum
and the maximum fitted peak wavelength of the first-order
transmittance diffraction light received by the spectrometer were
452 nm and 507 nm, respectively, as shown in Fig. 6(c) and (d). The
peak wavelength was plotted in Fig. 6(d). Thus, the results showed
that the peak wavelength of the first-order diffraction increased
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to scan five samples. The oxygen plasma treatment time is 540 s and the radius of
ll distribution of the wrinkle period and the periodicities increased with the radius of
ith the radius of curvature.



Fig. 6. The test of the diffraction properties of tunable diffractive grating. (a) Schematic experimental procedure to measure the diffraction grating. (b) AFM image of the sample that
oxygen plasma for 60 s and the radius of curvature of r ¼ 1.4 mm. (c) Peak wavelength shift of received first-order diffracted light. (d) The peak wavelength of the diffraction light
increases linearly with the applied strain, ranging from 452 to 507 nm.
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linearly with the applied strain.

4. Conclusions

A facile method to fabricate well-ordered and crack-free wrin-
kling patterns was presented. The oxygen plasma treatment of a
PET-PDMS substrate produced well-ordered stripe patterns on the
surface of the polymer sheet by release of the mechanical strain.
The period and amplitude of the wrinkling shape grating could be
well controlled by varying the radius of curvature of the curved
sheet. And the period increased with the radius of curvature; while
the amplitude decreased with that. Thus, this approach can be
potentially applied to create gradient wrinkling patterns. In addi-
tion, the ordered buckling structure could be used as a tunable
diffractive grating. Moreover, the wavelength shift was propor-
tional to the applied strain or grating period, revealing the good
periodicity of the wrinkling pattern. The application of self-formed
wrinkles in optical devices, microfluids and nanoimprint lithog-
raphy is very promising.
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