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Instability of a stiff thin film attached to a compliant substrate often leads to the emergence of exquisite
wrinkles with length scales that depend on the system geometry and applied stresses. These patterns
have vast potential applications including in tissue engineering, flexible electronics and the
semiconductor industry. However, one of the limiting factors in the usage of these patterns is the low
amplitude/wavelength ratio that can be achieved using the current surface engineering techniques.
Here, we present an effective method that allows the creation of wrinkles with an amplitude/wavelength
aspect ratio as large as 2.5 on a soft polymer. In this method, first, the surface of

a poly(dimethylsiloxane) (PDMS) is pre-patterned using an Ar ion beam. Then, an amorphous carbon
film gets deposited on the pre-patterned polymeric surface using glancing angle deposition (GLAD).
We show that the amplitude of the created patterns can be varied between several nm to submicron size
by changing the carbon deposition time, allowing us to harness patterned polymeric substrates for

a variety of applications. Specifically, we demonstrate a potential application of the high aspect ratio

wrinkles for changing the surface optical band gap.

Introduction

Cracking, buckling, wrinkling, and in general mechanical insta-
bilities, in thin films are generally treated as a nuisance."™ This
view has changed recently with the development of robust tech-
niques for controlled patterning of polymer and hard surfaces
and the emergence of novel applications that benefit from the
created patterns.>® These applications range from building cell
templates and nanochannels for protein condensation to
manufacturing smart adhesives and optical grating devices.>*

A common class of these techniques is based on inducing a strain
mismatch between a stiff thin film and a soft substrate, causing the
instability and wrinkling of the stiff film. The wrinkle wavelength is
determined by the system geometry (mainly the film thickness) and
the relative stiffness of the film and substrate,®'*'* and is in general
much larger than the film thickness and much smaller than the
specimen dimensions. The amplitude of the wrinkles depends on
the applied stresses and the magnitude of the induced strain
mismatch.’>"” The ratio of wrinkle amplitude/wavelength is nor-
mally limited to 1/10.

In this study, we created buckle patterns with high amplitude/
wavelength ratio by the deposition of an amorphous carbon film
on a surface of a soft polymer poly(dimethylsiloxane) (PDMS). We
employed glancing angle deposition (GLAD) for deposition of an
amorphous carbon film on a PDMS surface. Amorphous carbon
films are used as a protective layer in structural systems and
biomedical components, due to their low friction coefficient, wear
resistance, and high elastic modulus and hardness.’®" The
deposited carbon layer is generally under high residual compressive
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stresses (~1 GPa), making it susceptible to buckle delamination on
a hard substrate (e.g. silicon or glass)**** and to wrinkling on
a soft substrate.” GLAD is a physical vapour deposition method
used to fabricate functional thin films with a columnar
morphology. The application of the created morphologies range
from sensors and actuators to optical filters, microfluidics, and
catalysis.?>%"

Fig. 1a shows the schematic of a PDMS substrate subjected to
hydrocarbon ion beam irradiation, and the scanning electron
microscopy (SEM) images of wrinkles created by 50 min amor-
phous carbon film deposition at three different incident angles.
The deposited carbon film is under approximately equi-biaxial
compressive stress,>*' and the created wrinkles are semi-herring-
bone or semi-labyrinth shapes, Fig. 1b—1d. The wavelength of the
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Fig. 1 Surface patterns created by carbon film deposition. (a) Schematic
of the experiments, (b—d) SEM images of the PDMS surface after 50 min
carbon film deposition at different incident angles.
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wrinkles is relatively insensitive to the deposition angle and
duration and is ~ 750 nm. In contrast, the amplitude of the
wrinkles depends on the deposition angle and duration.
The wrinkles created by 50 min carbon deposition normal to the
substrate surface (i.e. § = 0°, Fig. 1b) has an average amplitude
144 nm (i.e. amplitude/wavelength ~ 1/5) and has the appearance
of nonlinear wrinkle configurations observed in a biaxially-
compressed film on a compliant substrate.'®?> The patterns
formed by deposition at 45° and 75° have approximately the same
wavelength, but much higher amplitudes (amplitude/wavelength
ratios of ~ 2 and 2.5, respectively). Fig. 2a—2¢ displays the SEM
images of surface patterns created by carbon film deposition at 75°
with different deposition durations, showing that the wrinkle
amplitude increases for longer deposition durations. Ion or
plasma treatment at an oblique angle results in formation of a
porous thin film with anisotropic features that are induced by the
atomic-scale shadowing, or self-shadowing.?**” As the ion or
radical nucleates on the target substrate, the deposition rate is
higher in front of the nucleus than the deposition rate behind it,
due to the shadowing by the nucleus, resulting in a porous film
structure.** At early stages of the deposition, wrinkles could
emerge due to the relaxation of the strain energy in a compres-
sively stressed thin film as shown in Fig. 2a. For a longer depo-
sition time, the porous structure keeps growing on the wrinkled
surface, resulting in an increase in the surface amplitude as shown
in Fig. 2b and 2c. In Fig. 2d, we measured the amplitude/wave-
length ratio of patterns created on a PDMS surface at three
different deposition incident angles as a function of the deposition
time. At an incident angle 0° and 45°, the amplitude/wavelength
ratio is relatively independent of the deposition time (in the range
studied here, 30 s—50 min) and is 1/10 and 1/2, respectively. In
contrast, the amplitude/wavelength ratio of the patterns created
with the incident angle 75°, increases by increasing the deposition
duration, resulting to an amplitude/wavelength ratio aspect ratio
as high as 2.5.

(a) Deposition time =1 min ™

A

|I0 2‘0 X dlt}
Deposition time (min)
Fig.2 The effect of deposition angle and time on the morphology. (a—)
SEM images of the PDMS surface after carbon film deposition at 75°
incident angles for three different deposition durations. (d) Aspect ratio
of the amplitude to wavelength for patterns created by carbon film
deposition at different angles, versus the deposition time.
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Fig.3 Schematic of the fabrication of pre-wrinkle patterns on PDMS by
Ar ion beam (top) and subsequent carbon deposition using GLAD to
increase the amplitude of the pre-patterned surface (bottom).

As an extension of this technique, we demonstrated that the
amorphous carbon deposition on a pre-patterned polymeric
surface allows fabrication of high aspect ratio wrinkles. Fig. 3
shows the schematic of our experiments; first, we pre-patterned
the surface of PDMS by Ar ion beam irradiation. The created
patterns are in the form of two-dimensional wrinkles with
a wavelength that depends on the treatment time and was varied
between 200 to 1400 nm in this study. In the next step, an
amorphous carbon film gets deposited on the pre-patterned
surface using GLAD to elevate the amplitude of the patterns.
The details of the proposed method are outlined in the following
section. As a part of our discussion, we will demonstrate an
interesting application of the created high aspect ratio wrinkles
for controlling the optical band gap with respect to the wave-
length of wrinkles.

Experimental methods

Wrinkle patterns with a high amplitude/wavelength ratio were
fabricated with irradiation of Ar ion beam on a PDMS substrate
and a subsequent deposition of an amorphous carbon film using
GLAD. PDMS substrates were prepared by a mixture of elas-
tomer and cross-linker in a mass ratio of 10 : 1 (Sylgard-184, Dow
Corning, MI, USA). The mixture was placed in a plastic box and
stirred to remove trapped air bubbles and then, cured at 80 °C for
2 h, resulting in a cross-linked PDMS network, which was cut as
coupons of 20mm x 20mm x 3mm for the experiments.

The Ar ion beam treatment of PDMS and also the carbon film
deposition were carried out in a linear ion gun (DC 3 kV/6 kW,
EN Technologies).?® The sample coupons were placed in the ion
beam chamber, and the chamber was evacuated to a base pres-
sure 2 x 107> mbar. The distance between the ion source and the
substrate holder was approximately 15 cm. Ar gas was intro-
duced into the end-hall type ion gun to obtain Ar ions with a flow
rate of 8 standard cubic centimeters per minute (sccm). The
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Fig. 4 Ar ion treatment of PDMS. (a) Schematic of the experiment.
(b—d) AFM images of the wrinkles formed by the ion beam irradiation
with different treatment times on the surface of PDMS.

anode voltage was kept at a constant value of 1 kV with a current
density 50 pA/cm? A radio frequency (r.f.) bias voltage was
applied to the substrate holder at a bias voltage of —600 V and
a corresponding current of 44 mA. The PDMS was exposed to Ar
ion beam for 10 s to 50 min, leading to creation of wrinkles. The
amorphous carbon film was deposited on flat, as well as pre-
patterned PDMS coupons by introducing the acetylene (C,H»)
into the ion gun at a flow rate of 8 sccm. During carbon depo-
sition, the anode voltage was kept at a constant value of 1 kV and
a radio frequency (r.f.) bias voltage was applied to the substrate
holder at a bias voltage of —200 V. In this study, the carbon
deposition time was kept between 30 s to 50 min, while the
incident angle of hydrocarbon ion was varied from 0° to 75°.

The morphology of the created patterns was measured with an
atomic force microscope (AFM, XE-100, Park Systems) and
a scanning electron microscope (SEM, NanoSEM, FEI
Company). In each experiment, the morphology of the surface
patterns was measured on five different surface regions of the
polymer. Raman spectroscopy analyses were performed on
wrinkled amorphous carbon surfaces to investigate the ion-
induced chemical changes of the surface layer. The Raman
measurements were made in a backscattering geometry with
a Raman spectrometer (LabRAM HR, HORIBA Jobin-Yvon
Inc.) filled with a liquid-nitrogen cooled CCD detector. The
spectra were collected for 120 s under ambient conditions using
a 514.5 nm line of argon-ion laser with a power of 0.5 mW. The
UV-Vis measurements were performed in the wavelength range
of 200-800 nm using a spectrophotometer (Cary 5000 UV-Vis-
NIR spectrophotometer) at room temperature. The spectra were
recorded by taking a PDMS sample as reference, thus, the
transmission only due to the Ar treated surface layer and
amorphous carbon film was measured.

Result and discussion

Fig. 4 shows AFM profile images of three different wrinkle
patterns created on a PDMS surface by Ar ion beam irradiation.
Ton beam irradiation results into the formation of a thin stiff skin
on the polymer surface which is ~ 100 times stiffer than PDMS
and is under compressive stress.>>*® The morphology of the
created patterns depends on the state of stress in the thin film.
For the ion beam irradiation normal to the polymeric surface, the
state of stress in the thin film is semi-equal biaxial and the
wrinkles are semi-labyrinth shape. The wrinkle wavelength
mainly depends on the film thickness, ¢, and the ratio of elastic
moduli of thin film and substrate, E/E, and can be estimated
from, A = at(E/E,)"”, where o is a constant (e.g. o = 4.36 for the
plane strain condition).®!*! In Fig. 5b, we have plotted the
wrinkle wavelength versus the Ar treatment time, which was

—o— Artreatment only
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Fig.5 (a) SEM images of the PDMS surface, pre-patterned by Ar ion with different treatment times (10 s—50 min) and then subjected to 10 min carbon
film deposition at 75° incident angles. The scale bars in the insets are 1 pm. Dependence of the wavelength (b) and amplitude (c) of created patterns on the

Ar ion treatment time. The carbon deposition incident angle was 75°.
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varied between 30 s and 50 min. The created patterns have
a wavelength in the range of 300 nm to 1500 nm. The amplitude
of a created wrinkle, 4, can be estimated from, 4=1(eg/e,—1)",
where ¢ is the applied strain and ¢, is the critical strain associated
with the onset of instability. The amount of applied strain is
limited by the nature of the polymer (e.g. PDMS generally
ruptures when the applied strain is ~ 100%). Thus, the amplitude
of the created patterns is generally on the order of the film
thickness (e.g. for PDMS subjected to ion beam irradiation, &, =
3%,522 which gives and upper limit of approximately 6 x ¢ for
the wrinkle wavelength, where ¢ is the film thickness). The
thickness of the thin film is limited by the ion penetration and is
generally in the range of 10-100 nm. Fig. 5b displays the
dependence of the wrinkle amplitude on the Ar ion treatment
time. The amplitude/wavelength ratio is always smaller than 1/
10, although the wavelength changes by varying the treatment
time quite considerably — see Fig. 5Sb. As shown in Figs. 1 and 2,
the deposition of an amorphous carbon film on a polymeric
surface results in the formation of herringbone-type wrinkle
patterns, with an amplitude that depends on the deposition angle
and duration. The wavelength of the patterns formed by carbon
deposition on a flat PDMS surface is relatively insensitive to the
deposition angle and duration. To select the wavelength of the
patterns, we have deposited a carbon film on a polymeric surface
pre-patterned by Ar ion beam irradiation. Fig. 5a shows SEM
images of four different patterns created on pre-patterned PDMS
surfaces. The amorphous carbon deposition angle and duration
were 75° and 10 min, respectively, while the duration of Ar ion
beam irradiation in the pre-patterning step was varied between
10 s and 50 min. Fig. 5b and 5c shows the measured wavelength
and amplitude of patterns after 10 min and 30 min carbon
deposition on a pre-patterned polymeric surface. The amorphous
carbon deposition does not change the wavelength of a pre-
patterned surface considerably, while elevating the surface
amplitude. For 10 min carbon deposition, the thickness of the
deposited carbon film is ~100-150 nm in all cases, leading to an
amplitude/wavelength ratio in the range of 1/5 to 1/2.5 (note that
a higher ratio is achieved for a pattern with a smaller wave-
length). For 30 min carbon deposition, the carbon layer thickness
is approximately 500-600 nm, leading to an amplitude/wave-
length ratio as large as 1.

Characterization of the amorphous carbon film

Fig. 6a shows the Raman spectra of a pristine PDMS, a PDMS
treated by Ar ion treated for 10 min and a PDMS after amor-
phous carbon films deposition at 0° and 75° incident angles and
with different durations. There is no significant change in Raman
spectra of an Ar treated PDMS compared to a pristine PDMS.
The Raman spectrum of a deposited carbon film was deconvo-
luted using Gaussian distribution. A linear background into two
peaks located at 1365 cm™' and 1535 cm ™' represent disordered
graphite clusters with short range of crystallinity (denoted as D
peak) and graphite-like sp? bonded carbon (denoted as G peak),
respectively.?! In the Raman spectra, the G peak position shifts
to a higher wave number for a longer amorphous carbon depo-
sition time and also as the deposition angle is changed from 75°
to 0°. This change indicates an increase in the sp®> bonded
aromatic sites. The graphitization of the films is also observed as

the intensity of the D peak increases and the shoulder is more
pronounced. Fig. 6b shows that the intensity ratio of the D peak
to the G peak (Ip/lg) increases by increasing the deposition time
and by decreasing the deposition angle. This suggests that the
number and/or size of sp®> graphite clusters increases and
the amorphous carbon film becomes more graphitic. The stress
in the amorphous carbon film is known to decrease with increasing
the sp? content. So with increasing the anode voltage, the sp*
fraction increases and the stress in the amorphous carbon film
decreases. The hardness of the film is associated with the full width
and half maximum (FWHM) of G peak (with decreasing the
FWHM of the G peak, the hardness of the amorphous carbon
films decreases).?* Fig. 6b shows that the FWHM of an amor-
phous carbon film is approximately independent of the deposition
time and incident angle, thus, the hardness of the carbon film
might be relatively insensitive to these parameters. Based on the
Raman analysis, the newly-formed amorphous carbon
film deposited using GLAD is almost identical to a carbon film
deposited at a normal incident angle.33-34

Optical band gap characterization

PDMS is highly transparent in UV to near infrared regions.
Commercially available PDMS contain silica nanoparticles,
which reduce the unwanted scattering of light. Due to these
unique properties, PDMS is used in various optical devices,
including microlenses, waveguide components and optical
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Fig. 6 (a) Raman spectra of PDMS, Ar ion treated PDMS and PDMS
with amorphous carbon films deposition at different deposition angles
and durations. (b) The corresponding Ip/Ig and FWHM of G peak
profile.
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grating.>5-%8 Cai et al. fabricated the multimode waveguide with
a low optical insertion loss and a high thermal stability using
PDMS.?¢ Bowden et al. fabricated a wrinkle-based diffraction
grating.®® The angular displacement of the first order diffraction
spot on the grating was found to be linearly proportional to the
strain applied on the PDMS before a plasma oxidation.?® A very
detailed study of wrinkle applications in optical grating tech-
nology has been reported by Harrison and coworkers.!* They
have reported that the intensity of the diffraction peaks in
small angle light scattering experiments can change over three
orders of magnitude by varying the strain imposed to the spec-
imen by only 10%.

In the current study, we have tuned the optical band gap of
a PDMS surface using the patterning method described in the
previous section. The optical transmittance spectra of the Ar ion
treated PDMS before and after amorphous carbon deposition
are plotted in Fig. 7a, showing a gradual decrease in the trans-
parency, as well as a shift from near UV to the ‘visible region’, by
increasing the Ar ion treatment time. According to the band
theory of solids, the absorption coefficient, «, can be calculated
from I(t) = I,e ™, where I, and I(f)are the intensities of the
incident and transmitted light, respectively, and ¢ is the film
thickness. Using the transmittance data, the optical band gap

= Ar 30 sec
=— Ar 5§ min
— Ar 10 min
= Ar 30 min
== Ar 50 min

== 10 min carbon
= Ar 30 sec + 10 min carbon
— Ar 1 min + 10 min carbon
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(v (eV’em?)
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1.8 21

energy, E,, of a patterned PDMS surface can be obtained from
Tauc expression,” o hv = A{hv—E,)", where hv is the incident
photon energy and A4, is a constant that arises from the Fermi’s
golden rule for fundamental band to band electronic transitions
within the framework of a parabolic approximation for the
dispersion relation.* /v is the incident photon energy and
the exponent n depends on the transition type. Here, n = 1/2,
since direct transition is allowed to occur vertically from the top
of the valence band to the bottom of the conduction band, while
non-vertical transitions are normally forbidden.** To determine
the possible transitions, we plotted (ahv)'™ = (ahv)? versus the
photon energy (Av) in Figs. 7b and 7c¢ for an Ar ion treated
PDMS surface and a pre-patterned PDMS surface with carbon
film deposition, respectively. A linear relationship and the cor-
responding band gaps were obtained from extrapolating the
straight section of the graph to, evaluate the value of /v at at a =
0, as shown by the dashed lines in Fig. 7b and 7¢.*!

Fig. 7d shows that the optical band gap of an Ar ion treated
PDMS surface decreases from 3.57 to 3.33 eV by changing the
ion treatment time in the range of 10-50 min. A longer Ar ion
treatment results in the formation of a thicker surface layer and
inherently, a higher level of defect and a stronger optical
absorption in the sample.**** The deposition of a carbon film for
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Fig.7 (a) Transmittance spectra of the Ar ion treated PDMS and amorphous carbon deposited on Ar ion treated PDMS. (b—c) Tauc plot to determine
the optical band gap for Ar ion treated PDMS and for high aspect ratio wrinkles made by amorphous carbon film deposition on pre-patterned surfaces.

(d) Variation of optical band gap with Ar ion treatment time.
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10 min results in a reduction in the optical band gap from 3.27 to
2.79 eV. The optical properties of an amorphous carbon film can
be changed by changing the chemical bonding structure and by
doping of different elements. For example, the optical band gap
was shown to decrease from 2.55 to 1.95 eV by 12.5% Ag doping
in DLC.*' Surface wrinkling can also change the optical band
gap.*>* However, the change in the optical gap achieved in this
study based on high aspect ratio wrinkle patterns is considerably
more significant. The reduction on the high aspect ratio wrinkle
could be attributed to the presence of defects, which increases the
density of localized states and consequently decreases the energy
gap.*! Moreover, the optical properties are likely to be controlled
by nanoscale surface features created by the Ar ion beam irra-
diation and carbon deposition. The wrinkle wavelength increases
for a longer Ar ion treatment time, resulting in a reduction in the
optical band gap.

Summary

We presented a fabrication method of wrinkles with high aspect
ratio of amplitude over wavelength using a glancing angle
deposition (GLAD). First, we created wrinkles on a PDMS
surface using Ar ion beam irradiation. The wrinkles had
a wavelength in the range of 200-1400 nm depending on the ion
treatment time. Then, an amorphous carbon film was deposited
on the pre-patterned PDMS to elevate the amplitude of surface
features. An application of polymeric surfaces, decorated with
high aspect ratio wrinkles, was demonstrated for changing the
optical band gap, which could have potential use in fabrication
of optical devices.
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