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Abstract: Wrinkle patterns were fabricated on styrene-butadiene-styrene (SBS) block copolymer substrates using ion-beam

(IB) irradiation with various intensities. The wavelength of the wrinkle pattern increased as the IB intensity was increased

from 800 to 1,600 eV. IB irradiation-induced changes in the surface properties that were confirmed via physicochemical

surface analyses. X-ray photoelectron spectroscopy analysis revealed chemical surface reformation due to the IB

irradiation, resulting in C-O/C=0 bonds after IB irradiation that were not reported before. These results indicate that the

surface chemical modification caused by IB irradiation is strongly related to the surface modulus, which is important

when fabricating wrinkle patterns. Furthermore, a strong IB irradiation induced a strong compressive strain; thus the size

of the wrinkle pattern was increased.
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1. INTRODUCTION

Wrinkle patterns are commonly observed in daily life
and many researchers have tried to apply them in science
and technology [1,2]. Various materials have been used to
fabricate the wrinkle pattern, such as soft materials with
elastomers [3]. Thermoplastic elastomers are copolymers
which have good thermoplastic and elastomeric properties,
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so they are flexible with a low modulus value like rubbery
materials [4]. Thermoplastic elastomers can be classified
into block copolymers and thermoplastic/elastomer blends.
Styrene-butadiene-styrene (SBS), a thermoplastic elastomer,
is a strong good candidate for fabricating wrinkle patterns
as it behaves like rubber at room temperature and has
good mechanical properties and glassy/rubbery domains [5].
Because of its favorable properties, it is used in various
industries, such as adhesives manufacture, footwear, and
asphalt [6].

The reason for using elastomeric materials in wrinkle
formation processes is to achieve a modulus difference in
adjoining layers induced by compressive stress that leads
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to a wrinkle pattern that occurs between the elastomeric
bulk and the top (stiff) layer [7]. The latter can be gene-
rated by various methods, such as plasma treatment with
various gases [8], metal deposition [9], with thermal
curable resins [10], and ion-beam (IB) irradiation. After
compressive stress has been applied, the status of the top
(stiff) layer determines the results such as wrinkling,
folding, or delamination. The fabricated wrinkle pattern can
improve the optical [11], mechanical [12] and electrical
properties [13], and so it can be used in a wide range
of applications, such as stretchable devices [14], and
lithography free patterning [15].

Herein, we demonstrate the fabrication of a wrinkle
pattern on SBS surfaces using IB irradiation at several
energy intensities. To confirm the creation of the winkle
pattern, we conducted field-emission scanning electron
microscopy (FE-SEM), with the entire surface being
observed as a function of IB irradiation energy. IB
irradiation can induce not only physical but also chemical
surface modification, and so X-ray photoelectron spec-
troscopy (XPS) was used to examine the changes in the
surface chemical composition of SBS caused by the IB
irradiation. Atomic force microscopy (AFM) was conducted
to obtain specific surface information; the values of the
wavelength and amplitude of the wrinkle patterns were
collected via a line profile program applied to the AFM

images.

2. METHOD FOR EXPERIMENT

2.1 SBS thin-film fabrication on
glass substrates

10 wt% SBS powder (styrene 21%) was dissolved in
toluene, after which the solution was stirred with 420
rpm for 2 h at 75°C followed by aging for at least 1
day. The prepared SBS solution was spin-coated onto
glass substrates (dimensions: 32x22x11 mm®) at 3,000 rpm
for 30s. Before spin-coating, the glass substrates were
cleaned using acetone, methanol, and deionized water for
10 min each and then dried with N2 gas. After the
spin-coating process, samples were annealed at 65°C for 2

h to remove any residual solvent.

2.2 IB treatment on the SBS sample for
wrinkle formation

After the annealing process, SBS samples were placed
in a vacuum chamber to be irradiated by IB with an
advanced DuoPIGatron-type IB system; the pressure was
set at 5x107 Torr with 1 sccm of Ar gas flow ing into
the vacuum chamber. The SBS samples were irradiated
for 1 min with an IB intensity of either 800 or 1,600
eV. The IB exposure conditions used a positively

charged current density of 1.0 mA/cm?

2.3 Investigation of the wrinkle pattern on
the SBS surface

FE-SEM (Quanta 200 FEG; FEI Company, Singapore) was
conducted to verify the morphology change of the SBS
samples surface due to IB irradiation. Specific information
for the wrinkle pattern on the SBS surface was obtained
by using AFM (XE-200; Park Systems, South Korea).
Furthermore, depth and wavelength information of the
wrinkle patterns were collected by using line profile
analysis (XEI software, Park Systems).

2.4 Verification of surface characteristics
related to IB irradiation exposure

Chemical composition change of the SBS surface was
observed as the IB intensity was increased using XPS
(K-alpha, Thermo VG, U.K). XPS spectra of carbon and

oxygen were investigated before and after IB irradiation.

3. RESULTS AND DISCUSSIONS

Figure 1(a)~(c) shows FE-SEM images of the mor-
phology on the SBS surface as a function of IB intensity.
From these images, we confirmed that unlike the non-IB-
irradiated sample, IB intensities of 800 and 1,600 eV
created clear wrinkle patterns on the SBS surfaces. This
indicates that the IB irradiation strongly affected the
formation of the wrinkled structure on the SBS surface.
Furthermore, when comparing the IB intensities of 800
and 1,600 eV, we also confirmed that the size of the
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1600 eV

Fig. 1. FE-SEM surface morphological images of the SBS
surface: (a) 0 eV, (b) 800 eV, and (c) 1,600 eV.

wrinkle pattern increased as the IB energy intensity
increased. Typically, it is known that IB irradiation is a
useful method to change the chemical composition of a
polymer surface, leading to modification of the mechanical
To fabricate the
wrinkled structure on an elastic substrate, a stiff top

properties of the irradiated surface.

skin layer is required to produce a modulus mismatch
between the substrate and the surface [7]. In our case,
the mechanical properties of irradiated SBS surface were
changed and a stiff skin layer was formed due to
chemical composition modification by the IB irradiation.
Furthermore, during this process, the irradiated surface of
the SBS swelled and contracted at nearly the same time
due to ion penetration by the IB, and this phenomenon
acted as an external force to generate strain. Consequently,
the effect of IB irradiation on the SBS surface induced
a wrinkled structure.

XPS analysis was conducted to verify the chemical
irradiation of the SBS
surface. C 1s XPS spectra of the SBS surface at IB
intensities of 0, 800, and 1,600 eV are presented in Fig.

modification due to the IB

2(a)~(c). IB intensity of 0 eV (no irradiation) had one
peak located at 284.8 eV which indicates carbon single
bonds (C-C) and double bonds (C=C) in the SBS chemical
structure. Because SBS consists of styrene and butadiene
blocks, only carbon bonds were observed at an IB intensity
of 0 eV. However, significant phenomena were observed
in the XPS spectra after IB irradiation of the SBS
surface. First, after IB irradiation, the C 1s peak consisted
of three sub-peaks located at 284.7, 268.3, and 288.0
eV, inferring the presence of C-C/C=C bond (at an IB
intensity of 0 eV only), carbon-oxygen single bonds (C-O),
and carbon-oxygen double bonds (C=0), respectively. These
sub-peaks indicate that IB irradiation on the SBS surface
broke the C-C/C=C bonds and induced the generation of
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Fig. 2. XPS C 1s core-level spectra of SBS after exposure to
IB intensities of (a) 0 eV, (b) 800 eV, and (c) 1,600 eV. (d)
Bonding composition percentage graph as a function of IB
intensity. The graph shows changes in the number of carbon
bonds with increased IB intensity.

C-O and C=0 bonds. The second significant phenomenon
is the change in XPS spectra composition percentage as
the IB intensity increased: the percentage of C-C/C=C
bonds decreased while that of C-O/C=0O bonds increased
[Fig. 2(d)].

To sum up, the results from the XPS spectra indicate
that IB irradiation broke the C-C/C=C bonds which were
then reconstructed with nearby oxygen atoms to produce
a more stable structure. During this process, the broken
polymer chains were cross-linked due to oxygen atoms
forming C-O/C=0 bonds and the skin layer was induced
which had a higher modulus value than the SBS substrate.
In the bucking theory, the wavelength of the wrinkle
pattern is expressed as

E L1

= 13
A =27h( 37, ) (D
where h, Es and Eg are the thickness of the top (stiff)
layer and the plane strain modulus value of the top
(stiff)

modulus mismatch between the surface and

layer and substrate, respectively. Accordingly,
substrate
must be achieved to fabricate the wrinkled structure on
the SBS surface, a condition that was met due to the

IB irradiation. Hence, a wrinkled structure was fabricated
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Fig. 3. AFM (30x30 um) with 3D topological images (5x5 pum)
of the SBS wrinkle pattern after exposure to IB irradiation
energy levels of (a) 0 eV, (b) 800 eV, and (c) 1,600 eV.

on the SBS surface. Furthermore, because of this, C-O/
C=0 bonds can be observed in the XPS spectra after
IB irradiation. Additionally, it can be observed that as the
IB energy intensity increased, the number of C-O/C=0
bonds increased, thus a higher surface modulus value
was caused by the higher IB irradiation energy. Hence,
the IB irradiation induced surface chemical modification
and increased the surface modulus value by generating
C-O/C=0 bonds that strongly affected the fabrication of
the wrinkle pattern on the SBS surface.

Specific information on the SBS surface as a function
of IB intensity was investigated using AFM. Figure 3
(a)~(c) shows AFM surface images with 3-D topological
images of the SBS wrinkle pattern at IB intensities of
0, 800, and 1,600 eV, respectively. No significant surface
topology was observed before IB irradiation, while after
IB irradiation at 800 and 1,600 eV, wrinkled structures
can be observed in the AFM images, a result which fits
with the results of the FE-SEM analysis. Furthermore, a
random labyrinth pattern was observed on the SBS surface,
from which the direction of compressive strain induced
by IB irradiation can be estimated [16]. The morphology
of the wrinkle pattern is determined by the direction of
compressive strain. Commonly, isotropic and anisotropic
compressive strain induces a random wrinkle pattern and
a biased pattern, respectively. Therefore, in this case, it
is obvious that the IB irradiation induced isotropic forces
on the SBS surface evenly and a random labyrinth wrinkle
pattern was achieved regardless of irradiation energy.
Additionally, it was clearly verified through the 3D
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Fig. 4. (a) Wavelength and amplitude of the wrinkled structure
on an IB-irradiated SBS surface as a function of irradiation
energy (indicated by the black and blue graphs, respectively)
and (b) a calculated aspect ratio (amplitude/wavelength; A4/1)
graph of the wrinkled structure on the SBS surface.

topology images that the size of the wrinkled structure in
term of wavelength and amplitude was increased by the
increase in IB energy intensity. The higher the IB energy
intensity, the greater the size of the wrinkled structure.

By applying line profiling to the AFM images, we
investigated the exact numerical values of the wavelength
and amplitude of the wrinkle pattern on the SBS. The
values were collected more than 15 times typical wrinkle
patterns. Figure 4(a) shows the graph of the wavelength
(black line) and amplitude (blue line) of the wrinkle
pattern on the SBS as a function of IB intensity. The
IB intensity of 800 eV produced a wrinkle pattern with
a wavelength of 0.428 ym and an amplitude of 27.202
nm, while the IB intensity of 1,600 eV resulted in a
wrinkle pattern with a wavelength of 0.805 pm and the
amplitude of 64.869 nm. Furthermore, numerical values
of the wrinkle pattern on the SBS show the significant
change as an IB intensity increased. As presented in
equation (1), the wavelength is affected by modulus
difference and the thickness of top layer. Additionally,
the amplitude can be described as

A=h (2)

where € is the compressive strain and ec is threshold
critical strain which can be estimated as £,~0.25 (3Es/Ep*>.
The amplitude is also affected by the thickness of the
top layer and furthermore, the compressive strain is the
main factor to determine the amplitude of the wrinkle
pattern [7]. This indicates that the higher intensity of IB
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irradiation on the SBS surface affected these conditions
strongly. Figure 4(b) presented aspect ratio (the ratio of
the wavelength to amplitude) of the wrinkle pattern on
the SBS as a function of IB intensity. The aspect ratio of
the wrinkle pattern on the SBS at an IB intensity of 800
and 1,600 eV was 0.06632 and 0.08178, respectively. As
there is a strong mathematical relationship between the
aspect ratio and surface modulus, it is possible to
estimate the tendency of the surface modulus to change
with increasing IB intensity through the aspect ratio. As
the IB intensity increased, the aspect ratio increased,
which indicates that the surface modulus increased as
the IB intensity increased.

Wrinkle formation and the change in pattern size
were investigated through the aforementioned analyses,
and the mechanism of wrinkled structure formation was
identified by putting the results of these together, as
shown in Fig. 5. Chemical modification of the irradiated
surface occurred and the surface modulus value was
modified by the IB irradiation, and due to this, modulus
mismatch between the surface and substrate (the minimal
condition for wrinkle fabrication) was induced. Furthermore,
ion collisions on the IB-irradiated surface induced swelling
and contraction which incurred compressive strain that
led to achieving the wrinkled structure on the SBS surface
[Fig. 5(a)]. There was a significant difference in the
wrinkle pattern sizes when comparing IB energy intensities
of 800 and 1,600 eV [Fig. 5(b) and (c)]. As the IB
energy increased, the ion penetration depth increased,
and this is directly related to the thickness of the top
(stiff)
thicker stiff layer (h,) was achieved. Furthermore, the

layer. Therefore, at the higher IB energy, a
higher IB irradiation energy induced more ion collisions
with stronger swelling and contraction of the surface.
Because of this, the compressive strain became stronger
at 1,600 eV (g2) than 800 eV (g1). As investigated
previously, the amplitude and wavelength of the wrinkle
pattern were determined by the thickness of the top
(stiff) layer and the applied compressive strain. Thus,
the wrinkle pattern size became bigger with IB energy
of 1,600 eV (A,) than 800 eV (A;). Consequently, the
amplitude and wavelength of the wrinkled structure on
the SBS surface can be controlled by changing the IB

irradiation energy.
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Fig. 5. Schematic of wrinkle formation on the SBS surface as
the IB irradiation energy increased: (a) the fabricated wrinkled
structure on the SBS surface and the mechanism of wrinkle
formation at (b) low, and (c) high IB energy intensity. A, &,
and A indicate the depth of the stiff layer, the compressive
strain, and the amplitude of the wrinkled structure, respectively.

4. CONCLUSION

We investigated the fabrication of wrinkled structures
on SBS surfaces induced by IB irradiation. Significant
surface modification was observed on the SBS surface
after IB of the IB

energy. This indicates that the conditions for producing

irradiation regardless irradiation
wrinkled structures were satisfied by the IB irradiation.
Modification of the chemical composition of the surface
was observed via XPS. C-C/C=C bonds were broken
and recombined with nearby oxygen atoms due to the
IB irradiation to produce a stable structure. During this
process, polymer chains were cross-linked and the
IB-irradiated surface became harder than before, which
induced the modulus mismatch between the surface and
the substrate necessary for wrinkle formation. Specific
information on the surface morphology was obtained by
As the IB

energy increased, the wrinkle pattern size in term of

conducting an AFM analysis. irradiation



A7 AR = ote]==A], M348 A22 pp. 130-135, 2021'F 3:

amplitude and wavelength increased. Furthermore, changes
in the surface modulus value measured using the aspect
ratio as the IB energy increased could be estimated. It
was confirmed that the size of the wrinkle pattern can
be determined by the level of IB irradiation energy. At
higher IB irradiation energy, the ions penetrated deeper,
which induced a thicker stiff layer. In addition, strong
compressive strain was created at the higher IB energy,
resulting in a larger sized wrinkled structure. To sum
up, the controllability of the wrinkle pattern size can be

achieved by changing the IB irradiation energy level.
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