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ABSTRACT: A styrene−butadiene−styrene (SBS) block copolymer was utilized to
fabricate the wrinkle pattern in accordance with the buckling theory via ion-beam (IB)
irradiation that induced surface reformation resulting in modulus mismatch and
compressive strain. Using several analyses, different wrinkle patterns on the SBS surface
were observed as the IB incidence angle was increased. After IB irradiation, a random
labyrinth pattern was achieved at all IB incidence angles except for 15°, with which a less-
formed wrinkle pattern was observed. Chemical analysis revealed that IB irradiation
induced reformation of the surface chemical composition resulting in a stiff surface skin
layer on the wrinkle pattern. The morphology of the wrinkle pattern was numerically and
visually investigated, the results of which indicate that large wavelength and amplitude were
achieved at high IB incidence angles. Through the buckling theory and the results of the
surface analyses, the reason for this phenomenon was established: the IB incidence angle
was the most important factor for determining the size of the wrinkle pattern on the SBS
substrate. Consequently, it was verified that the wavelength and amplitude of the wrinkle pattern can be controlled by varying the IB
incidence angle to the SBS substrate.

1. INTRODUCTION

In nature, wrinkles are commonly observed on various
structures such as leaves, sea and cloud wave patterns, and
the human skin.1,2 This natural phenomenon (especially on the
human skin) has inspired many researchers because wrinkles
change the surface morphology and can improve the electrical,
optical, biological, and mechanical properties of devices.3−8

Thus, the fabrication of nano/microsized wrinkle patterns on
the surface has been steadily investigated in a wide range of
scientific researches, including stretchable electronics,9−11

tunable surface wettability,12,13 microfluidic channels,14,15

liquid crystals alignment,16,17 and biomaterials.18,19 Modulus
mismatch and external stimuli are required to fabricate wrinkle
patterns on surfaces.20,21

As per the buckling theory, wavelength and amplitude are
important measurements and several conditions must be
fulfilled to fabricate a wrinkle pattern.22−24 From the buckling
theory, the wavelength (λ) and amplitude (A) can be described
as
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where h is the thickness of the top (stiff) layer, Ef and Es are
the plane strain modulus values of the top (stiff) layer (film)
and the substrate, respectively, ε is the compressive strain, and
εc is the threshold critical strain, which can be estimated as εc
≈ 0.25(3Es/Ef)

2/3.25 According to the equations, the modulus
mismatch between the top (stiff) layer and the elastomeric
substrate (Ef > Es) is the main factor causing a wrinkle pattern.
In addition, when external stimuli are applied, compressive
strain occurs, and a stress relief mechanism is induced between
the top layer and the substrate. When the compressive strain
exceeds the critical value (ε > εc), the effect of this
phenomenon results in a wrinkle pattern on the surface.
Several methods, such as plasma treatment,26 metal deposi-
tion,27 and ion-beam (IB) irradiation,28 have been applied to
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generate a stiff top layer. Among these, IB irradiation is a useful
method that can generate a top (stiff) layer and apply external
stimuli at the same time.
In many research studies, poly(dimethylsiloxane) (PDMS)

has been used as an elastomeric substrate because it has
attractive properties including low cost, flexibility, and the
potential for various applications.29−31 However, PDMS has a
limitation when it is used to fabricate a fine wrinkle pattern,
and so a change of material or process is required. The concept
of using block copolymers (BCPs) is promising for producing
smaller wrinkle patterns,32,33 and although they are commonly
used as self-assembly materials, it is possible to apply the
buckling theory to fabricate wrinkle patterns on them.
Thermoplastic rubbers such as styrene−butadiene−styrene
(SBS) BCPs are strong candidates for wrinkle pattern
production. SBS is composed of soft butadiene blocks and
hard styrene blocks. The end-blocks (polystyrene) give
strength to the polymer, whereas the midblocks (polybuta-
diene) provide remarkable elasticity.34,35 Polystyrene behaves
as a rubber-like elastomer below its glass transition temper-
ature,36 and even when SBS is heated above this temperature,
its strength and elasticity are restored during the cooling
process.37

In this study, we observed changes in the wrinkle pattern
formed on SBS after exposure to IB irradiation as the IB
incidence angle was increased from 15 to 75°. Field-emission
scanning electron microscopy (FE-SEM) was conducted to
identify the morphological changes of the surface, while
chemical composition changes due to IB irradiation were
verified using X-ray photoelectron spectroscopy (XPS) to
investigate the reasons for the wrinkle formation. Furthermore,
atomic force microscopy (AFM) was used to analyze specific
information of the wrinkle pattern on the SBS and a two-
dimensional fast Fourier transform (2D FFT) analysis was
conducted to verify the distribution of the wrinkle pattern. A
line-profile form AFM analysis was used to collect numerical
information on the wrinkle pattern on SBS as a function of IB
incidence angle. Through these analyses, the relationship
between the formation of the wrinkle pattern and IB irradiation
at various incidence angles was investigated.

2. MATERIALS AND METHODS
2.1. Preparation of the SBS Samples on Glass

Substrates. SBS (styrene 21%, Figure 1) copolymer powder

was dissolved in toluene to achieve 10 wt %. The SBS solution
was stirred at 420 rpm and 65 °C for 2 h and then aged for at
least 1 day. The prepared solution was spin-coated onto glass
substrates (32 × 22 × 1.1 mm3), as shown in Figure 2a. Before
this process, the glass substrates were cleaned using acetone,
methanol, and deionized (DI) water for 10 min each and then
dried with N2 gas. Spin-coating at 3000 rpm for 30 s was
conducted to deposit the SBS solution on the glass substrates,

after which they were cured at 75 °C for 1 h on a hot plate to
remove the residual solvent on the surface (Figure 2b).

2.2. IB Irradiation to Fabricate a Wrinkle Pattern on
the SBS Surface. The prepared SBS samples were placed in a
vacuum chamber at a working pressure of 5 × 10−5 Torr with
Ar gas flowing into the chamber with a rate of 1 sccm. The
prepared SBS films were irradiated via an IB from an advanced
DuoPIGatron-type IB system (Figure 2c). The IB irradiation
conditions were 2400 eV for 1 min at incidence angles from 15
to 75° with increments of 15° (104−105 ions·cm−2 in the IB
current range of 0.9−1.1 mA·cm−2). The IB incidence angle is
the angle between the SBS surface and the IB irradiation
direction, as shown in Figure 2c.

2.3. Morphological Analysis of the Wrinkle Pattern
on SBS Using FE-SEM. The fabricated SBS surface wrinkle
pattern (Figure 2d) due to IB irradiation was investigated via
several analyses. The entire surface morphology of the SBS
films was observed using FE-SEM (S-4200; Hitachi High-
Technologies Corporation, Japan) as a function of IB
incidence angle. The wrinkled structures were confirmed
after enlarging the image of the surface 2000 times.

2.4. Chemical Composition Investigation of SBS
Wrinkle Pattern due to IB Irradiation. XPS (K-Alpha,
Thermo VG, U.K.) with a monochromatic Al X-ray source (Al
Kα line) was used to investigate the modification of the
chemical structure of the SBS film surface before and after IB
irradiation. The main chemical components of SBS (carbon
and oxygen) were investigated.

2.5. Specific Analysis of the Surface Wrinkled
Structure Using AFM. Specific information on the surface
topology of the SBS film was measured via AFM (Park
Systems, South Korea) with a scan size of 30 × 30 μm2. AFM
analysis was conducted in noncontact mode at a scan rate of
0.5 Hz. Moreover, 2D FFT analysis of the AFM image was
conducted to characterize the wrinkle pattern size on the SBS
film surface. Park Systems software with a line profile was used
(XEI software, Park Systems) to investigate the changes in
wavelength and amplitude of the wrinkle pattern on SBS at
various IB incidence angles. The values of wavelength and
amplitude were collected more than 15 times for the typical
wrinkle patterns in the AFM images.

3. RESULTS AND DISCUSSION

Changes in the wrinkle morphology of the SBS surface as a
function of IB incidence angle were observed via FE-SEM.
Figure 3a presents the non-IB irradiated SBS surface
morphology, and Figure 3b−f presents the SBS surface
morphology at IB incidence angles from 15 to 75° with
increments of 15°. Two interesting phenomena concerning the
SBS surface morphology were found. First, when comparing
before and after IB irradiation, the wrinkled structures on the
SBS surface were observed only after IB irradiation, except for
at an incidence angle of 15°. This indicates that IB irradiation
induced an important effect on the SBS substrate surface that
encourages the formation of the wrinkled structure. Second, a
random labyrinth pattern was observed after IB irradiation
(except for at an incidence angle of 15°) and the wrinkle
pattern became clearer as the IB incidence angle was increased.
This is because the wavelength of the wrinkle pattern was
increased as the incidence angle was increased, indicating that
the wavelength and the IB incidence angle are strongly
correlated with each other. Furthermore, the labyrinth pattern

Figure 1. Chemical formula of the styrene−butadiene−styrene (SBS)
block copolymer.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c00345
J. Phys. Chem. C XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c00345?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c00345?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c00345?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c00345?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c00345?ref=pdf


on the SBS surface indicates that the change in IB incidence
did not produce a one-dimensional striped wrinkle pattern.
Figure 4a illustrates the mechanism for the wrinkled

structure on SBS in accordance with the foundational theory
of wrinkle formation. Modulus mismatch between the bilayers
due to the soft layer with a hard skin is required to fabricate a
wrinkled structure. The soft substrate is expanded using an
external force such as heat or mechanical stretching, and after
deposition of the hard skin layer, contraction while releasing
energy occurs, which forms the wrinkled structure. Because
only a single material was used in this study, observations of
the wrinkle formation on the surface indicate that a layer with a
different modulus from SBS was induced after IB irradiation.
Furthermore, it is obvious that IB irradiation reformed the
surface with a higher modulus than bulk SBS. In principle,
accelerated ions delivered by the IB system penetrate the

Figure 2. Schematic of wrinkle fabrication on SBS substrates. (a) Spin-coating of SBS solution onto a glass substrate at 3000 rpm for 30 s. (b)
Fabricated SBS thin film cured at 75° for 1 h on a hot plate. (c) IB irradiation of the SBS surface at incidence angles from 15 to 75° with increments
of 15°. (d) Wrinkled structure formation on the SBS surface.

Figure 3. FE-SEM images of (a) a non-IB-irradiated SBS film surface
and IB-irradiated SBS film surfaces at incidence angles of (b) 15°, (c)
30°, (d) 45°, (e) 60°, and (f) 75° (enlarged 2000 times).

Figure 4. (a) Schematic of the wrinkle pattern formation on the top (stiff) layer of an SBS film surface due to IB irradiation. (b) XPS C 1s spectra
of the SBS film surface before and after IB irradiation at an incidence angle of 45°. (c) Mechanism of wrinkle fabrication. IB irradiation induced a
top (stiff) layer on the SBS surface via swelling and contraction forces (the blue and red arrows, respectively).
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irradiated surface, thereby inducing chemical reformation by
reactions such as surface oxidation.
To confirm this theory, XPS analysis of the SBS film surface

was conducted to verify the chemical composition reformation
due to IB irradiation. Figure 4b presents C 1s XPS spectra of
the SBS film surface before and after IB irradiation at an
incidence angle of 45°. As shown in Figure 1, SBS has phenyl
groups but no oxygen bonds. Therefore, before IB irradiation,
only one peak centered at 284.4 eV, indicating that carbon
bonds in the SBS film surface were observed in the XPS
spectrum. After IB irradiation at an incidence angle of 45°, two
more peaks appeared in the XPS spectrum signifying carbon−
oxygen single (C−O) bonds and carbon−oxygen double (C
O) bonds located at 286.1 and 288.3 eV, respectively. This
result indicates that chemical bonds between carbon and
oxygen were induced by IB irradiation. The C−C bond peak
intensity decreased after IB irradiation, indicating that carbon
bonds in the IB-irradiated SBS film surface had been broken,
which caused the film surface to become unstable. To become
stable once again, there was rebonding with nearby O atoms
leading to increases in C−O and CO bonds in the IB-
irradiated SBS film during the reformation of the chemical
composition of the SBS film surface. This phenomenon can be
observed in the atomic composition ratios reported in Table 1.

Before IB irradiation, the atomic composition ratios of carbon
and oxygen were 95.12 and 4.88%, respectively. After IB
irradiation, the atomic composition ratio of carbon decreased
to 78.69% whereas that of oxygen increased to 21.31%. From
this, it was confirmed that the oxygen content increased in the
SBS film surface after IB irradiation. Bonded O atoms acted as
cross-linkers for the broken polymer chains caused by IB
irradiation,38 and thus a hardened skin layer was fabricated on
the SBS film surface. Consequently, because of IB irradiation, a
different chemical composition from the underlying SBS
substrate was induced in the SBS film surface, and due to
this, modulus mismatch occurred, which allowed the formation
of the wrinkled structure.
Figure 4c shows the mechanism of wrinkle formation on the

SBS film surface. Chemical composition reformation allowed
the irradiated surface to obtain a high modulus, indicating a
stiff layer, as is also suggested by the results of the previous
analyses. During this process, ion collisions on the irradiated
surface were induced and because of them, heat was generated
that induced thermal volume expansion. In addition, after IB
irradiation, the generated heat dissipated, and the swollen
substrate contracted. Chemical reformation by IB irradiation
changed not only the modulus but also the thermal expansion
coefficient of the irradiated surface. This caused a difference in
the volume expansion of the IB-irradiated surface and the SBS
substrate caused by the generated heat. Due to swelling and
contracting, compressive strain was induced on the surface on
which the wrinkled structure formed when it exceeded the
threshold critical strain εc (eq 2). Consequently, these complex
phenomena due to IB irradiation induced the wrinkled
structure on the SBS surface. In addition, the overall direction

of the compressive strain was verified by observing the
labyrinth pattern. The orientation of the wrinkle pattern was
determined by the distribution direction of the compressive
strain on the stiff layer (along the landscape and portrait
directions in the figure). Moreover, the applied external force
needs to be released to end up with minimal elastic energy on
the surface. When this occurs, the optimal pattern when
releasing the energy is the wrinkle pattern,38−40 and the
compressive strain biased in one direction induces the wrinkle
pattern aligned in the perpendicular direction. Thus, the
random labyrinth pattern indicates that the compressive strain
was distributed evenly in all directions. Furthermore, because a
random labyrinth pattern was observed at all IB incidence
angles, it is obvious that the change in incidence angle did not
affect the direction of the compressive strain on the surface.
For the specific analysis of the wrinkled structure, an AFM

image of the SBS surface was observed as a function of the IB
incidence angle (Figure 5). Before IB irradiation (Figure 5a),

no significant features were observed on the SBS substrate,
which is the same as in the FE-SEM image. On the other hand,
at an IB incidence angle of 15° (Figure 5b), a wrinkle pattern
unlike the one observed in the FE-SEM image was observed,
albeit less well-formed and different from the other incidence
angles. Therefore, it seems that the reason for not observing
wrinkle formation in Figure 3 is a complex phenomenon of a
less-formed structure and electron beam damage of the
polymer by FE-SEM while measuring the SBS surface.
Furthermore, this result indicates that IB irradiation at an
incidence angle of 15° was not enough to fabricate a well-
formed wrinkled structure on the SBS surface. A clear wrinkle
pattern can be clearly observed in the AFM image when the IB
incidence angle was increased to 30° (Figure 5c). This
indicates that IB irradiation at an incidence angle of 30° and
above is appropriate for fabricating a well-formed wrinkle
pattern. In addition, it can be clearly seen in the FE-SEM
images that the size of the wrinkle pattern increased as the IB
incidence angle was increased, and the highest wavelength was
achieved at an IB incidence angle of 75° (Figure 5f). This
indicates that the wavelength of the wrinkled structure on the
SBS strongly depends on the IB incidence angle. In addition,
the shape of the wrinkle pattern on SBS was also observed.
Above an IB incidence angle of 30°, a generally random

Table 1. Carbon and Oxygen Atomic Composition Ratios of
the SBS Film Surface before and after IB Irradiation

elements C (%) O (%)

before IB 95.12 4.88
after IB 78.69 21.31

Figure 5. AFM images of (a) non-IB-irradiated SBS film surface and
IB-irradiated SBS film surfaces at incidence angles of (b) 15°, (c) 30°,
(d) 45°, (e) 60°, and (f) 75° with 2D-FFT pattern images for
characterizing the formed wrinkle pattern.
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labyrinth pattern was observed. However, the AFM measure-
ments were conducted on narrower sections than the FE-SEM
measurements, and due to this, random labyrinth patterns were
not clearly observed at IB incidence angles of 60 and 75°.
Therefore, the surface characteristics of the SBS structures
were identified using the 2D-FFT analysis, which converts the
spatial information in the AFM image into 2D-FFT graphs in
the spatial frequency domain defined by mathematical
calculations. The distribution of the 2D-FFT graph (the bright
parts in the images) indicates the periodicity of the SBS surface
structure. Because the less well-formed wrinkle pattern at an IB
incidence angle of 15° is not clear, the distribution on the 2D-
FFT graph was biased in one direction. On the other hand,
above an IB incidence angle of 15°, circle-like 2D-FFT graph
distributions were achieved, which means that they were
distributed equally in the spatial frequency domain. This
indicates that the wrinkled structures on the SBS substrate
were almost equally distributed, as confirmed by the random
labyrinth pattern. Furthermore, the diameter of the circle-like
2D-FFT graph is based on the reciprocal of the average wrinkle
wavelength. Thus, it can be observed that the diameter
decreased as the IB incidence angle was increased, indicating
that a high IB incidence angle resulted in a large wavelength in
the wrinkled structure. These results visually reveal that the
wrinkled structure on SBS at above an IB incidence angle of
15° had random labyrinth patterns and the largest wrinkle
wavelength was achieved at an IB incidence angle of 75°.
The wavelength and amplitude values of the wrinkled

structures on the SBS were collected by conducting a line
profile analysis of the AFM measurements to investigate
specific information of the wrinkle pattern size as a function of
IB incidence angle (Figure 5); the collected average wave-
length values of the wrinkled structures on SBS are presented
in Figure 6a. The average wavelengths of the wrinkle pattern
on the SBS were 0.425, 0.625, 0.706, 0.866, and 0.891 μm at
incidence angles of 15, 30, 45, 60, and 75°, respectively. These
values numerically confirm that the wavelength of the wrinkled
structures on SBS increased as the IB incidence angle was
increased (as shown in the FE-SEM and the AFM images).
Furthermore, the average amplitude values as a function of IB
incidence angle were also collected, as shown in Figure 6b;
these were 19.194, 44.511, 52.886, 65.585, and 71.039 nm at
incidence angles of 15, 30, 45, 60, and 75°, respectively (Table
2). The average amplitude values showed a similar tendency of
increasing wavelength as the IB incidence angle was increased,
indicating that IB irradiation on the SBS substrate with a high
incidence angle induced high wavelength and amplitude. This
demonstrates the controllability of the size of the wrinkle
pattern on SBS by changing the IB incidence angle.
Furthermore, it was verified that the wrinkle pattern on the
SBS substrate had a smaller wavelength and amplitude than
those reported for wrinkle patterns on PDMS under similar IB
irradiation conditions.39 As presented in Figure 6c, the aspect

ratio (A/λ), which is the ratio of the wavelength to amplitude,
at each IB incidence angle was calculated. The wrinkled
structures on SBS at incidence angles of 15, 30, 45, 60, and 75°
attained aspect ratios of 0.045, 0.073, 0.076, 0.076, and 0.080,
respectively. Except for an IB incidence angle of 15°, with
which a less-formed wrinkled structure was observed, nearly
identical aspect ratios were achieved at all of the IB incidence
angles. Using eqs 1 and 2, the aspect ratio of the wrinkled
structure can be simply calculated as

λ π
ε

π
ε≈ Δ = −

i
k
jjjjj

y
{
zzzzz

A E
E

1
( )

1 1
4

31/2 s

f

2/3

(3)

where Δε = ε − εc. In this equation, the compressive strain (ε)
and substrate modulus (Es) are fixed because of the constant
application of IB irradiation energy and the same SBS substrate
being used at all IB incidence angles in this study. Due to these
fixed conditions, the aspect ratio of the wrinkled structure on
SBS strongly depends on the surface modulus (Ef). Therefore,
the change in surface modulus as the IB incidence angle was
increased can be inferred using eq 3 and the collected aspect
ratio values. Accordingly, it was confirmed that the SBS top
(stiff) layer at an IB incidence angle of 15° had a relatively
lower surface modulus than the others. At this incidence angle,
the space between the SBS surface and the direction of IB
irradiation was too narrow, so the IB did not irradiate the
entire SBS surface evenly; this incurred insufficient chemical
reformation of the irradiated surface, resulting in a stiff skin
layer with a relatively low surface modulus value, and
consequently, a less well-formed wrinkled structure was
achieved. Nearly constant higher aspect ratios were achieved
above an IB incidence angle of 15°. Through eq 3, it is obvious
that there were no significant differences in the top (stiff) layer
modulus values with an IB incidence angle above 15°,
indicating that the IB irradiated the SBS surface evenly,
which induced enough chemical reformation for fabricating a
stiff skin layer to form the wrinkled structure. To sum up, it
was confirmed through the line profile analysis that the size of
the wrinkle pattern, including the wavelength and amplitude,
can be controlled by changing the incidence angle, and the top
(stiff) layer modulus was nearly constant above an IB incidence
angle of 15°.

Figure 6. (a) Average wavelength, (b) average amplitude, and (c) aspect ratio of the wrinkle patterns on SBS as a function of IB incidence angle.

Table 2. Wavelength, Amplitude, and Aspect Ratio Values of
the Wrinkle Patterns on SBS at Various IB Incidence Angles

IB incidence angle (deg) wavelength (μm) amplitude (nm) aspect ratio

15 0.425 19.194 0.045
30 0.625 45.511 0.073
45 0.706 52.886 0.075
60 0.866 65.585 0.076
75 0.891 71.039 0.080
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Using eqs 1 and 2, and the results of the previous analyses,
the reason for the change in the wrinkle pattern size on SBS
was revealed as the increase in the IB incidence angle.
However, above an IB incidence angle of 15°, the SBS surface
had a nearly constant top (stiff) layer modulus value, as
reported earlier. This indicates that the top (stiff) layer
modulus was not a critical factor when determining the wrinkle
pattern wavelength size as the IB incidence angle was
increased. The wavelength of the wrinkle pattern is determined
by the top (stiff) layer thickness (h) and modulus mismatch.
Therefore, the wrinkle pattern wavelength strongly depended
on h. Additionally, because constant IB irradiation energy was
applied, the amplitude was largely determined by h. Schematics
of IB irradiation on the SBS substrate at IB incidence angles of
15 and 75° are illustrated in Figure 7a,b, respectively. Ions
accelerated by the IB system penetrate the irradiated substrate
surface, with the penetration depth d being determined by the
IB irradiation energy intensity. Therefore, for the same IB
irradiation energy on the same substrate, a constant ion
penetration depth is induced that according to the IB
incidence angle, can be split in two directions: parallel to the
substrate surface and perpendicular to it, with the latter
becoming the thickness of the area affected by IB irradiation.
As shown in Figure 3, IB irradiation induced a stiff skin layer
via chemical reformation that became the top (stiff) layer (the
thickness of which is denoted by h in Figure 7) that was
determined by the angle between the IB irradiation direction
and the SBS surface. Therefore, the thickness of the top (stiff)
layer increased as the IB incidence angle was increased.
Furthermore, applying eqs 1 and 2 revealed that the change in
h with IB incidence angle was a critical factor for changing the
size of the wrinkle pattern in terms of wavelength and
amplitude, which were the largest at the highest IB incidence
angle. To sum up the results of the analyses, it was confirmed
that the controllability of the wavelength and amplitude using
various IB incidence angles with the SBS substrate resulted in
smaller wrinkles than reported with PDMS under the same
conditions.

4. CONCLUSIONS

We controlled the wrinkle pattern size in terms of amplitude
and wavelength by applying IB irradiation at various incidence
angles. Furthermore, we confirmed the mechanism of wrinkle
fabrication as the incidence angle was increased using FE-SEM,
XPS, and AFM. Random labyrinth patterns were achieved on

the SBS substrate above an incidence angle of 15°. However, at
this low incidence angle, ions emitted from the IB system
irradiated the surface unevenly, which resulted in a less-formed
wrinkled structure on the surface. After the IB incidence angle
was increased to above 15°, well-formed wrinkled structures
were observed, indicating that a top (stiff) layer was induced
on the SBS substrate and compressive strain was applied due to
the even irradiation by the IB. It was confirmed via a chemical
composition investigation that the original carbon bonds in the
SBS were broken and new chemical bonds of carbon and
oxygen were induced by IB irradiation, resulting in a wrinkled
structure in the top (stiff) skin layer. Additionally, both
numerical and visual analyses revealed that the size of the
wrinkle pattern on the SBS in terms of wavelength and
amplitude increased as the IB incidence angle was increased.
Furthermore, using the aspect ratio confirmed that almost
identical modulus values were achieved above an IB incidence
angle of 15°. Hence, the size of the wrinkle pattern is affected
by the thickness of the top (stiff) layer, which can be
controlled by varying the IB incidence angle. Consequently,
the controllability of wavelength and amplitude was ensured.
Moreover, these values were smaller than on IB-irradiated
PDMS under similar IB energy irradiation conditions.
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