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Abstract
We introduce a collisional ion energy transfer model to understand wrinkle wavelengths on poly (dimethylsiloxane)
surfaces after ion beam irradiations. The collisional ion energy transfer model uses a Monte Carlo simulation and a full
molecular method to predict the thickness of a hard skin layer produced by ion beam irradiations on poly
(dimethylsiloxane) surfaces. Oxygen ion beam irradiations were conducted to verify the theoretical model. To make
wrinkles with wavelength in the range of 0.6-1.0 µm, the model derived appropriate ion energies of 700-1,000 eV.
Oxygen ion beams with the average energy of 707, 800, 901, and 1,043 eV were exposed on the polymer surfaces,
which showed randomly distributed wrinkle patterns with wavelengths of 0.63 ± 0.25, 0.84 ± 0.30, 0.93 ± 0.32,
1.27 ± 0.42 µm, respectively. The wavelengths observed through the experiments showed consistency with the
collisional ion energy transfer model.
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I. Introduction
Nanostructure surfaces on polymers are of considerable
interest in nanotechnologies that include tunable optics [1],
surface enhanced Raman spectroscopy [2], interlayer
adhesion control [3], flexible electronics [4], and biomimetic
micro fingerprints for anti-counterfeiting [5]. Wrinkle
nanostructures on soft polymers have been intensively
studied as wrinkle surface patterning is used in several
applications such as stretchable hydrophobic substrates and
security applications [5,6]. Wrinkle topologies have been
fabricated spontaneously by means of mask-free processes,
such as thin film deposition [7], plasma treatment [8],
solvent-driven oxidation [9], thermal annealing [10], and
ion beam (IB) irradiation [11]. These methods commonly
form a hard skin layer that generates local moduli
difference causing wrinkles [7]. In particular, the plasma
treatment and ion beam irradiation using an ion
bombardment is suitable to make the hard skin layer.
Because ion-polymer surface interactions change the
binding status within limited thickness below several tens
nm. In poly(dimethylsiloxane) (PDMS), the IB irradiation
results in the formation of hard skin layer within 1-10 nm,
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which induces wrinkles with wavelength from hundreds
nm to several μm because the wrinkle wavelength is a
function of the thickness of hard skin layer [12].
Uniform wrinkle formation on PDMS substrates is
important for industrial applications. Localized ion
irradiation in focused ion beams showed the inhomogeneity
of wrinkle patterns due to strain localization [11,13-15].
Large area IB irradiation with uniform ion flux and energy
is necessary to make homogenous wrinkle patterns. A
linear IB irradiation is possible to treat flexible substrates
with a web speed of 1-10 m/min when linear ion beam
source and roll-to-roll treatment system are utilized [16].
The linear IB source emits linearly uniform gas ion beams
such as argon, oxygen, nitrogen with a beam width of
1.5 m and an ion flux uniformity below 5 %. Thus,
homogenous wrinkle formation is available in in-line or
roll-to-roll processes without inhomogeneity problem due
to locally induced strain after IB exposure. And the linear
IB process is an attractive candidate to fabricate wrinkle
surfaces with high throughput, relatively low cost, and
clean process comparing to spin coating, electron beam
lithography, optical lithography, and wet chemical
processes.
The design of wrinkle wavelength is also important for
the various applications. The parameters of IB irradiation
such as ion energy and incident angle determine a depth in
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which the hard skin layer is formed. Recently, ion beam
irradiations on PDMS elastomer have been reported to
produce wrinkle structures as a function of the IB
irradiation parameters [12,17,18]. The wrinkle wavelength
has been modulated successfully in range of 0.75-1.95 μm
by changing IB energy from 800 eV to 2000 eV [18].
Also the wrinkle wavelength on PDMS have been
controlled from 0.93 μm to 2.03 μm by adjusting the
incident angle of impinging ions from 15° to 90°. The ion
incident angle changes cross-linking density, which affects
the Young’s modulus of the PDMS surface [12].
Understanding a wrinkle formation based on ionpolymer surface interactions is imperative to apply the IB
technique to the wrinkle surface patterning. Many reports
have introduced IB induced wrinkle patterns on PDMS
with descriptions based on mechanical and physiochemical
analysis, such as modulus measurement and X-ray
photoelectron spectroscopy [11,12,17]. Though the postexperiment investigations explained wrinkle formation in
detail, a theoretical model which predicts wrinkle
formation is required to design a wrinkle wavelength for
various purposes. In this work, we demonstrated quantitative
interpretations of interactions between impinging ions and
PDMS surfaces using a collisional ion energy transfer (CIET)
model. The CIET model calculates a depth which is effective
to form a the hard skin layer using Monte-Carlo
simulations and a full molecular method [19,20]. The
wavelength expected by the CIET model were compared
with the wrinkle wavelength obtained after linear oxygen
IB irradiation on PDMS surfaces.

The IB irradiation was conducted in vacuum environment of
0.5-1 mTorr. The surface image of the wrinkle patterns was
observed by field emission scanning electron microscopy
(JSM-6700F, JEOL). The PDMS samples were prepared
by 10 nm silver film coating using magnetron sputtering.
The acceleration voltage was kept at 5 kV. The SEM
images were subjected to 2D FFT analysis to characterize
the wrinkle wavenumbers using commercial software
(SPIPTM).

III. Results and discussion
Figure 1 demonstrates scanning electron microscope
images and wavenumber distributions analyzed by twodimensional fast Fourier transform power density spectra.
As the ion energy increases the PDMS surfaces showed a
wrinkle width broadening, which corresponds to the
decrease of wrinkle wavenumber: 1.60 ± 0.56, 1.19 ± 0.38,
1.08 ± 0.34, and 0.79 ± 0.24 μm−1 for each ion energy
represented in Fig. 1(e). The deviations are the full width
at half maximum of the wavenumber distribution. The

II. Experimental details
PDMS precursor mixtures were prepared by a
combination of Sylgard 184 base and hardener (Sylgard
184, Dow Corning Corporation, USA) in the mass ratio of
10:1, by mixing in a Petri dish for 10 min. The prepared
mixtures were placed in vacuum chamber, until no bubbles
remained in the bulk of the mixtures. Glass substrates
cleaned by a standard method were used for PDMS spin
coating. The precursors mixtures were spin coated onto
25 × 25 mm2 glass for 40 s at 500 rpm. This sample
preparation procedure is identical to reference to use
Young’s modulus and Poisson’s values of bulk PDMS in
wavelength calculation [12]. The PDMS coatings were
then annealed by heating on hotplate for 120 min at 65 oC.
PDMS samples on the glass substrates were exposed to
oxygen IB generated by closed drift ion sources [16]. The
ion source emits linear IB (width: 400 mm) with the ion
current density of 0.1 ± 0.02 mA/cm2 and the ion dose
irradiated on PDMS samples were 4.5 ± 0.5 × 1016 cm−2.
The anode voltage controls the average ion energy: 707,
800, 901, and 1,043 eV. A retarding potential analyzer
(RPA) was used to measure the ion energy distribution
function (IEDF) of ions irradiated on PDMS samples [21].
www.e-asct.org//DOI:10.5757/ASCT.2018.27.6.130

Figure 1. Surface images at the ion energy of (a) 707 eV, (b)
800 eV, (c) 901 eV, and (d) 1,043 eV, and (e) wavenumber
distribution functions for each PDMS surfaces analyzed by 2D
FFT power density spectra.
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Figure 2. Schematic of collisional ion energy transfer model
with full molecular method: oxygen molecule ion beam
dissipated immediately to two monoatomic oxygen atoms at
surface and modify PDMS surface within effective energy
transfer depth.

wrinkle wavelengths that correspond to the wavenumbers
are 0.63 ± 0.25, 0.84 ± 0.30, 0.93 ± 0.32, 1.27 ± 0.42 μm,
respectively.
IB irradiations make a hard skin layer that determines the
wrinkle wavelength. The competition between the bending
energy of the hard skin layer and the stretching energy of
the soft supporting PDMS determines the wrinkle
wavelength [17]. Eq. (1) including the Young’s modulus
and Poisson’s ratio describes the competing behaviors:
E HS ( 1 – v
2)
PDMS
λ = 4.4h -----------------------------------------E PDMS ( 1 – v 2 )

1⁄3

,

(1)

HS

where λ is the wrinkle wavelength, h is the thickness of
the hard skin layer; EHS and EPDMS are the Young’s moduli
of the hard skin layer and the PDMS substrate,
respectively; and νHS and νPDMS are the Poisson’s ratios of
the hard skin layer and the PDMS substrate, respectively.
The Young’s modulus of bulk PDMS has been controlled
simply by annealing temperature [17]. In this work, the
PDMS samples were annealed at 65 oC for the Young’s
modulus of 1.5 MPa, which simplified Eq. (1) to k=1/
147 h using several known values, EHS ≈ 70 GPa, νHS ≈ 0.2,
and νPDMS ≈ 0.48 [12]. In this procedure, we assumed that
the oxygen IB treated PDMS surfaces in Fig. 1 have same
EHS and νHS values to predict wrinkle wavelength using the
CIET model and Eq. (1).
Collisional behaviors between ions and polymers could
explain the thickness of the hard skin layer. Irradiated ions
penetrate polymer surfaces to a definite depth accompanying
energy transfers by cascade collisions. Incident ions collide
with polymer atoms, and make energetic recoils. Ions and
recoils lose their energy to make displacements of polymer
atoms: nuclear stopping. Displacement occurs when the
transferred energy is larger than the threshold energy for
displacement. Polymers have 2-10 eV displacement energy,
which is smaller than that of semiconductors (~15 eV) and
of metal (25-40 eV) [22]. The displacement results in
vacancy, replacement, and interstitial productions. If the

transferred energy is not sufficient to generate displacement,
phonon vibration consumes the recoil energy thermally
[22]. The nuclear stopping is a driving force for scission
and cross-linking initiating a formation of hard skin layers.
Thus, quantitative estimation of the energy transfer as a
function of depth could explain the thickness of the hard
skin layer after IB irradiations.
The energy transfer as a function of depth was calculated
by Monte Carlo based simulation. The stopping and range
of ions in matter (SRIM) was used to predict collisional ion
energy transfer rates to PDMS components: C, H, O, Si
[22]. In the SRIM calculation, the conventional PDMS
formulation (C2H6OSi)n was adapted (density: 0.868 g/
cm3). The calculation type was “detailed calculation with
full damage cascades”. Monoatomic IB irradiation, such as
He+ and Ar+ ions, can be precisely calculated, because
SRIM applies the binary collision approach. Meanwhile,
molecular IBs, such as O2+ and N2+, cannot be directly
treated by binary collision. However, the penetration and
energy loss of the molecular IBs can be calculated by using
a theory of molecular IB implantations: the full molecular
method [20]. This assumes that when it enters the target,
the molecular ion dissipates immediately as shown in Fig.
1. This is true if the ion energy is much higher than the
dissociation energy of molecular ions, which are of the order
of 10 eV/atom [20]. For ion energies in several hundreds eV
range, this requirement for spontaneous dissociations is
certainly met. Thus, an impacting molecular ion can be
considered as two monoatomic ions. The incident energy is
divided by the mass ratios represented in Eq. (2):
Mi
Ei
----- = ----------------,
E
Σj Nj Mj

(2)

where, Ei is the monoatomic ion’s energy of i species, E
is the energy of the molecular IB; Mi and Mj are the mass
of each species, respectively; and Nj is the atom number of
j species. In the molecular oxygen IB, the CIET model
substitutes a molecular oxygen IB (O2+) by two
monoatomic oxygen atoms (O) with half of the molecular
ion’s energy in PDMS medium. Actually, oxygen plasma
generated by low temperature DC discharge consists of
mostly molecular oxygen ions (O2+) [23,24]. The few
percent of monoatomic oxygen ions having a whole
acceleration energy can be ignored in this experiment
conditions. Thus, the CIET model assumes that molecular
oxygen ions are dissociated to two monoatomic oxygen
atoms, which have a half of molecular oxygen ion’s energy.
The oxygen atoms transfer energy to recoils by collisions
in Fig. 2. When the transferred energy to recoil is larger
than the displacement energy of polymer components, the
recoils induce vacancy, replacement, and interstitial to a
certain depth, in which scission and cross-linking are
occurred. When the transferred energy to recoil is lower
than the displacement energy, recoils generate phonon that
releases transferred energy thermally. The phonon in
Appl. Sci. Converg. Technol. | Vol. 27, No. 6 | November 2018
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Figure 3. (a) Energy transfer rate to PDMS recoils (C, H, O,
Si) per unit depth by an atomic oxygen ion having an energy
of 400 eV. (b) Energy transfer rate to hydrogen atoms per unit
depth by an atomic oxygen ion with 350, 400, 450, and 500 eV.

conductivity of 0.1~0.2 W/m-k [25]. Therefore, it is
necessary to consider the depth at which the transferred
energy effectively change the binding of polymer surface
due to displacement and heat generation. SRIM code
calculates the collisional energy transfer rate to PDMS
recoils (Erecoil) of the monoatomic oxygen atom, which is
used to calculate the effective energy transfer depth (heff) in
Fig. 1 creating hard skin layer after oxygen IB irradiations.
The Erecoil was calculated by SRIM to predict h in Eq.
(1). Ions transfer their incident energy to the PDMS
components: C, H, O, Si. Figure 3(a) shows the Erecoil when
the energy of atomic oxygen ion is 400 eV at normal
injection. Carbon and hydrogen atoms absorb ion energy
dominantly at PDMS surface. Note that Methyl group
(CH3) dissociation is a main reaction to make the hard skin
layer because the hard skin layer has no methyl group. For
example, Sylgard 184 base PDMS is composed of
dimethylsiloxane oligomers with vinyl-terminated end
groups [26]. Pristine PDMS has shown strong infrared (IR)
absorptions at 2,850 cm−1 (CH2 symmetric stretch), 2,910 cm1
(CH3 symmetric stretch), and 2,960 cm.1 (CH3 asymmetric
stretch). By oxygen plasma treatment, the methyl (CH3)
groups have been transformed into a hydroxyl-terminated
surface with negligible residual methyl groups due to
hydrogen dissociations [27]. Thus, we assume that the
profile of Erecoil to hydrogen atoms relates to the h in Eq.
(1).
Figure 3(b) shows the Erecoil of an atomic oxygen to
hydrogen atoms in PDMS medium as a function of
impinging energy. The maximum energy transfer depth
increased from 70 Å to 100 Å as the ion energy is
increased from 350 to 500 eV, which corresponds to half of
the molecular oxygen ion’s energy, adapting the full
molecular method represented in Eq. (2). Considering the
hydrogen dissociation energy of a methyl chain in PDMS,
monoatomic oxygen transfers enough energy to dissociate
a hydrogen atom until a certain depth. We define the
certain depth as an effective energy transfer depth (heff) that
satisfies the following equation,
E diss =

Figure 4. Effective energy transfer depth to dissociate a
hydrogen from a methyl group, the corresponding wrinkle
wavelength, and observed wavelength on PDMS surfaces as a
function of the monoatomic oxygen energy. The hydrogen
dissociation energy of 4.9 eV/atom was used in this plot.

amorphous phase cannot deliver heat efficiently and
effective heat transfer length is lower than 10 nm. The
temperature increases locally in the ion energy transfer
depth and the generated heat transfer with a low thermal
www.e-asct.org//DOI:10.5757/ASCT.2018.27.6.130

∞

∫h

eff

E recoil ( H ) dH ,

(3)

where Ediss is the hydrogen dissociation energy, heff is the
effective energy transfer depth, Erecoil is the energy transfer
rate function in Fig. 3(b), and H is the depth from the
PDMS surface. Eq. (3) means that the heff is the thickness
when residual energy of penetrating oxygen atom is equal
to the energy of methyl dissociation. In other words, heff is
the thickness at which a hydrogen dissociation of a methyl
chain could be possible by energetic hydrogen recoils. For
example, the hydrogen dissociation energy of a methyl
chain is 473 kJ/mol, which is same to Ediss = 4.9 eV/atom
[28]. The heff of H-CH2 bonding as a function of the
monoatomic oxygen ion energy from 350 eV to 500 eV is
plotted in Fig. 4. The heff was obtained by integrating the
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plots of Erecoil(H) in Fig. 3(b) within a range, which
satisfies Eq. (3). It shows that monoatomic oxygen ions
with energy of 350-500 eV deliver sufficient energy to
dissociate H-CH2 bonding to the heff of 45-65 Å. The
dissociation depth is linearly increased due to that the Erecoil
of hydrogen atom is also linearly increased when
monoatomic oxygen ion energy increases. Substituting h in
Eq. (1) to the heff in Fig. 4, the wrinkle wavelength
expected by heff from the CIET model was 0.65-0.96 μm.
The wrinkle wavelength observed in PDMS surfaces after
oxygen IB irradiation in Fig. 1 showed consistency with
the CIET model within the FWHM of wrinkle wavelength
distribution. This shows the possibility that the amount of
ion energy transferred to the PDMS recoils can explain the
thickness of the hard skin layer using heff based on the
assumption that polymer bonds are dissociated when the
binding energy is less than the energy delivered to the
polymer components.
The prediction of wrinkle wavelength showed deviation
in the oxygen ion energy of 500 eV. The PDMS specimens
consist of a chain of Methyl (CH3) groups (Ediss = 3.5-4.9
eV/atom), Si-C (Ediss = 4.5 eV/atom), Si-O (Ediss = 8.3 eV/
atom) [28]. As the energy of oxygen ion increases, the
opportunity that ion beam irradiation initiates the
dissociation of bonds that have higher Ediss than that of
Methyl groups increases, and it forms different deformed
layer. Though the heff in Fig. (4), which is predicted by the
correlation between the H-CH2 binding energy (Ediss = 4.9
eV/atom) and the Erecoil to hydrogen atoms, showed
reasonable wrinkle wavelength up to 400 eV, another
dissociation reaction such as Si-C, Si-O in PDMS should
be included for precise wrinkle prediction at the higher ion
energy above 400 eV.

IV. Conclusions
Wrinkle wavelength predicted by the proposed collisional
ion energy transfer model showed analogous values with the
wrinkle wavelength observed after oxygen IB irradiations on
PDMS surfaces. In the collisional ion energy transfer model,
the effective energy transfer depth (heff) for H-CH2 bond
dissociation is only considered to predict the thickness of
hard skin layer. This approach showed consistency
between the theoretical model and experimental result until
a certain ion energy. When the ion energy increases and it
causes double or triple dissociation processes, the collisional
ion energy transfer model needs to deliberate the complex
dissociation and cross-linking processes. In future work,
improved CIET model including double or triple bond
dissociation processes will be investigated for more precise

expectation of the wrinkle wavelength after IB irradiation.
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