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hat ordered wrinkles can be created on the surface of polymers using focused ion
beam irradiation. Here, we provide an overview of the techniques developed for controlled creation of
nanoscale wrinkling patterns on the polymer surface using focused ion beam. Moreover, some of the key
experimental challenges for precise fabrication of wrinkling patterns were investigated by exploring the role
of pixel dwell time and fluence on the morphology of the created patterns. It was demonstrated that precise
modification of the polymeric surface can be achieved with high pixel dwell time at low ion fluence.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The attempt to develop surface engineering techniques for
polymers has yielded various methods from lithography and plasma
and UVO treatment [1–5] to liquid polymer films dewetting [6,7] and
thin metal film deposition on polymers [8–10]. These techniques are
employed to create variety of patterns, such as dots, network
structures, complex hierarchically assembled patterns, honeycomb-
like structures and ring-like patterns on the surface of polymers
[3–11]. On the other hand in our recent experiments with poly-
dimethylsiloxane (PDMS), we have shown that focused ion beam (FIB)
irradiation can be used for creation of ordered wrinkle patterns on the
polymer surface [11,12]. The flexibility provided by this technique
provides new avenues for creation of structural features at micron and
submicron scales on the surface of polymers. The precise mechanisms
underlying formation of these wrinkling patterns are not completely
understood. However, it was shown that FIB irradiation results in
formation of a stiff skin on the surface of PDMS, as also seen in
previous experiments on the effect of ion beam irradiation on metallic
surfaces [13–17]. This thin stiff skin created on the PDMS surface
resembles amorphous silica [18,19] or amorphous carbon [20]. This
thin stiff skin undergoes in-plane compression upon formation and
buckles leading to creation of ordered wrinkles. The wavelength and
l rights reserved.
morphology of the induced undulations can be effectively selected by
controlling the accelerating voltage and fluence or current of the ion
beam.

Surface modification by ion bombardment has been previously
investigated for glassy metals [13,21], as well as amorphous [14,16,22–
25] and crystalline materials [26–29]. Generally, Irradiation of ion
beam normal to the surface leads to surface milling — as also seen in
our recent experiments on polyimide, a polymer much stiffer that
PDMS [30]. In these experiments, the ion effect is characterized by the
mean penetration depth and longitudinal and lateral straggling
widths [22–24]. On the other hand, ion beam irradiation at non-
normal incident angle leads to appearance of features as also seen for
polyimide, where surface riiples manifest [30].

These experiments suggest that FIB irradiation is a robust technique
for surface engineering of polymers and can be used in an array of
multi-disciplinary fields from medicine to engineering. Examples are
designing biointerfaces for tissue engineering and regenerative
medicine, microfluidics, biosensors and optics [3–5,31,32]. To extend
the capabilities of this technique, we have developed three different
methods as shown in Fig. 1. The area exposed to the ion beam can be
selected by controlling the relative movement of the ion beam and
polymeric substrate, or for applications that need very precise control
over the exposed area by maskless patterning method.

In this paper, we complement our previous studies on controlled
creation of wrinkle pattern on the polymer surface using FIB by
systematically exploring the role of ion beam dwell time and ion
fluence [27,33,34]. In these experiments, flat polymeric substrates
were subject to ion beam irradiation with various dwell times, while
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Fig.1. Surfacemodification of polymers by focused ion beam. The figure displays the threemethods developed for controlled creation of wrinkling patterns on desired surface areas of
the polymer. The methods are shown schematically on the left, while an example of the created wrinkles for each method is shown on the right. Scale bars=10 µm.
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the formation of wrinkling patterns was monitored as a function of
irradiation duration and therefore ion fluence. Maskless patterning
was used to create the wrinkling patterns on pre-defined complex
regions of the polymeric substrate.
Fig. 2. SEM image of a wrinkling pattern created by focused ion beam on the PDMS surface. A
herringbone wrinkles were formed at the center of the exposed region. The ion beam had
respectively.
2. Experimental details

PDMS samples were prepared by a mixture of elastomer and cross-
linker in mass ratio of 10:1 (Sylgard-184, Dow Corning, MI). The
pproximately straight wrinkles were formed near the edges of the exposed area, while
the acceleration voltage, dwell time and fluence 30 keV, 0.3 µs and 2.5×1013 ions/cm2,



Fig. 3. Role of pixel dwell time on themorphologyof patterns created by focused ion beam.
(a), (b) Wrinkle pattern created at the pixel dwell time 0.5 µs. (c) The edge of the region
exposed to focused ion beam with the pixel dwell time 5 µs. The ion beam accelerating
voltage and density were 20 keV and 37 pA, respectively. The wrinkle patterns were
created by 2s FIB irradiation, leading to the ion fluence ~1.85×1013 ions/cm2.
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mixture was placed in a plastic box and stirred to remove trapped air
bubbles and then cured at 80 °C for 2 hours, resulting in a cross-linked
PDMS network, which was cut as coupons of dimension
20 mm×20 mm×3 mm for the experiments. A high resolution FE-
SEM/FIB dual beam system (FE-SEM/FIB Dual Beam NOVA, FEI, OR)
was employed for the Ga+ focused ion beam irradiation. PDMS
coupons were placed in the high vacuum chamber under a working
pressure of ~5×10−5 Pa. The PDMS surface was exposed to FIB in a
digital mode with acceleration voltages of 20 and 30 keV and ion
current in the range of 1 pA to 20 nA. The incident angle defined as the
angle between the incoming beam and the surface normal was
maintained at 0°. The pixel dwell timewas varied between 500 ns and
50 µs.

The maskless patterning method of the FIB equipment was
adopted for surface modification in the form of pre-defined shapes
[12]. This method permits accurate selection of the areas exposed to
the FIB. Bitmap files of the patterns, such as those shown as insets in
Figs. 4a, 5a and 5b, were imported as a virtual mask in the focused ion
beam system. The polymer surface was exposed to Ga+ ion beamwith
the dwell time in the range of 500 ns to 50 µs. As rectangular areas
were exposed to Ga+ ion beam (digital raster mode), dwell time for
each ion beam spot was varied from 500 ns to 50 µs on the scanning
area.

The SEM images in the exposed regionwere acquired using a built-
in secondary electron microscopy of the FE-SEM/FIB system. In order
to suppress the electron charging phenomenon for SEM imaging, a
5 nm layer of gold was deposited along the edge of PDMS prior to FIB
irradiation.

3. Results and discussion

Fig. 2 shows a wrinkling pattern created by FIB irradiation on the
surface of PDMS. The morphology of the wrinkle patterns are
governed by the stress state in the stiff skin induced by FIB irradiation.
In Fig. 2, straight wrinkles appear near the edge of the exposed region
since the stress state is almost uniaxial. In contrast, herringbone
wrinkles appear close to the center of the exposed area, indicating that
the stress induced in the stiff skin is approximately equi-biaxial [35].
The thickness of the stiff skin induced by FIB irradiation on the
polymeric surface does not strongly depend on the ion fluence and is
rather governed by the acceleration voltage of the ion beam [11,12,15].
On the other hand, the ion fluence governs the morphology of the
wrinkle patterns due to its direct correlation with the induced strain
in the stiff skin [11]. The critical strain associated with onset of
instability in a stiff skin layer attached to a compliant substrate, εc, is
approximately, εc≈0.52(Es /Ef)2/3, where Es and Ef are the elastic
moduli of the substrate and stiff skin layer, respectively [12–14,35].
Furthermore, the wavelength of the primary wrinkles, λ, of a stiff skin
with thickness t, is approximately, λ / t≈4(Ef /Es)1/3. For the ion beam
irradiation with acceleration voltage of 30 keV, substitution of
εc=0.031 and λ1=460 nm from our measurement yields: t≈28 nm,
Ef /Es≈70 [11]. As acceleration voltage decreased from 30 to 5 keV, the
thickness of the induced stiff skin were reduced from 28 to 5 nm and
the wrinkle wavelength from 450 to 50 nm, respectively [12].

In literatures, pixel dwell time of ion beam is considered as one of
the key factors that determine the accuracy of surface modification by
ion beam. The dwell time controls the ion beam broadening and ion
beam shifting as shown before for experiments on semiconductors
[27,33,34]. In Fig. 3, we explored the role of ion beam dwell time on
the wrinkle patterns created on the surface of PDMS using focused ion
beam irradiation. In this set of experiment, the accelerating voltage
and ion current were 30 kV and 50pA, respectively. The SEM figures
display the wrinkle patterns created after 2 s of FIB irradiation, or
equivalently at the ion fluence of ~1.85×1013 ions/cm2. The dwell time
was 0.5 µs, and 5 µs in Fig. 3b, c, respectively. For the dwell time of
0.5 µs, straight wrinkles appear at the edge of the exposed region
which evolves to herringbone patterns with wavelength of ~350 µm
by moving towards the center of the exposed region. For the dwell
time of 5 µs, well-defined herringbone wrinkles were fabricated on
the entire area exposed to the ion beam. In Fig. 3a, the boundaries of
the region exposed to ion beam are not very distinct due to ion beam
shifting during the repetitive scanning. However, by increasing the
dwell time, this effect diminishes as a longer dwell time leads to less
number of repetitive scanning at a constant fluence. Long term ion
beam irradiation may lead to overflow of ion dose or ion shifting
outside the patterned region due to increasing the positive ion
charging effect on the surface. This effect is well-known for non-
conductive materials, especially polymers, subject to ion beam
irradiation [36,37]. A complementary set of experiments were carried
out where wrinkle patterns were created along parallel lines by



Fig. 4.Wrinkle patterns guided by maskless patterning. The pixel dwell time of the focused ion beam is 0.5, 5 and 50 µs in (a), (b) and (c), respectively. Each line has the width 2.5 µm
in the bitmap file imported to as the maskless pattern. The panels on the right are magnified from the left side images. The accelerating voltage and current of ion beamwere 20 keV
and 0.21 nA, respectively. The ion fluence in the exposed region (denoted by white color in the inset of (a)) was ~4.0×1012 ions/cm2. Scale bars=10 µm.
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employing the maskless patterning method, Fig. 4. The fluence and
accelerating voltage were ~4.0×1012 ions/cm2 and 20 keV, respec-
tively. Again, shorter dwell time leads to ion beam shifting across the
boundaries of confined area mainly due to a large astigmatism and
defocusing caused by positive ion charging form the polymer surface.
The wrinkling pattern created in Fig. 4a with the dwell time of 0.5 µs,
has the average width of ~3 µm, which is larger than the width of
2.5 µm, pre-defined in the bitmap image. By increasing the dwell time
to 50 µs in Fig. 4c, the wrinkles formed only on the areas guided by the
bitmap image with very distinct boundaries.

In addition to the pixel dwell time, the ion fluence is considered
as one of the main factors that increase the ion beam broadening and
shifting during the irradiation experiment. In Fig. 5, we used
maskless patterning method to study the role of ion fluence on
creation of wrinkles patterns by FIB. The insets to the top figures
display the bitmap image imported to the FIB system. The accelerat-
ing voltage and current of ion beam were 30 keV and 50 pA,
respectively in both experiments. By adopting the circular patterns
(left panel, Fig. 5a), islands of buckled stiff skins on the PDMS was
created at the fluence of 2.74×1012 ions/cm2. Each island had the
diameter of 1.4 µm and the spacing between the islands was set as
4.2 µm. By increasing the fluence, arrays of buckled lines appear on
the surface of the polymer along the rastering direction of the ion
beam (left to right). At the ion fluence of 1.37×1013 ions/cm2, the
entire region were affected by ion beam irradiation. The reason for
this alteration in the morphology of created patterns is ion beam
broadening during irradiation of Ga+ ion beam, which causes the
large areas of the polymeric surface to be affected by the repetitive



Fig. 5. Patterns created at different ion fluences by maskless patterning. Bitmap files of the patterns used are shown as insets in the top figures. The accelerating voltage and pixel
dwell time were 30 keV and 50 µs, respectively. The ion fluence for each wrinkling patterns is shown in the figures. Scale bars=10 µm.
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rastering of ion beam [33,34]. Similar set of experiment was
performed for cross-shaped patterns as shown in Fig. 5b. At the
fluence of 5.9×1011 ions/cm2, the cross-shapes of the bitmap file were
directly reflected on the PDMS surface, but no wrinkles were formed.
By increasing the fluence, the ion-blanked regions in the bitmap file
were affected due to ion beam broadening, which caused wrinkle-
like structures near the irradiated region (middle plan) and the entire
region by further increase in the fluence.

4. Conclusions

We provided a brief overview of a recent surface modification
technique for polymers based on focused ion beam irradiation and
highlighting the key advantages and limitations of the proposed
technique. Moreover, some of the key experimental factors involved in
patterning the polymeric surfaces by focused ion beam were
examined. Specifically, we explored the role of pixel dwell time and
ion fluence on the morphology of the created wrinkles. Long pixel
dwell times leads to wrinkling patterns with distinct boundaries,
while short pixel dwell time leads to non-uniform patterning of the
surface with indistinct boundaries. Furthermore, ion beam shifting
associated with fluence and the rastering number was explored by
selecting the appropriate ion beam condition.
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