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A stiff skin forms on surface areas of a flat polydimethylsiloxane
(PDMS) upon exposure to focused ion beam (FIB) leading to
ordered surface wrinkles. By controlling the FIB fluence and area of
exposure of the PDMS, one can create a variety of patterns in the
wavelengths in the micrometer to submicrometer range, from
simple one-dimensional wrinkles to peculiar and complex hierar-
chical nested wrinkles. Examination of the chemical composition of
the exposed PDMS reveals that the stiff skin resembles amorphous
silica. Moreover, upon formation, the stiff skin tends to expand in
the direction perpendicular to the direction of ion beam irradiation.
The consequent mismatch strain between the stiff skin and the
PDMS substrate buckles the skin, forming the wrinkle patterns.
The induced strains in the stiff skin are estimated by measuring the
surface length in the buckled state. Estimates of the thickness and
stiffness of the stiffened surface layer are estimated by using the
theory for buckled films on compliant substrates. The method
provides an effective and inexpensive technique to create wrinkled
hard skin patterns on surfaces of polymers for various applications.

focused ion beam surface modification | polydimethylsiloxane |
surface wrinkles

Wrinkle patterns shown in Fig. 1 are formed by exposing the
surface area of a flat polydimethylsiloxane (PDMS) sheet
(thickness ~3 mm, Young modulus ~2 MPa) (1) to a focused ion
beam (FIB) of Ga™ ions as shown schematically in Fig. 14. This
method can create wrinkle patterns of various widths and
complexity by controlling the relative motion of the polymeric
substrate and the FIB to scan selected areas as shown in Fig. 1
B-E. The wrinkles appear only on the areas of the PDMS
exposed to FIB (see Fig. 1 B and C), due to buckling of the stiff
skin formed on the areas of the PDMS exposed to FIB. FIB
exposure creates a tendency for the skin to expand in the
direction perpendicular to the direction of FIB irradiation if it
was not constrained by the PDMS substrate, similar to the effect
observed in exposing metallic surfaces to ion beam irradiation
(2-4). The mismatch strain between the stiff skin and its
substrate give rise to skin buckling and the formation of the
wrinkle patterns (5-9). FIB exposure differs from UV/ozone
treatment of PDMS in that the latter produces a stiff skin by
increasing cross-links with relatively little strain mismatch (10,
11). The morphology of the wrinkle patterns on the surface areas
of PDMS is mainly a function of ion fluence as shown in Figs. 1C
and 2. Fig. 1D shows that the path of the wrinkle patterns can be
selected by controlling the relative motion of the substrate and
ion beam. In addition, one can create islands of buckled stiff
skins on the PDMS by controlling the ion beam spot diameter
and spacing (see Fig. 1E).

Various morphologies shown in Fig. 24 are created by a single
mode FIB scanning with the beam current of 1 nA and the
fluences indicated. When the PDMS substrate is exposed with a
fluence on the order of 1 X 10'3 ions per cm?, the wrinkles are
mainly straight and one-dimensional (1D) with an average
wavelength of ~460 nm. Herringbone wrinkles form at a fluence
of 5 X 103 ions per cm?. Nested hierarchical patterns are created
at a fluence of ~7 X 10'3 ions per cm? or greater, with primary
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wrinkles having average wavelength of ~460 nm nested in the
larger secondary wrinkles with average wavelength ~2.0 um,
revealing the hierarchical nature of wrinkling structures. An-
other simple method for controlling the applied fluence and
consequently the morphology of the wrinkles is multiple scan-
ning of the same region by an FIB with constant beam current,
as shown in Fig. 2B, here with N denoting the number of scans
and F as the fluence per scan.

To quantify the morphology of the wrinkle patterns, we
examined the topology of the wrinkles by using atomic force
microscopy (AFM) in the tapping mode (Fig. 34). For the
fluences of ~1 X 103 ions per cm?, a periodic, 1D profile
appears on the regions exposed to FIB, whereas at fluences
below this level the surface of the PDMS remains flat (Fig. 3 B
and C). By increasing the fluence, the amplitude of the wrinkles
increases as shown in Fig. 3B. At the fluence of ~2 X 10'3 ions
per cm?, a second generation of wrinkles appears with average
wavelength of ~1.95 um. Examination of the morphology of the
patterns created at fluences >3 X 10'* ions per cm? reveals the
existence of a third generation of the wrinkles with average
wavelength of ~8.65 um. We estimated the average induced
strain in the stiff skin as a function of FIB fluence from the
measured lengths along the surface of the wrinkle patterns (Fig.
3C; see Materials and Methods). The strain in the stiff skin is
estimated to be 3.1% at FIB fluence of 10'3 ions per cm?, which
is the lowest fluence leading to appearance of wrinkles. The
strain increases approximately linearly with the logarithm of the
fluence.

The critical strain associated with buckling of a uniform stiff
elastic skin attached to a compliant elastic substrate, e, is
approximately (5, 12-14):

e. =~ 0.52(E, | Ep*®,

where E and Eyare the elastic moduli of the substrate and stiff
skin, respectively. Furthermore, the wavelength of the primary
wrinkles, Aj, of a stiff skin with thickness ¢ is approximately:

Mt = 4(E; | E)".

Substitution of & = 0.031 and Ay = 460 nm from the
experimental measurements leads to estimates of the thickness
and stiffness of the skin: ¢ ~ 28 nm, E//E; ~ 70. The estimated
skin thickness is ~5 times larger than the thickness of the skin
reported on PDMS samples subject to UV/ozone treatment,
whereas the stiffness is comparable (10, 11, 15).
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Fig. 1. Wrinkle patterns on PDMS surface induced by FIB irradiation. (A)
Selected surface areas of the PDMS are exposed to FIB as shown schematically.
(B) The wrinkles appear only on the areas of the PDMS exposed to FIB. The SEM
picture shows the boundary of a 200 X 200-um region exposed to FIB with the
fluence of ~10'3 ions per cm? in a single scan mode. The wrinkles on the
exposed area are 1D with the wavelength of ~460 nm, while the unexposed
surface remains flat. (C) The morphology of the wrinkled skin depends on the
ion fluence, which can be controlled by varying the relative velocity of the
substrate and the beam. The SEM image shows a wrinkled pattern generated
along a straight path with width of 4.0 um with two different ion fluences:
1.8 X 10" (Right) and 9 X 10'5 (Left) ions per cm2. The surface of the PDMS
outside this path remains flat. (D) The wrinkle pattern can be generated along
selected paths with specified width by controlling the relative motion of the
substrate and ion beam. Here the pattern follows an S-shaped path with a
width of 6 um, created at a constant ion fluence, 5.0 X 10'5 ions per cm2. Inset
shows a circular path with the same width created at the same ion fluence. (E)
Islands of buckled stiff skins on the PDMS created by controlling the ion beam
spot diameter and ion beam spot spacing. Each island has the diameter of
~500 nm and is a smooth buckle with peak height of ~35 nm. The spacing
between the islands is ~1.5 um. The applied ion fluence (averaged over the
whole area of the PDMS) is 7 X 10'2 ions per cm2. (Scale bars: 10 um.)

As a final step, the chemical composition of exposed areas
of the PDMS was examined through depth by using Auger
electron spectroscopy (AES) (see Materials and Methods). The
results of AES analysis for the PDMS exposed to ion fluence
of 1.1 X 10" jons per ¢cm? is shown in Fig. 3D. Atomic
concentration ratio of O/Si has the average value of 1.37 in the
first 25 nm of the depth profile, whereas the atomic concen-
tration of Cis lower than that of the pure PDMS. This suggests
that the thin skin, formed on the polymer surface upon
exposure to FIB, has a chemical composition similar to SiOx.
A similar observation is reported for the stiff skin appearing
on PDMS substrate exposed to Ar* ion beam (16). The
thickness of this stiff skin is ~25 nm, which is in agreement
with the predicted value of 28 nm from the simple theory
presented above. We also used energy dispersive spectroscopy
(EDS) built into the FIB/SEM system to examine the chemical
composition of exposed areas of the PDMS exposed to FIB
with various ion fluences, which led to similar observations.

In Fig. 4, another simple method of creating wrinkled, hard
skins on selected regions of the PDMS is demonstrated by using
FIB irradiation. Here, the PDMS substrate is moved at a
constant speed relative to the FIB (Fig. 44). The wrinkle
patterns shown in Fig. 4B are formed by moving the PDMS at
a constant speed of 500 nm/s, while the FIB fluence is controlled
by decreasing the width of the exposed area from 50 to 4 wm at
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Fig. 2. The surface morphology of the wrinkle patterns induced by FIB
depends primarily on the applied ion fluence. (A) SEM images of the surface
morphology of the PDMS exposed to FIB in a single scan mode (N = 1) with
various ion beam fluences, F (ions per cm?). (B) SEM images of the surface
morphology created by N scans each with fluence, F = 2.0 X 10'3 jons per cm2.
(Top) SEM image shows the surface morphology after the first scan. AFM
examination of the surface shows that the surface has a wavelength of ~470
nm. (Middle and Bottom) SEM images of the surface after N = 15 (Middle) and
20 (Bottom) scans (with accumulated fluence, N X F, of 3.0 X 10 and 4.0 x
10" ions per cm?, respectively) reveals complex patterns of the surface with a
hierarchical nature. (Scale bars: 10 um.)

a constant beam current of 1 pA. In Fig. 4C, the morphology of
the wrinkles is controlled by varying the speed of the PDMS
substrate, while maintaining the width of the exposed area
constant at 4 um. This leads to the fluence ranging from 50 to
4 um. The path of the wrinkle patterns can be selected simply by
controlling the relative motion of the substrate and ion beam as
shown in Fig. 1D, and the morphology of the surface can be
changed by controlling the ion fluence as in Fig. 1C. This method
allows the formation of paths of rough wrinkles on the surface
of the PDMS that might be useful in developing multifunctional
microfluidic devices (17, 18).

Conclusions

In conclusion, methods to create patterns of wrinkled stiff skin
on a polymeric substrate upon exposure to FIB have been
demonstrated and characterized. FIB irradiation alters the
chemical composition of the polymer close to its surface and
induces a thin stiff skin with a strain mismatch. Wrinkle
patterns can be generated along selected paths with specified
widths by controlling the relative movement of the ion beam
and polymeric substrate, while wavelengths and amplitudes of
wrinkles can be achieved in the micrometer and submicrome-
ter level by varying the ion beam fluence. The method is simple
and inexpensive. The surface patterns have potential for
technological applications such as building biological sensors
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Fig.3. Examination of the surface topology and chemical composition of the
PDMS exposed to FIB through depth. (4) (Upper) Morphology of PDMS surface
exposed to FIB with fluence of 5.0 X 103 ions per cm2 obtained by using AFM.
(Scale bar: 3 um.) (Lower) The normal deflection of the surface along the path
identified in Upper by the dashed line. (B) Amplitude of the hierarchical
wrinkles formed upon exposure of the PDMS surface to FIB with various
fleunces. The primary wrinkles appear at the fluence of ~10'3 ions per cm2.
The characteristic wavelengths associated with the surface morphology are
calculated by FFT of the surface undulations obtained by AFM. (C) Average
compressive strain in the stiff skin formed by exposure of the PDMS surface
area as a function of ion fluence. The compressive strain is calculated by
averaging the strain along at least five directions for each morphology studied
(see Materials and Methods). (D) AES analysis of the PDMS surface exposed to
FIB with ion fluence of 1.1 X 10'3 ions per cm?2. Because of exposure to the FIB,
the concentration of C and O were changed at the first 25 nm of the PDMS
from that of the original PDMS, whereas the Si component remains almost
constant through the depth. Atomic concentrations of Si, O, and C become
close to the pure PDMS after depth of 25 nm from the surface with average
ratio of O/Si atomic concentration ~0.97.

(19-21), controlled patterning of polymer surfaces for optical
diffraction gratings (22), and developing multifunctional flu-
idic devices at the micrometer and submicrometer level.

Materials and Methods

Material Preparation. PDMS networks were prepared by mixture
of elastomer and cross-linker in mass ratio of 15:1 (Sylgard-184;
Dow Corning, Midland, MI). The mixture was placed in a plastic
box and stirred to remove trapped air bubbles and then cured at
80°C for 60 min, resulting in cross-linked PDMS network. PDMS
coupons of dimension 20 X 20 X 0.3 mm were cut for the
experiments.

FIB Irradiation. A FESEM/FIB dual-beam system (FE-SEM/FIB
Dual Beam NOVA; FEI, Hillsboro, OR) was used for FIB
irradiation and SEM imaging. PDMS coupons were placed in
the high vacuum chamber under the working pressure of ~5 X
1073 Pa. The PDMS surface was exposed to focused Ga* ion
beam in a digital mode with the acceleration voltage of 30 keV
and ion current in the range of 1 pA to 10 nA. The incident
angle between the Ga* ion beam and the PDMS target surface
and beam dwell time were kept at 90° and 3 us in all of
the experiments, respectively. The SEM images in the ex-
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Fig. 4. Various morphologies of the wrinkled skins induced by controlling
the relative motion of the ion beam and PDMS. (A) By moving the PDMS stage
during the FIB irradiation, long channel patterns can be produced. (B) SEM
images of the regions of the PDMS exposed to FIB showing various surface
morphologies created by changing the width from 20 um (top image) to 4 um
(bottom image). The PDMS stage has a constant velocity of 500 nm/s and the
beam current is 1 pA. The ion fluence varies from 7.2 X 10'3to 1.8 X 10'5 ions
per cm? (top to bottom images). (C) Surface morphologies created by varying
the moving speed of the PDMS stage from 50 to 500 nm/s, while the width of
the exposed area is kept constant as 4 um. The beam current is constant at 1
pA such that the fluence varies from 1.8 X 10'5to 1.8 X 10'®ions per cm2. Note
that the overall shape of the patterns also can be controlled as shown in Fig.
1D. (Scale bars: 10 um.)

posed region were taken by a built-in secondary electron
microscopy.

Measurement of Wrinkle Patterns Topology. The surface topology
of the wrinkle patterns induced by FIB was examined by using
AFM (Nanoscope III; Digital Instruments, Round Lake, NY)
in the tapping mode. The strain in the stiff skin induced by FIB
irradiation was estimated by direct measurement of the
surface length along a measurement line (L) and the straight-
line distance between its two ends (L) from the profiles
obtained by using AFM (see, for example, Fig. 34). The
induced strain along the line is taken as the approximation
(L — Lo)/Lo.

Chemical Composition Analysis. The chemical composition of the
region of the PDMS exposed to FIB (specifically, the concentration
of three major chemical components of the PDMS, O, Si, and C)
was examined by using AES (PerkinElmer 660; PerkinElmer,
Wellesley, MA) with 2-keV electron beam and depth resolution of
<2 nm. Depth profile for the chemical components was obtained
by using controlled sputtering rate of 5.1 nm/min, calibrated by
comparison with the sputtering rate of SiO, (23).
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