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Controlled formation of nanoscale wrinkling patterns
on polymers using focused ion beam
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It has previously been shown that focused ion beam irradiation induces a wrinkled skin on the surface of polydimethylsiloxane.
Here, it is demonstrated that the wavelength of the induced wrinkles and their morphology can be effectively selected by controlling
the acceleration voltage and fluence of the ion beam. The capabilities of the technique are also extended by adopting the maskless
patterning method of the focused ion beam system, which allows creation of controlled wrinkling patterns on small surfaces of
polymers.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Modification of the surface of polymers at the
micron and submicron scales has direct implications
for an array of scientific and technological areas from
tissue engineering to building high-capacity memory
storage devices [1–5]. In tissue engineering, for example,
certain aspects of cell behavior can be controlled by
altering surface topology [6–10]. Other potential appli-
cations include optical diffraction gratings and optical
microlenses [11,12], biosensors [13,14], and microfluidic
devices [15–18]. Recently, we have shown that irradia-
tion of Ga+ focused ion beam (FIB) on the surface of
a polydimethylsiloxane (PDMS) substrate (Fig. 1a) re-
sults in the formation of a stiff skin on the substrate,
which has a chemical composition resembling amor-
phous silica [1]. This stiff skin undergoes ion-irradia-
tion-induced anisotropic plastic deformation and tends
to expand in the plane perpendicular to the ion beam
[19–23]. Since the stiff skin deformation is constrained
by the PDMS substrate, the skin experiences in-plane
compressive strain upon ion beam irradiation and buck-
les to accommodate the induced mismatch strain be-
tween the skin and the polymeric substrate. This
finding provides a robust technique for creating wrin-
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kling patterns on selective areas of the PDMS by simply
controlling the movement of the ion beam relative to the
polymeric substrate. A Ga+ ion beam with acceleration
voltage of 30 keV and ion fluence in the range of 1012–
1016 ions cm�2 produces a variety of wrinkling patterns
with primary wavelength �450 nm, from straight one-
dimensional undulations to herringbone and hierarchi-
cal patterns with multiple wavelength scales [1]. In this
paper, the roles of the acceleration voltage and the flu-
ence of the ion beam are explored by systematically
varying these parameters over the range 5–30 keV and
1012–1018 ions cm�2, respectively.

PDMS networks were prepared by a mixture of elas-
tomer and cross-linker in a mass ratio of 10:1 (Sylgard-
184, Dow Corning, MI). The mixture was placed in a
plastic box and stirred to remove trapped air bubbles
and then cured at 80 �C for 2 h, resulting in a cross-
linked PDMS network with elastic modulus �2 MPa
[24]. PDMS coupons of dimension 20 mm · 20 mm ·
3 mm were cut for the experiments. A high-resolution
field emission scanning electron microscopy (FESEM)/
FIB dual beam system (FE-SEM/FIB Dual Beam
NOVA, FEI, OR) was employed for focused ion beam
irradiation and SEM imaging. PDMS coupons were
placed in the high-vacuum chamber under a working
pressure of �5 · 10�5 Pa. The PDMS surface was
sevier Ltd. All rights reserved.
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Figure 1. Morphology of the wrinkling patterns created by varying the
ion beam acceleration voltage and fluence. (a) A schematic of the
experiment. Wrinkles appear only on the areas of the PDMS exposed
to FIB. (b) Map of wrinkle morphology as a function of FIB
acceleration voltage and ion beam fluence. The wrinkling patterns were
classified in five different categories: straight, herringbone, hierarchical,
complex patterns and surface cracking. The filled circles show the
actual data for the morphology of the created wrinkles. (c–f) Selected
SEM images of the wrinkling patterns. (c) and (d) display one-
dimensional straight buckles and herringbone patterns, respectively,
with primary wavelength �50 nm created using acceleration voltage of
5 keV and ion fluences 9.0 · 1013 and 5 · 1014 ions cm�2, respectively.
Bar = 400 nm. (e) Complex hierarchical patterns with primary wave-
length �465 nm created using an acceleration voltage of 30 keV and
ion fluence 1.0 · 1016 ions cm�2. Bar = 5 lm. (f) For an acceleration
voltage of 30 keV and ion fluence 1.0 · 1017 ions cm�2, complex
wrinkling patterns and surface cracking were observed. Bar = 5 lm.
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exposed to a focused ion beam of Ga+ ions in a digital
mode with multiple acceleration voltages (5, 10, 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 main-
tained at 0� and the beam dwell time was 3 ls in all
cases. The SEM images in the exposed region were taken
by a built-in secondary electron microscope.
The morphology of the wrinkling patterns created
was examined using atomic force microscopy (Nano-
scope III, Digital Instrument, NY) in the tapping mode
measurement and SEM. The mapping between the
morphology of the wrinkling patterns and acceleration
voltage and ion fluence of FIB is shown in Figure 1b,
while selected SEM figures of the induced patterns are
depicted in Figure 1c–f. At each acceleration voltage,
straight, one-dimensional buckles appear at low ion
beam fluence, while at higher ion fluence more complex
patterns develop, including herringbone and double-
scale morphologies with two or more distinct wave-
lengths as seen in Figure 1b. The critical value of ion
fluence associated with the onset of appearance of a gi-
ven wrinkle pattern is higher at lower acceleration volt-
ages. At very high fluence, complex patterns and
cracking of the surface were observed, denoted by the
‘surface cracking’ in Figure 1b.

Figure 2a shows the average induced strain in the stiff
skin as a function of FIB fluence for the acceleration
voltages 10, 20 and 30 keV, respectively. The induced
strain in the stiff skin induced by FIB irradiation was
estimated by direct measurement of the surface length,
L, along a trace across the surface. With L0 as the
straight-line distance between the ends of the trace, the
strain approximation is taken as (L � L0)/L0. The aver-
age compressive strain in the stiff skin was calculated by
averaging the strain along at least five traces for each
morphology studied. The lowest ion fluence which
causes appearance of one-dimensional straight buckles
is in the order of 1013 ions cm�2 with a slight dependence
on the acceleration voltage as shown in Figure 1b. The
average induced strain at the onset of skin wrinkling is
ec � 3% for the three sets of measurement shown in Fig-
ure 2a. Examination of the wrinkling patterns created by
ion beams with acceleration voltages of 5 and 20 keV
confirmed that the induced average strain in the skin
at the onset of wrinkling formation is effectively inde-
pendent of the ion beam acceleration voltage. The clas-
sical relationship for buckling of a linear elastic stiff skin
with modulus, Es, attached to a compliant substrate
with elastic modulus, Ef, gives the critical strain associ-
ated with the onset of instability [2,3,25,26] as
ec � 0.52(Es/Ef)

2/3, independent of the skin thickness.
Based on ec � 3%, the modulus ratio is Ef/Es � 70.
The associated wavelength, k1, of the first wrinkles to
form, referred to hereafter as the primary wrinkles,
scales with the thickness of the stiff skin, t, according
to k1/t ffi 4(Ef/Es)

1/3.
The chemical composition of the region of the PDMS

exposed to FIB for 10 and 30 keV (specifically, the con-
centration of three major chemical components of the
PDMS, O, Si and C) was examined using Auger electron
spectroscopy (Perkin Elmer 660, Perkin Elmer, MA)
with a 2 keV electron beam and depth resolution of less
than 2 nm. A depth profile for the chemical components
was obtained using a controlled sputtering rate of
5.1 nm min�1, calibrated by comparison to the sputter-
ing rate of SiO2 [27]. The results of this analysis are
shown in Figure 2b for the substrate exposed to FIB
with acceleration voltage of 10 and 30 keV and ion
fluence of about 1013 ions cm�2. In the region next to
the surface the chemical composition is altered from



Figure 2. Quantification of the characteristics of wrinkling patterns induced by FIB. (a) Average compressive strain in the stiff skin formed on the
surface area of the PDMS as a function of ion fluence for acceleration voltages of 10, 20 and 30 keV. The critical strain associated with the onset of
wrinkles is �3%. (b) Chemical composition of three major components (O, C and Si) of the PDMS substrate exposed to FIB with acceleration
voltages of 10 and 30 keV as a function of depth below the surface. The surface layer affected by the irradiation is clearly evident, and the arrows
indicate the skin thickness based on this analysis. (c) Estimates of the thickness of the stiff skin for wrinkling patterns created at acceleration voltages
of 10 and 30 keV based on the Auger analysis. The analytical estimates of the skin thickness are based on buckling mechanics in combination with
measured values of the critical strain and the primary wavelength of the wrinkles. (d) Wavelengths of the wrinkling patterns. The ion fluence
influences the intensity of the wrinkles and their morphology (Fig. 1b), but it has little influence on the wavelength. For the lowest ion acceleration
voltage, only hierarchical patterns with two wrinkling generations were created by increasing the ion beam up to 1016 ions cm�2.
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the PDMS substrate, taking a form somewhat similar to
silica. By gauging the thickness of this altered region for
the two acceleration voltages above, one arrives at the
estimates of the thickness of the stiff skin in Figure 2c.
The analytical thickness estimates in Figure 2c follow
from using Ef/Es � 70 and the measured primary wave-
length, k1, in t = k1/4(Ef/Es)

1/3. In the range of ion
fluence considered, the skin thickness increases approx-
imately linearly with the acceleration voltage from �2.5
to �28 nm.

Close examination of the undulations also shows that
the wavelengths of the patterns depend primarily on the
acceleration voltage. A critical ion fluence is required to
produce a given pattern, but the fluence has little effect
on the wavelength once the pattern has formed. These
observations are consistent with the notion that the
acceleration voltage sets the depth of penetration of
the ions and therefore the thickness of the stiff skin,
while the lateral strain induced by the FIB is controlled
by the fluence. The three wavelengths plotted as a func-
tion of acceleration voltage in Figure 2d are measured
within the hierarchal regime of Figure 1b. The finest
wrinkling pattern has k1 � 50 nm and was created with
an acceleration voltage of 5 keV (Fig. 1c), while the
wrinkling patterns induced by an acceleration voltage
of 30 keV have k1 � 450 nm. The largest measured
wavelength is k3 � 10 lm for a hierarchical pattern in-
duced by an acceleration voltage of 30 keV. Formation
of hierarchical patterns, as well as evidence of their
appearance in different skin–substrate systems, is dis-
cussed by Effimenko et al. [16] and Rizzeri et al. [26].

The wrinkling patterns in Figures 1 and 2 were cre-
ated using a single scan mode. Additional sets of
experiments involving multiple scanning modes were
conducted to validate the conclusions asserted above.
By subjecting the surface to multiple scans at the same
acceleration voltage, we verified that the morphology
of the wrinkling patterns is indeed controlled by the
accumulative ion fluence, defined simply as the number
of scans times the ion fluence per scan. By scanning the
surface with the FIB at a low acceleration voltage and
then rescanning at higher acceleration voltage, we saw
that new undulations with longer wavelengths are super-
imposed on the primary set of wrinkles formed at the
lower acceleration voltage.

A significant advantage of the surface modification
offered by the technique discussed here is that wrinkles
appear only on the areas of the PDMS exposed to the
FIB. Areas covered by wrinkles can be selected by
simply controlling the motion of the ion beam relative
to the substrate [1]. In the present paper, the capabilities
of this technique have been extended further by adopt-
ing the maskless patterning method of the FIB equip-
ment. This method permits the accurate selection of
the areas exposed to the FIB. Bitmap files of the expo-
sure patterns, such as those shown in Figure 3, were im-
ported as a virtual mask in the focused ion beam system.
Surface areas (20 lm · 20 lm) of the PDMS substrate



Figure 3. Selective patterning of the PDMS surface using maskless
patterning. The bitmap files (shown on left for each pattern) were
imported to the FIB such that only the white regions were exposed.
Using a low energy ion beam of acceleration voltage 10 keV, wrinkling
patterns with wavelength �120 nm and amplitude of 5–30 nm were
created on the exposed regions of the substrate. The ion fluence of the
FIB within each patterned shape was 1.3 · 1015, 2.1 · 1016, 2.25 · 1015

and 2.3 · 1015 ions cm�2 for (a), (b), (c) and (d), respectively. The
middle panels show the patterns, while the panels on the right are SEM
figures of the wrinkles themselves over areas within the white rectangle.
Bar = 5 lm.
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were subject to FIB irradiation with acceleration voltage
of 10 keV.

In conclusion, a promising method has been demon-
strated for controlled creation of nanoscale wrinkling
patterns on a polymeric surface using FIB. The wave-
lengths of the induced wrinkling patterns can be selected
over a range of scales from tens of nanometers to mi-
crons by controlling the acceleration voltage, while the
complexity of the wrinkle patterns is mainly influenced
by the ion fluence. The proposed technique for con-
trolled modification of polymeric surfaces has potential
scientific and technological applications, such as build-
ing cell templates, microlenses and multi-functional
microfluidic devices.
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