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Customization of Poly(dimethylsiloxane) Stamps
by Micromachining Using a Femtosecond-Pulsed
Laser**

By Daniel B. Wolfe, Jonathan B. Ashcom, Jeremy C. Hwang,
Chris B. Schaffer, Eric Mazur,* and George M. Whitesides*

This work describes the use of focused, high-intensity light
from a Ti:sapphire laser that generates femtosecond pulses to
create topographical structure in a flat surface of poly(di-
methylsiloxane) (PDMS), and the use of the PDMS surfaces
patterned using this procedure for a range of purposes. PDMS
patterned in surface bas-relief is the material most widely
used for printing and stamping in soft lithography,'?! and a
material widely used in microfluidic systems.”*! The bas-relief
patterns required in these applications are usually fabricated
by casting PDMS against a complementary bas-relief pattern
in photoresist, fabricated in turn by photolithography. This
process works well, but is not applicable to the preparation of
PDMS stamps required for all types of problems; printing on
spherical surfaces is an example.[4'6]

The technique described here permits the non-photolitho-
graphic generation of surface topography for use in soft
lithography and microfluidics; this technique has three useful
characteristics: i) It generates features smaller than those gen-
erated by standard rapid-prototyping techniques based on
printed transparency masks.[? ii) It is applicable to fabrica-
tion on non-planar surfaces. iii) It can be used in fabrication
of large-area patterns. The rough, recessed features generated
by this technique are useful for applications where large sur-
face area to volume ratios are desired, e.g., in catalysis,m for
super-hydrophobic surfaces® % in surface-enhanced Raman
scattering,''? and as magnetic field concentrators.'> ™ It
has the disadvantages that it is a serial process, and that the
laser and positioning equipment are relatively specialized.
The only requirement for the material is that it must be trans-
parent to 800 nm light: PDMS works well, but other transpar-
ent elastomeric polymers should also work.

Laser ablation is a common technique for direct writing of
patterns into the surfaces of metals, semiconductors, and
polymers.[16’17] Most of the techniques that have been de-
scribed for laser writing work through an absorption mecha-
nism for light that is linear in light intensity. This sort of
photochemistry typically requires doping of the material with
sensitizers!'*2" and/or the use of UV lasers.”!*l We have pre-

[¥] Prof. G. M. Whitesides, D. B. Wolfe
Department of Chemistry and Chemical Biology, Harvard University
12 Oxford Street, Cambridge, MA 02138 (USA)
E-mail: gwhitesides@gmwgroup.harvard.edu

[¥] Prof. E. Mazur, J. B. Ashcom, J. C. Hwang, Dr. C. B. Schaffer
Department of Physics, Harvard University
9 Oxford Street, Cambridge, MA 02138 (USA)
E-mail: mazur@deas.harvard.edu

[**] This research was supported by DARPA and used MRSEC Shared Facil-

ities supported by the NSF under Award No. DMR-980936. D.B.W. grate-
fully acknowledges the NSF for a graduate fellowship. The authors thank
J. Christopher Love and Abraham Stroock for helpful discussions.

62 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  0935-9648/03/0101-0062 $ 17.50+.50/0

viously described the production of stamps for microcontact
printing (LCP) by ablation of a doped polymer with a diode-
pumped Nd:YVO, laser.”! Line widths of the features pro-
duced through this technique are ~5 um. This technique, as
described, is substantially less useful than rapid prototyping.
Another process, developed by Hull and co-workers, used a
focused ion beam (FIB) to write patterns of sub-100 nm fea-
tures into the surface of single-crystal Si <100>.*! The
ablated or etched features generated by both techniques were
subsequently transferred into PDMS for use in soft-litho-
graphic procedures. Johnson et al. have also demonstrated the
customization of the charge of the surface of preformed
microfluidic channels defined in poly(methyl methacrylate)
PMMA by ablation with a UV-excimer laser.?*! This tech-
nique modified the surface of the channel to reduce the
effects of band-broadening that are characteristic of electroki-
netic flow around turns. Although the resolution of both tech-
niques is sub-micrometer, disadvantages include limited abla-
tion range and specialized, expensive optical equipment.

Recent papers have studied the photophysics of the abla-
tion of polymers by femtosecond lasers in detail 220! Briefly,
the transfer of energy from a laser pulse with a photon energy
that is less than the bandgap of the material can only occur
via a nonlinear absorption mechanism. The dominant absorp-
tion process for 100 fs pulses is avalanche ionization.””) Ava-
lanche ionization produces an exponential increase in conduc-
tion band electrons, but requires the presence of a small
quantity of seed electrons in the conduction band; carriers
thermally excited from traps or defects typically supply the
necessary seed electrons. The high-intensity femtosecond
pulses, even in the absence of any free carriers, can seed ava-
lanche ionization by multiphoton ionization (MPI).* Both
avalanche ionization and MPI are strongly intensity-depen-
dent. The multiphoton ionization of PDMS is at minimum a
four-photon process, and thus the rate of ionization scales as
I* (I=intensity) and sharply confines the ionization to the
focal volume.

The processes of MPI and avalanche ionization increase the
density of free carriers in the plasma toward the critical den-
sity, i.e., the density at which the plasma frequency is equal to
that of the laser frequency. The plasma strongly absorbs the
laser pulses when its density is just below the critical density;
this absorption causes the kinetic energy of the free electrons
to increase. Energy transfer from a 100 fs pulse to the elec-
trons is completed before heating of the ions can occur. The
end result of this process is an electron plasma with tempera-
tures in excess of 50000 K.*! Thermal equilibration between
the electrons and the ions over a timescale of picoseconds
drives the ions within the focal volume quickly through the
melt phase to that of vaporization. Material removal, or abla-
tion, occurs because this process imparts significant kinetic
energy onto the material within the focal volume. The high
temperature of the plasma decays along a steep temperature
gradient that limits the spatial extent of surrounding material
that is melted but not ablated.’”? Whether used for surface
ablation™! or bulk micromachining,*"! the combination of a
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low pulse energy and a steep temperature gradient leads to
smaller regions of damage and less collateral damagem] than
those observed with laser pulses of longer temporal widths.

Femtosecond pulses from a Ti:sapphire laser, when focused
through a microscope objective onto the surface of PDMS,
produced ~1 um features with ~2 um pitch. The depth and
width of the induced damage is dependent on raster speed,
pulse energy, and numerical aperture of the objective. We
used the stamps produced using this procedure to fabricate
microstructures by soft lithography. We also demonstrate the
customization of a generic microfluidic channel to include
grooves that induce transverse flows.[2*]

We elected to use optically flat PDMS slabs as test struc-
tures because it was relatively easy to position the surface of
the slab at the focal point of the laser. The technique does
not, however, require that substrates be optically flat if used
in conjunction with automatic corrective positioning equip-
ment. The principal requirement on positioning is that the sur-
face be kept within + roughly one Rayleigh length of the focus
(x4 um for 0.25 NA (numerical aperture), and =1 um at
0.45 NA, at 800 nm). The technique thus provides a route to
the preparation of PDMS stamps on topologically complex
surfaces. %33 Figure 1 describes the process for preparation
of the PDMS slabs. The glass slide on the back provides sup-
port for the flexible PDMS slab while mounted in the path of
the laser beam. We found 1 mm thick samples of PDMS to be
sufficiently mechanically stable to be manipulated for soft
lithography.

PDMS stamps having bas-relief structures generated by
ablation with both 0.25 and 0.45 NA objectives are shown in
Figure 2. The resolution limit of the technique depends on the
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Fig. 1. Schematic diagram of the preparation of optically flat PDMS and the
subsequent laser writing.
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Fig. 2. Laser writing of lines on slabs of PDMS with two different objectives.
a) Optical micrograph of lines written with a 0.25 NA objective. The pulse ener-
gy was 80 nJ and the scan speed was 100 ums ™. The widths of these features
were intentionally chosen to demonstrate the limits of resolution of this tech-
nique. b) SEM micrograph of the cross-section of the lines in (a). ¢) Optical
micrograph of lines written with a 0.45 NA objective. The pulse energy was
40 nJ and the scan speed was 200 pms™'. d) SEM micrograph of the cross-sec-
tion of the lines in (c). The PDMS stamps in each image were sputter coated
with a thin layer of Au to reduce charging of the surface. The cracks in images
(b) and (d) are the result of stress-induced cracking of a layer of gold deposited
on the PDMS stamp.

size of the focused spot, and on the mechanism of non-linear
absorption. At 0.25 NA, structures are limited to widths of
~2 um spaced by a minimum distance of ~2.5 um (Figs. 2a,b).
The larger focal volume at 0.25 NA causes collateral damage
and ablation to neighboring lines when we attempted to write
patterns with smaller pitch. Increasing the NA to 0.45 permits
the writing of ~1 um lines spaced by ~2 um (Figs. 2c,d).
Again we were limited in pitch due to collateral damage to
neighboring structures. The depth of the trenches is between
0.3 and 1 wm; this depth is relatively independent of the NA
used, but correlates with raster speed and focal volume of the
spot on the surface. Even with constant raster speed, however,
we observe variations in trench depth. We attribute this varia-
tion to the difficulty of positioning the beam such that the
focal volume at the surface is constant during every run. Al-
though the bottom of the ablated areas is uneven, their tex-
ture is not relevant to the use of these features for uCP.

A cover slip must be in place between the objective and the
sample to prevent ablated material from coating the optics of
the objective. Objectives used have NA < 0.5 because ablation
requires a small gap between the cover slip on the objective
and the surface of the PDMS slab. High NA objectives have
working distances that are too small to allow for sufficient
space between the PDMS and the objective. The short confo-
cal parameter of the higher NA objectives also makes it diffi-
cult to keep the beam focused on the surface.

We wrote a test pattern consisting of crosses in a square
array on the surface of PDMS using this technique. Figure 3
shows the results of stamp preparation and use of the stamp
in uCP, solvent-assisted micromolding (SAMIM), and micro-
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Fig. 3. a) Optical micrograph of a PDMS stamp prepared by the technique. A
0.45 NA objective was used with pulse energy of 30 nJ and scan speed of
100 pms™.. b) SEM micrograph of a sample prepared by wCP with the stamp in
(a). The light regions are gold and the dark regions are the silicon substrate.
¢) Optical micrograph of a sample prepared by SAMIM. d) SEM micrograph
of the sample from (c) after the reactive ion etching of the unprotected silicon.
The photoresist has been removed to reveal the features made of Si. ¢) SEM
micrograph of magnetic field concentrators made of mPDMS. f) Fluorescence
optical micrograph of the field concentrators after exposure to fluorescently-la-
beled, paramagnetic particles. The white, dotted crosses indicate the location of
the field concentrators.

transfer molding (WTM). The line widths of the uCP pattern
are about a factor of two smaller than those of the stamp. We
attribute this decrease in line width to the curved profile of
the trenches written in the PDMS. This profile allows the con-
tact area of the stamps to be larger than that expected from
the scanning electron microscopy (SEM) images. This phe-
nomenon has been documented in previous work®® and can
be used to our advantage to prepare features with line widths
of <lum.

The roughness of the ablated PDMS mold limits its use as a
template for the fabrication of features by molding. Surface
morphology does not affect the ability of the molded struc-
tures to act as an etch-resistant mask for reactive ion etching
(RIE). We prepared features made of photoresist on a Si/SiO,
wafer by SAMIM (Fig. 3c).’”! Reactive ion etching with CFy4
etches the silicon <100> substrate preferentially over the
resist. The subsequent removal of the photoresist with ace-
tone reveals the features transferred into the silicon (Fig. 3d).
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To demonstrate an application of the features replicated from
these stamps, we prepared magnetic field concentrators by
uTM of nickel-doped, magnetic PDMS (mPDMS).”® Fig-
ures 3e and f are images of the field concentrators before and
after introduction of fluorescently-labeled paramagnetic
beads. The features concentrate the magnetic field of a per-
manent magnet placed below the substrate. The magnetic
beads are trapped at the high-field-gradient sites localized
around the features. The untrapped beads are washed away
with water.

The technique is also useful for customizing structures
defined in PDMS that are prepared from a common master.
The addition of grooves to a generic microfluidic channel is
one example of a useful modification of a PDMS-based
device. We and others have previously demonstrated that
grooves aligned at an oblique angle with respect to the long
axis of the microfluidic channel can induce transverse flows at
low Reynolds numbers.’>*3 Transverse flows are useful for
mixing two or more liquids as they flow axially through a
microfluidic channel.

The generic microfluidic channel was prepared as de-
scribed previously.m We used the technique to write
grooves in the PDMS channel with approximately the same
depth, width, and pitch as the height of the microfluidic
channel (~10 um). Figure 4a is a schematic diagram of the
three-dimensional twisting flow of fluids caused by the pat-

10 pum

Ink

Fig. 4. a) Schematic diagram of the twisting flow of two liquids (solid and
dashed lines) in a microfluidic channel patterned with grooves on one face. The
dimensions shown are those of the channel in (b). b) Optical micrograph of two
streams of liquids (water (light) and ink (dark)) as they flow axially through the
channel. The dark lines, oriented 45° to the long axis of the channel, are grooves
in the top of the channel. The grooves extend beyond the length of the channel
and these regions are filled with stagnant fluid.

terned grooves. Figure 4b shows the laminar flow of water
and an aqueous ink solution®” through the channel under a
pressure gradient generated by applying a weak vacuum to
the outlet of the channel. The fluids mix quickly once the
transverse motions of the fluids begin, and are completely
mixed as they exit the region with grooves. This simple
transverse flow increases the rate of mixing significantly be-
cause of the low aspect ratio of the channel (10:1 width to
height). The transverse rotation of the two streams reduces
the distance in the channel over which diffusion completely
mixes the two streams from 100 um (i.e., across the chan-
nel) to 10 um (i.e., from top to bottom of the channel). The
time required to mix the streams accordingly decreases by a
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factor of 100 (At~Ax2/D, where t=time, x =distance, and
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