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Printing**

Tingbing Cao, Qiaobing Xu, Adam Winkleman, and
George M. Whitesides*

This manuscript describes a method to generate thin, elec-
trically conductive, metal films on the sidewalls of relief pat-
terns on a poly(dimethylsiloxane) (PDMS) stamp using a
combination of thin-film metal deposition and nanotransfer
printing (nTP), a technique developed by Rogers and co-
workers."? The PDMS stamps—with their sidewalls sup-
porting conductive metal films—are used to generate pat-
terns of charge in thin films of dielectrics by using electrical
microcontact printing (e-uCP).* These patterned dielec-
trics are substrates for selective deposition of particles: sub-
micrometer polystyrene (PS) spheres or iron oxide particles,
for example, adhere specifically to the regions of charge.
The most commonly used methods for micro- and nano-
fabrication—photolithography and e-beam writing—have
limitations: high capital and operating costs, small areas of
exposure, and limitations on the sizes of features.”! Many
new techniques are being developed to circumvent the cur-
rent limitations of traditional lithography.*”’ A theme
common to several of these techniques is size-reduction,
that is, using “large and easy-to-fabricate” masks or tem-
plates to yield similarly shaped features, which are a fraction
of the original size. Size-reduction techniques using varia-
tions on photolithography include phase-shifting photoli-
thography,*'”! photolithography with undercutting at litho-
graphically defined step edges,'!! edge lithography with de-
position or removal of material in regions defined by defects
at the edges of topographic features,'>** and size-reduction
photolithography.'¥ Edge-spreading lithography, a combina-
tion of microcontact printing and controlled chemical diffu-
sion, is a non-photolithographic technique that also uses
mesoscopic templates to generate nanometer features.!'>'*!
Precise control of the thickness of metal films deposited
by electroplating or by evaporation is achievable to within a
few nanometers (in 20-nm-thick films). Metallic nanowires
with controllable dimensions have been fabricated by elec-
trodepositing metals within nanoporous membranes,!” !
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evaporating and transferring from a selectively etched
GaAs/AlGaAs superlattice,™ and sectioning an embedded
thin metal film with a microtome.?!! Metal evaporation onto
nonplanar substrates, including microspheres® and micro-
dominos,” results in pseudo-three-dimensional structures
with critical dimensions of <15 nm.

Rogers and co-workers>?**] and later Delamarche and
co-workers” have developed nTP, a very useful new form
of soft lithography. The process of nTP uses evaporation of
thin metal films onto PDMS stamps that were generated by
replica molding from photolithographically fabricated mas-
ters. These metal-coated stamps, when brought into contact
with a second substrate having appropriate surface chemis-
try, selectively transfer the metal film from the raised fea-
tures of the PDMS to the substrate. The transfer depends
on weak adhesion of the metal to the original stamp, strong
adhesion to the substrate to which the metal transfers, and
conformal contact accomplished by the elastomeric stamp.
The nTP technique has generated features with lateral di-
mensions of <100 nm and vertical dimensions of <20 nm.

Many techniques can embed charged particles—either
electrons or ions—into dielectric materials. Most of these
methods are serial: electron beams,?” focused ion beams,?®
and scanning probe tips®-*" are all useful in this kind of
writing. One parallel technique, e-pCP, employs a topo-
graphically patterned, PDMS stamp coated with a thin
metal film®*33 and can embed charge over ~1cm? in
only a few seconds. In addition to embedding charge, e-uCP
bleached a poly(4-vinylphenol) film doped with phloxine B
to generate optical waveguides.™

Patterned electrostatic potentials can act as templates
for self-assembly. Stemmer et al. demonstrated the selective
adhesion of nanoparticles to patterns of embedded charge
written using a scanning probe.* Dip-pen nanolithography
has achieved similar results by patterning thiols with termi-
nal carboxylic acids and exposing these patterns to suspen-
sions of sub-micrometer, amine-modified polystyrene
spheres.®! Parallel techniques, including microcontact print-
ingl®* and the selective adsorption of polyelectrolytes,**>
have provided templates for the assembly of both single and
multiple particle types on a substrate. Using substrates pat-
terned by e-pCP, charged particles have selectively adsorbed
from solid, gas, and solution phases.[**3!:3240

The process used in this study to fabricate thin, electri-
cally conductive, metal films on the sidewalls of a PDMS
stamp, and for using these patterned, conductive sidewalls
to pattern charge in dielectric materials, is illustrated sche-
matically in Figure 1. The process for fabricating the metal
films on the sidewalls (Figure 1 A-C) is a variation of the
method developed by Rogers and co-workers for nTP.2
The groups of Rogers and Delemarche focused their atten-
tion on the transferred material and on the ability to pattern
new substrates. Our interest is in the original PDMS stamp,
and in the removal of material from it.

As originally described, this technique used collimated
gold deposition normal to the PDMS stamp to ensure a dis-
continuous film; the sidewalls of the PDMS features were
intentionally left free of deposited metal.’*! We intentionally
used noncollimated metal deposition in order to form thin
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Figure 1. A schematic representation outlining each step of the pro-
cedure of fabricating a PDMS stamp with thin, metallic edges using
nTP, and of performing e-uCP with this stamp. A—C) A PDMS stamp,
which was fabricated by soft lithography and coated with a thin film
of Au followed by a layer of Ti, conformally contacts a flat, oxidized
PDMS stamp to remove the metal film from the raised features of the
stamp. D-E) A voltage applied between the PDMS stamp with the
remaining, conducting metal edges and a dielectric thin film embeds
a pattern of charge in the thin film that corresponds to the outline of
the relief features of the PDMS stamp.

films on all surfaces of the PDMS stamp. We first evaporat-
ed a thin film of Au (10-40 nm) onto the PDMS, followed
by a layer of Ti (2-5nm); the Ti layer promoted adhesion
during transfer of the film. Both the metal-coated PDMS
stamp and a flat slab of PDMS were oxidized using an air
plasma. The two PDMS pieces were brought into conformal
contact and separated; during the separation, the raised pla-
teaus of the Au/Ti thin film are transferred to the oxidized
PDMS slab. After separation, the PDMS stamp retained the
metal film along its sidewalls and trenches. The metal edge
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along the sidewalls is thin (i.e., the thickness of the evapo-
rated film, which is 10 to 40 nm) and sharp, and the entire
metal structure remains electrically conductive and can be
addressed from the ends of the stamp.

Figure 2 displays a set of SEM images of the metal-
coated PDMS stamps before and after the transfer printing.
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Figure 2. SEM images of the gold-coated PDMS stamps before (A, C,
E, G) and after (B, D, F, H) nTP. Lines and three types of posts (circu-
lar, square, and an asterisk) demonstrate some of the possible pat-
terns. In the SEM images, the light regions denote metal film, and
the dark regions denote the PDMS from the raised lines or tops of
the posts where the metal was removed by nTP. The insets represent
an average post and illustrate the quality of the metal film; some
buckles in the continuous metal film (G) and spots of excess metal
due to incomplete transfer (F) are apparent.

Before transfer, metal film is present on all surfaces of the
topographically patterned PDMS stamp. After transfer, the
metal film remains on the sides and bottoms of the trenches
(those not brought into conformal contact with the PDMS
slab). The thickness of the metal film on the sidewalls of the
PDMS can range from 10-40 nm. When films are thinner
than 10 nm, we observe metal on the sidewalls by SEM, but
the stamps are not completely conductive. When films are
thicker than 40 nm, removing metal from the plateaus gen-
erates noticeably more defects and lower edge resolution
than when they are ~20 nm.
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The quality of the transfer process is not perfect. The
metal-edge roughness from the transfer process is about
445 nm from the edge of the plateaus of the PDMS stamp.
This edge roughness is approximately the grain size of gold
from our evaporator.['!l There are two principal types of de-
fects: those resulting from incomplete transfer of metal, and
those resulting from transfer of too much metal. Incomplete
transfer occurs when a small portion of the metal film on
the plateau surface does not transfer to the oxidized PDMS
slab. This type of defect is less common in the large flat re-
gions than near the edges, and is generally not important in
e-uCP, since the residual material is usually not electrically
connected. (These defects are more problematic for our ap-
plications when they occur at the edge of the sidewalls and
retain an electrical connection.) Excess metal transfer only
occurs along the edges of the top surface and the sidewalls;
it affects the quality of the printed charge.

Figure 1D and E illustrates the process that was used to
embed charge from electrodes (prepared as described in
Figure 1 A-C) into dielectric materials. This process is simi-
lar to that developed by Jacobs.”! A current density of
~40 p)Amm? is passed between the electrodes for 20s.
Using this technique, we are able to pattern both positive
and negative charge in dielectric materials supported on p-
doped and n-doped silicon wafers, respectively.

Figure 3 shows Kelvin probe force micrographs (KFM)
of the patterns of embedded charge generated from the cor-
responding PDMS stamps in Figure 2. The widths of the
lines of electrostatic potential are =300 nm. This width
does not change over the range of thicknesses of the metal
film (10-40 nm). We have printed charge with a single
stamp in excess of 150 times without noticing any degrada-
tion in the quality of the pattern of charge or in the appear-
ance of the stamp. Metal transfer can often be seen in the
first few cycles of charge printing. This metal is usually from
the top, flat region of the stamp, not the edge, and reflects
incomplete transfer in the step described in Figure 1C.

In Figure 3, the substrate for all of the images is poly-
(methyl methacrylate) (PMMA) We have also patterned
charge in other polymeric dielectrics (including polystyrene
and Teflon AF) and in inorganic dielectrics (SiO,). All of
these dielectric substrates were <500 nm thick and yielded
similar charge patterns. We were unable to pattern charge
in thick (>10 um), free-standing polymeric films (i.e., Saran
and poly(ethylene)). For these thick films, we could not
measure any current while applying as much as 200 V.

We have used the dielectric substrates with patterns of
charge, similar to Figure 3A and B, to adsorb nanospheres
selectively. Using a substrate with a pattern of embedded
positive charge, the substrate is dipped into an ethanol solu-
tion containing 200 nm, sulfonate-modified, polystyrene
spheres. Upon withdrawal from the solution, rinsing the sub-
strate with fresh ethanol, and evaporation of the solvent,
the nanospheres selectively adhere to the charged regions.
The polystyrene spheres have a negative surface potential
and are attracted to the regions of positive charge. Using a
PMMA film on a p-doped silicon wafer with a pattern of
embedded positive charge, the substrate can be dipped into
a neutral, dry powder of iron oxide (300-800 nm). Nitrogen

small 2005, 1, No. 12, 1191 - 1195

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, D-69451 Weinheim

small

Figure 3. KFM images obtained from the e-uCP of metal-coated PDMS
stamps shown in Figure 2. The images in the left column (A, C, E, G)
are from stamps completely coated in a thin metal film, and the
images in the right column (B, D, F, H) are generated by the corre-
sponding stamps after removing the upper plane of metal by nTP. It
is possible to pattern both positive (A, B, E, F, G, H) and negative (C
and D) surface potentials using e-uCP.

gas is passed over the substrate to remove excess particles.
The substrate is also sonicated in hexane for 3-5s to
remove the particles that adhere nonspecifically.

Figure 4 A and C are images illustrating the particle as-
sembly and distribution over a pattern of charge using
PDMS stamps before nTP and Figure 4B and D are from
substrates patterned with charge from PDMS stamps after
nTP.

In conclusion, we have demonstrated a new application
of nanotransfer printing, namely, to fabricate electrically
connected metal sidewalls on PDMS stamps. We used these
metal edges in an extension of the technique for e-pCP de-
veloped by Jacobs and co-workers.** These substrates se-
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Figure 4. A, B) SEM images of nanoparticle adsorption over the pat-
tern of charge illustrated by the alignment of 200 nm, sulfonate-
modified PS spheres over the positively patterned PMMA substrate
of Figure 3A and B. The insets illustrate local particle assembly; the
size-reduction pattern yields structures only one particle across.

C, D) Dark-field optical images of dry, neutral iron oxide nanoparticles
assembled over a negatively patterned PMMA substrate.

lectively adsorbed sub-micrometer particles to the regions
of the pattern of charge.

This process has three major advantages over other tech-
niques for fabricating nanometer-wide metal structures:
1) It provides a rapid and simple way to fabricate 10-40-nm-
wide, vertically patterned metallic structures; 2) it can gen-
erate a wide range of patterns: the limitations are those of
soft lithography; 3) the metal edges on which it is based are
supported by soft substrates; the mechanical compliance of
this system enables good conformal contact with hard di-
electric substrates for charge imprinting.

This method also has its limitations. First, the smallest
dimension of the pattern of charge is an order of magnitude
larger than the metal edge. Second, there are limitations to
the patterns it can generate and apply for charge imprinting.
Isolated or discrete structures of metal (e.g., wells) cannot
be used for patterning charge without more complex ge-
ometries for the stamps to ensure electrical connectivity.

Experimental Section

All materials and chemicals were purchased commercially
and used as received.

Fabrication of the metal on the sidewalls: Soft lithography and
rapid prototyping were used to fabricate features in SU-8 (Micro-
Chem Corp.) that were subsequently replica molded using PDMS
pre-polymer to fabricate the flexible stamps. The stamps were
coated with 10-40 nm of Au and 2-5 nm of Ti using an electron
beam evaporator. These metal-coated stamps and a flat slab of
PDMS were oxidized using an air plasma (a2 torr, 100 W, Har-
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rick Scientific Model PDC-32G) for 1 min. To transfer the metal
film from the raised features, the PDMS stamp and slab were
brought into conformal contact and separated. The images of the
stamps before and after transfer were obtained by SEM (LEO
982).

Printing of charge: A thin film of polymer (typically PMMA,
100 nm thick) was spin-coated onto a silicon wafer (please refer
to: www.Universitywafer.com). This dielectric was brought into
conformal contact with the PDMS stamp. An electrical current
density of ~40 pAmm~—2 was applied for 20 s using a Keithley
2400 electrometer. The images of the patterns of the charge
were obtained using an atomic force microscope (D3100, NSIV;
Digital Instruments) in surface potential mode.

Particle adhesion: A solution of 200 nm sulfonate-modified poly-
styrene spheres (1.7 % by weight; Duke Scientific Corporation) in
water (1 mL) was diluted in 10 mL of ethanol. The charged wafer
was placed into the solution for 1 min. Upon removal from the
solution, the substrate was rinsed with fresh ethanol and the
substrate was dried using a stream of nitrogen gas. Images were
obtained using a scanning electron microscope (LEO 982).

A positively charged wafer was dipped into dry, neutral iron
oxide particles (300-800 nm, Polysciences, Inc.). A stream of ni-
trogen gas blew off the excess particles. The substrate was soni-
cated for 3-5 s in a solution of hexanes. Images were obtained
using an optical microscope (Leica) in dark-field mode.
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