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oxygen and argon in the appropriate percentage before injection into the
cuvette. For mechanical measurements. the samples were molded by Teflon
vessels, had a thickness of 0.8~1 mm, were transparent, homogeneous and
flexible (leaving aside the sample with x =0, which exhibited noticeable
brittleness).

Mechaai were perfi d using a dy i hanical ther-
mal analyzer (DMTA) by Polymer Lab ies. The mechanical ch i
tics (internal friction and dynamic modules) were carried out in the temperature
range 120~-460 K and at variable frequ:ncy (0.3-30 Hz), in a controlled atmo-
sphere of nitrogen to avoid water ion. The data were collected by
using a running temperature with a rate of 2 K/min. Photophysical measure-
ments were carried out using an Edinburgh FL900 single-photon counting
spectrometer and a Perkin Elmer LS-5B spect:oﬂuonmmr equipped with a
red-sensitive F R 928 pt
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Reduction in the Size of Features of Patterned
SAMs Generated by Microcontact Printing
with Mechanical Compression of the Stamp**

By Younan Xia and George M. Whitesides*

Microcontact printing (LCP) uses a relief pattern on the
surface of an elastomeric stamp (usually made from poly-
dimethylsiloxane, PDMS) to form patterns in the plane of
self-assembled monolayers (SAMs).[* 6! The required relief
pattern is most easily made by casting PDMS (in the form of
a prepolymer) onto a complementary relief pattern in a mas-
ter (usually a thin film of polymethylmethacrylate, PMMA,
supported on a silicon wafer). This relief pattern is fabricat-
ed, in turn, using photolithography.

The difficulty in forming appropriate masters increases
rapidly as the feature size decreases from micrometers to less
than 0.5 micrometers, because photolithography becomes
challenging in this range of feature sizes.!” ) We are develop-
ing procedures that extend the capabilities of pCP into the
submicrometer region, and that do not require high resolu-
tion photolithography.!® 1%

Here we wish to describe a new method for forming pat-
terns with submicrometer-sized features using pCP, in which
the relief pattern in the PDMS stamp is first formed with
relatively large features (2—10 pm) and then compressed me-
chanically by the application of lateral force. The resulting
stamp can be used while under compression in pCP, and is
capable of forming patterns with certain of its features re-
duced by a factor of almost ten relative to the original, un-
compressed pattern, while retaining the regularity in the
original pattern.

This methodology illustrates a new strategy—mechanical
compression of an elastomeric solid—for producing small
feature sizes. The smallest features we have produced to date
using this technique are rectangular “slots” in a supported
gold film with lateral dimension of ~200 nm (formed from
a stamp with feature sizes of ~2.5um when not com-
pressed). This procedure for preparing submicrometer-sized
features is general, and does not require advanced pho-
tolithographic tools. It also suggests a new type of lithogra-
phy, in which dimensions in selected areas of the pattern can
be made larger or smaller by mechanical distortion of the
template that produces the pattern.

Figure 1 outlines the procedure employed to form and use
the compressed stamp in pCP.* 5! Figures 2,3 show test pat-
terns produced using this technique. Both one- and two-
dimensional compressions were possible. When used in com-
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Fig. 1. Schematic outline of the procedure for microcontact printing with a
mechanically compressed stamp. Only one-dimensional compression is shown
here,

pressed form, a pair (or two pairs) of small plates were used
to apply lateral force(s) to the stamp.

Several characteristics of the patterns in Figures 2,3 fabri-
cated without and with mechanical compression, are rele-
vant to understanding the micromechanics of compression
and printing using this procedure. In particular, it is possible
to achieve large reductions in size of some of the features of
the pattern but not others: areas in which the SAM is print-
ed—that is, areas corresponding to the raised areas of the
stamp—slightly increase their lateral size on compression,
while areas in which the SAM is not printed—those corre-
sponding to the recessed areas of the stamp—decrease (some-
times substantially) in size.

The SEM photographs (Fig. 2a) of a cross section of the
stamp without and with mechanical compression suggest the
kind of deformations that would result in the observed char-
acteristics of the printed patterns. It appears that under me-
chanical compression, the dimensions of both the recessed
and the raised parts of the stamp are reduced. We speculate
that when the stamp is in contact with the gold surface, the
dimensions of the raised areas of the stamp again increase as
a result of the vertical compression caused by pressing the
stamp against the gold substrate (see Fig. 1). The dimension
of the areas of the pattern in which the SAM is printed—
those corresponding to the raised part of the stamp—in-
crease slightly in lateral dimension, while the areas in which
the SAM is not printed (that is, the areas of bare gold or,
alter etching, of exposed Si/SiO,) decrease in lateral dimen-
sions in this compressive pCP process.

472 &5 VOH Verlagsgesellschali mhH, D-0Y469 Weinheim, 1995

Fig. 2. &) Scanning :lactmn rmcmgmphs of 1hc cross-section of the stamp
without and with d by ing wilh this cross
section on gold surface. b) Scanning electron micrographs of test patterns
fabricated by microcontact pnnr.mg vnlham and with one-dimensional me-
chanical ion. This one-di left the width of the
gold lines approximately unchanged, but mdueed the spacing between these
lines from ~2.5 pm to ~0.2 pm. c) Scznnmg electron micrographs of patterns

of alph ic d without and with two-dimensional com-
prmun In each, a SAM of hexadecanethiol was patterned on a gold film and
the unprotected gold was then removed by etching with CN®/0,. The bright
regions are gold covered by SAM and the dark regions are Si/SiO; in regions
where the underivatized gold has been removed by etching.

The reproducibility of the features is currently limited by
the mechanics of the system used to compress the stamp later-
ally using pressure applied to the plates that sandwich it; this
compression is accomplished using screws, and is reasonably
reproducible. The extent of compression of the features of
the stamp while it is in contact with the surface is determined
by vertical pressure, and is not currently well controlled.
since the vertical pressure is controlled only by hand. We can
obtain satisfactory reproducibility for size reductions in the
range from 2 to 0.5 um—that is , in the range that can be
achieved by lateral compression; the smaller features that
are achieved by vertical compression of the stamp while it is
in contact with the surface would require more complex me-
chanical systems. A detailed model of the forces and defor-
mations on the stamp during compression should be pos-
sible, but it is beyond the scope of the current study.

In summary, this work demonstrates a new technique
based on pCP that generates features with submicrometer
dimensions. This technique is based on reduction in certain
dimensions of the stamp by mechanical compression. The
largest reductions observed—from ~2.5 pm to ~0.2 pm—
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Fig. 3. Scanning electron microgruphs of another test pattern fabricated by
microcontact printing without and with mechanical compression. a,b) No com-
pression; ¢) compressed in the vertical direction ; d) compressed in the horizon-
tal direction; ¢) compressed in both horizontal and vertical directions; ) lower
magnification of (¢) illustrates the uniformity of the microstructures fabricated
using this combination of pCP and mechanical compression. The light regions
are gold covered with SAM and the dark are Si/Si0;. Note that the dimensions
of the gold “slots” were reduced from ~9 um x 2 um (~ 18 pm?) to ~4 pm x
0.4 pm i~ 1.6 pm?®) by two-di sional comp . these di ions demon-
strate a decrease in area of >10.

are sufficient to provide access to features with sizes whose
fabrication would normally require advanced photolitho-
graphic techniques. This adaptation of pCP to the prepara-
tion of features with submicrometer-sized dimensions is not
competitive with photolithography for complex patterns
with rigid requirements for dimensional stability. It offers,
however, a very convenient method for producing certain
types of simple patterns. It also suggests a new strategy for
the generation ol patterns with small lateral dimensions, in
which these dimensions are achieved by mechanical com-
pression of an elastomeric template, rather than by fabrica-
tion of a rigid mask with small features.

Experimental

Fabrication of stumps and microcontact printing were conducted lollowing
our previously reported procedures|4.5.9). The PDMS used was u soft silicone
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elastomer (PELD 15, Hills). A 2 mM solution ol hexadecanethiol (purified by
chromatography throug| 4 gel) in ethanol was used as “ink™ in the printing.
The lateral force was applied using & pair-of small plates. The distance between
the two plates, and hence the magnitude of the compressive shrinking, was
adjusted by screws. Gold not protected by the SAM was removed by etching
ausing a solution containing KOH (1 M) and KCN (0.01 M) with vigerous
stirring with air (oxygen) as the oxidant. The time required to etch features
larger than 0.5 um was about 10 minutes {for a gold film 300 A thick) and that
for the features smaller than 0.5 um was about 15 minutes. SEM was done on
4 JEOL JSM-6400 scanning microscope. AFM was done on a Topometrix
TMX 2010 scanning probe microscope (Mountain View, CA}; the images were
ohtained in the Jateral force mode.
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Doping of Polyaniline via Pseudoprotonation by
an lonic Salt**

By Show-An Chen* and Liang-Chang Lin

Polyaniline (PAn) can be converted into a conducting form
by either protonation of the imine site or oxidative doping at
the amine site. The protic acid dopants used are inorganic
acids (such as HCI, H,SO,, HBF, , etc.)" ~* or organic acids
(such as toluene sulfonic acid);™*! while the oxidative dopants
are (NO®)(PF6®), FeCl,, H,0,, SnCl, ete!¥

This paper reports a new class of dopant, ionic salts, such
as LiClO,, LiBF,, Zn(CIO,),, etc. for PAn (emeraldine base).
An ionic-salt-doped PAn is obtained by mixing PAn and
ionic salt solutions in 1-methyl-2-pyrrolidone (NMP) and
then casting the mixed solution into film under dynamic
vacuum pumping at 50 °C for 48 hours. The resulting film
usually contains about 15% by weight of residual NMP and,
with LiBF, as dopant, has a conductivity of 10 % S/cm. The
PAn therein is doped via pseudoprotonation of the imine
nitrogens by the metal cations.

The UV-vis spectra of films of LiBF,-doped PAn with the
mole ratios of LiBF, to the approximate number of repeat
units of PAn (-C,H,NH ), 1/9.7,1/7.3, 1/4.8 and 1/2.9, are
shown in Figure 1. It can be observed that the PAn is doped
by the ionic salt as reflected in the presence of the absorption
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