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ABSTRACT

We describe a new patterning technique that employs microcontact printing to replace preformed labile self-assembled monolayers (SAMs)
selectively; we call this “microdisplacement printing”. We demonstrate that this technique results in ordered molecular regions of both the
patterning (“displacing”) molecule as well as the remnant labile film, here 1-adamantanethiolate. The existence of the 1-adamantanethiolate
SAM before patterning hinders lateral surface diffusion of the patterning molecules, and therefore permits the use of molecules that are
otherwise too mobile to pattern by other methods.

Microcontact printing #CP) has been proposed for applica- patterned molecules at the pattern interfaces, and furthermore
tions such as microelectroni¢s’ chemical and biological ~ promotes molecular exchange of the patterned molecules for
sensind’; ¢ biologically compatible surfaces, and micro- backfilling molecules.
fabricatior?'® because of the rapid and straightforward  These problems can be avoided by an alternate patterning
methodology that produces high-resolution patterns over technique, microdisplacement printing, which uses a preas-
large printing area:"** However, as discussed in previous  sembled monolayer that is well ordered to protect the surface,
reports;*~1® one limitation ofuCP is the lateral spreading pyt is sufficiently labile such that other molecules can
of the molecules used for patterning (“ink”) across the gjsplace it through competitive adsorption. Stamping on such
substrate surface during the time the stamp is in contact with g,rface directs the molecules to adsorb where their local
the substrate. Here, we demonstrate a technique we calloncentration is highest and holds the ink molecules in place
“microdisplacement printing” DP), in which relatively  gnce adsorbed during the stamping procedure. This procedure
weakly bound and thus labile 1-adamantanethiolate (AD) giso |imits the need for solution processing because the
sglf-assembled monolayers (SAMs) are selectively replacedunpatterned regions are prefilled. Here, we demonsuB
with more strongly bound molecules to create patterned it poth 1-decanethiol (C10) and 11-mercaptoundecanoic
SAMs. By manipulating competitive adsorption to pattern acid (MUDA). Trends in the degree of displacement were
SAMs, the problems associatgd with Iateral surface diffusion explored by stamping with unpatterned poly(dimethylsilox-
and molecular exchange during patterning can be circum- ane) (PDMS) stamps for a variety of displacement times and
vented. o , ink concentrations. This information was used to choose
Microcontact printing is the patterning of a substrate by ,,000riate times and concentrations for patterned samples.
contact ("stamping”) with a “‘molecularly inked" elastomeric All of the patterned samples were fabricated and subse-

stamp. A great deal of attention has been placed@R of guently imaged with scanning tunneling microscopy (STM)

alkanethiol molecules on gold substraté¥t 16 although ateral f ) LEM). As d irated _
many other systems have been studied. Lateral surface?’ ‘ateratforce microscopy ( )- As demansirated previ-

diffusion rates increase with decreasing alkyl chain lefgth? ously (also see the Supporting Information), AD fo”'?s w_eII-
thus, short chain alkanethiolates and other low-molecular- ordered hexagonally close-packed one-molecule-thick films

weight molecules are particularly susceptible to such diffu- gngAu{Ollli,lgw itg a nearest;]r.lelighbfolr packinlg bqlistqnc:z] of
sion during the patterning process and thus dissolution of . + 0.4 A~ Adamantanethiolate films are labile, in that

the patterns. This lateral mobility increases if no molecule Itis possmlg to displace the AD_ molecules. from the §urface
is used to fill in the empty spaces (a process called by submersion of the sample into a solution of a different

backfilling) where no pattern is present on the substrate. In thiolated molecule such as anralkanethiol. However,
addition, although some solvent presence may be necessaryuPmersion of a preassembledlkanethiolate SAM into an
for ordering the patterned molecules, prolonged exposure toAD solution results in little or no displacement. This property

solvent during backfilling steps enables the mobility of the ¢an e applied to backfiling of traditionalCP samples.
LFM imaging of a A 111} substrate that has been patterned

* Corresponding author. E-mail: stm@psu.edu. usinguCP methods and then backfilled with AD shows a
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Figure 1. Scanning tunneling microscopy image of a two-
component, self-assembled monolayer of 1-adamantanethiolate and
1-decanethiolate, fabricated by microdisplacement printing. The
ordered lattices of both components can be seen; the more
protruding self-assembled monolayer domains with the smaller
lattice spacing (arrow) are 1-decanethiolate. The area imaged is
175x 175 A2, recorded with a sample biag bV and a tunneling
current of 4.0 pA.
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distinct pattern (see Supporting Information). After printing,
the AD molecules adsorb to the gold substrate between the
patterned features in the areas where the patterned molecules
are not present without disturbing the preexisting molecules.
Below, we show that by using the lability of the AD SAMs 100
it is also possible to “fill in” the space between the patterned
featuresbeforepatterning viauDP, thus preventing pattern
dissolution, even for molecules that would normally diffuse Figure 2. Matrix of scanning tunneling microscopy images of
rapidly across the substrate surface. microdisplacement printing of a l1-adamantanethiolate self-as-
During «DP, molecules are stamped onto an existing Sémbled monolayer with an unpatterned poly(dimethylsiloxane)

: ; stamp inked with 1-decanethiol (imaged as protruding features).
SAM, displacing the SAM only where the stamp meets the The concentrations of the 1-decanethiol solution used increase top

surface. Within the contacted area, the displacement iStq pottom, whereas the durations of the stamping process increase
observed first at film and substrate defects in the SAM and left to right. All imaged areas are 1000 1000 2, recorded with

then as patches of ordered molecules that increase in surface sample biasfdl V and tunneling currents between 1 and 2 pA.
coverage from their origins at defects. Figure 1 shows a 175

x 175 A2 STM image of a sample created pfpP on an  the displacement. However, it should also be noted that, as
AD SAM with an unpatterned PDMS stamp inked with 100 in solution displacement, the degree of order of the C10
mM C10 for 3.5 min. Large ordered areas of each lattice |attice also increases with increased displacement. For
type are observed where there was only AD previously. It example, at an ink concentration of 100 mM, a 10-s stamping
is straightforward to distinguish the two adsorbed molecules tjme results in small clusters of C10 molecules dispersed
because of the differences in lattice size, lattice spacing, a”drandomly. With increased stamping time, these clusters grow

apparent heightAh ~ 2.5 _A) between them. The more 54 order into larger patches, and finally C10 domains nearly
protruding lattice (lower right indicated by the arrow), .,y er the surface for a 180-s stamping time.

juxtaposing two substrate defects, is C10, whereas the less . o A
J P 9 The coverage is shown quantitatively in Figure 3, where

protruding lattice (the majority of the image) is AD. th fractional f C10 lattice is plotted
The extent of displacement can be controlled by tuning € mean Tractional coverage of &.1U 1attice IS plotied as a
function of stamping time (A) and ink concentration (B).

the stamping duration and ink concentration during sample .
fabrication. Figure 2 shows a matrix of STM images of AD The mean fractional coverages were extracted from a set of

SAMs contacted with an unpatterned C10-inked stamp usingSTM images for each sample and were determined by
different combinations of stamping time and stamping ink counting the number of pixels above a height threshold and
concentration. In this matrix, the stamping duration increasesdividing them by the total number of pixels in the image.
to the right and the C10-inking solution concentration Images were taken from different areas across the samples,
increases downward. Each sample was imaged with STMand the resulting fractions were averaged. Images were 1000
and a representative 1000 1000 & image was selected x 1000 & and did not include A{111} step edges. As

for each time and concentration pair. Although there is some observed in Figure 2, the coverage increases with both stamp
variation across each sample due to concentration gradientdime and ink concentration. Furthermore, for each concentra-
across the stamp, the degree of contact between the stamfion there is a time below which there is little displacement.
and sample and so forth, the increasing trends are reproducThis time decreases with increasing concentration (i.e., for
ible. It can be seen in the figure that both increasing the each stamping time there is also a concentration below which
stamp duration and increasing the ink concentration increasethere is little displacement). This behavior is likely due to
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Figure 3. Plots of the mean fractional coverage of 1-decanethiolate
in scanning tunneling microscopy images of microdisplacement
printed samples, (A) as a function of stamp time and (B) as a
function of ink concentration. Each data point was averaged from
a series of images that have areas of 120000 A2, were recorded
with a sample biasfdl V and tunneling currents between 1 and 2
pA.

Figure 4. (A) Schematic depicting microdisplacement printing on

a l-adamantanethiolate self-assembled monolayer with an 11-
mercaptoundecanoic acid-inked stamp. A 1-adamantanethiolate self-
assembled monolayer is first formed on gold by solution deposition
for 24 h. Then, the molecularly inked stamp is contacted directly
onto the 1-adamantanethiolate, resulting in patterned regions of both
1-adamantanethiolate and 11-mercaptoundecanoic acid that mirror
the relief pattern on the stamp. Note that the schematic is not to
scale. (B and C) Lateral force microscopy images of patterned
Au{111} made by microdisplacement printing using a 1200 lines/
mm poly(dimethylsiloxane) stamp inked with a 256 mM 11-
mercaptoundecanoic acid solution (3 min starepbstrate contact
time). The high-friction (shown as light) stripes are the stamped
11-mercaptoundecanoic acid and the low-friction (shown as dark)
stripes are the 1-adamantanethiolate self-assembled monolayer. (B)
Lateral force micrograph of a 1& 10 um? area, recorded at a

the ink transport from the stamp to the surface through the S¢an rate of 2 Hz with a force setpoint of 0.5 nN. (C) Lateral force

existing monolayer. Although the unpatterned stamp contacts

the surface everywhere, the C10-ink adsorption is limited
by the existing AD SAM, initially resulting in C10 patches

micrograph of a 3x 3 um? area, recorded at a scan rate of 2 Hz
with a force setpoint of 0.5 nN.

Figure 4 demonstrategDP patterning using 25 mM

at and about AD SAM defects. The longer the stamp contacts\ 1 DA on a 1200 lines/mm PDMS stamp. As in the

the surface and the higher the concentration of the ink on

unpatterned case, the stamp was contacted directly to a

the stamp, the more the ink molecules have a chance topreviously assembled AD SAM. The MUDA molecules

disrupt the AD SAM. As observed in other displacement
studies, the limiting step is the initial removal and replace-
ment of the preexisting monolay&?2°Using these observed
trends, we are able to optimiz®P; determining the detailed

displaced the AD molecules where the stamp contacted the
sample (along the lines in the PDMS stamp), creating

patterned lines of MUDA. The limited contrast between the

AD and MUDA stripes in Figure 4 is likely caused by

kinetics of the displacement process requires substantiallyincomplete displacement of the AD SAM by MUDA. We
greater statistics so as to be comparable with ensemble-have extended this technique successfully to other molecules

averaging method&:24

Using the data shown in Figures 2 and 3 for stamping

including molecules that are too mobile on the surface to
pattern by conventionakCP, specifically short chain al-
kanethiols. Figure 5 shows patterned SAMs createdDly

V_V'th an un_patterned stamp, we can estimate the_ S'["’m?pmgusing C10. In both cases, the regions of AD and C10 replicate
times and ink concentrations for analogous stamping with a ye stamp geometry. The existence of a pattern that mirrors
patterned stamp. In the case of pattern stamping, initially \he stamp indicates that the AD SAM effectively hindered
MUDA was used because the difference between the terminalihe |ateral mobility of C10 outside of the intended displaced
functiona"ties for the MUDA and AD pair results in h|gher regions_ In the analogomp of ClO, no two_component
LFM contrast than for the C10 and AD pair. Displacement pattern is observed (see Supporting Information). This is
of AD by stamped MUDA is expected to follow trends consistent with previougCP data for the dissolution of
similar to those observed for AD and C10 in Figures 2 and patterns of chain alkanethiols longer than those used
3. herel®
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for solvent exposure after stamping because no backfilling
step is required. This exploitation of competitive adsorption
for patterning of SAMs can be extended to other self-
assembly patterning techniques.
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