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We report a novel inkless soft lithographic fabrication protocol that permits uniform parallel patterning of hydrogen-
terminated silicon surfaces using catalytic elastomeric stamps. Pattern transfer is achieved catalytically via reaction
between sulfonic acid moieties covalently bound to an elastomeric stamp and a Boc-functionalized SAM grafted to
passivated silicon. The approach represents the first example of a soft lithographic printing technique that creates
patterns of chemically distinctive SAMs on oxide-free silicon substrates.

Microcontact printing (μCP) is a micro- and nanopatterning
technique that uses elastomeric stamps to pattern various solid
surfaces with inorganic, organic, and biologicalmolecules.1-3 First
reported by Whitesides and co-workers in the early 1990s,4 the
technique has become amainstay of surface science and is routinely
used to createmicropatterns of self-assembledmonolayers (SAMs)
of thiols and silanes on metal and oxide surfaces.1-3,5-11 Tradi-
tional μCP is restricted to surfaces that undergo rapid irreversible
reaction with molecular inks and suffers from several limitations
that preclude the accurate replication of submicrometer features.
Processes that include diffusive spreading of molecular inks1,6,12

and the deformation of elastomeric stamps13,14 permit only a
limited number of organic SAMs to be successfully patterned at
resolutions below 500 nm.Moreover, traditional μCPmethods are
largely restricted to thiol/metal and silane/oxide systems and
cannot pattern many important hard substrates such as poly-
crystalline silicon and germanium. The formation of monolayers
on these surfaces usually requires prolonged reaction times and
harsh conditions (high temperature, inert atmosphere, and UV
irradiation), which are incompatible with the traditional stamp
materials and μCP conditions.

Recently, we have developed several inkless μCP techniques
that transfer pattern from an elastomeric stamp bearing an

immobilized catalyst to a preformed functionalized SAM.15-17

By employing a biochemical or chemical reaction between a
catalyst immobilized on the stamp and the corresponding sub-
strate immobilized as a SAM on gold, the diffusive limitations of
traditional μCP are obviated and the accurate replication of
pattern features with sub-50-nm edge resolution (limited by the
size of gold grains) is possible. Moreover, the use of readily
functionalized, rigid polyurethane-acrylate (PU) polymers as
stamp materials18,19 circumvents the deformation behavior of
PDMS-based stamps, and features with extremely low aspect
ratios (<0.042) can be replicated.16

Despite the advantages of inkless soft lithography,20 the techni-
que remains limited by the use of gold as an underlying SAM
substrate, which is amaterial that supports only relatively unstable
SAMs and limits the resolution of printed features to the grain size
of gold. To expand the utility of inkless μCP, we sought flat
polycrystalline surfaces that support chemically robust, stable
SAMs. To enhance the resolution of catalytic μCP further and to
extend its applicability to a broader group of underlying substrates,
including silicon, we sought to immobilize Boc-functionalized

Figure 1. Catalytic μCP on Boc-modified SAMs on silicon.
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molecules on polycrystalline silicon and transfer pattern to this
surface using an acidic PU stamp (Figure 1).

SAMs covalently bound to silicon have gained significant
attention for (bio)chemical sensing and electronic applications
because of their exceptional stability and their ability to passivate
silicon surfaces toward chemical oxidation.21 Most chemical
approaches to silicon functionalization are based on the hydro-
silylation of Si-H groups on the surface with alkenes, a process
catalyzed by heat, peroxides, metalloorganic catalysts, or UV
light.22-26 To form Boc-modified SAMs on silicon, we prepared
Boc-protected aminoalkene 5 from 11-bromo-1-undecene in four
steps (Figure 2). Subsequently, a freshly prepared H-terminated
silicon surface was reacted with a mixture of Boc-modified and
blank alkenes 5 and 6 (1/4 v/v) for 2 h underUV light in a nitrogen
atmosphere (Figure 3). The terminal Boc group in 5 does not
allow the formation of highly ordered SAMs because it hinders
noncovalent chain-chain interactions. We decided to use mixed
monolayers to separate Boc-protected molecules further apart
and achieve higher density and better association between the
SAM components to help protect underlying passivated silicon
from air or water oxidation.

XPS spectra of H-terminated and Boc-modified substrates
support the formationof SAMsdirectly grafted to silicon through
Si-C bonds. The Si 2p signals in both substrates completely lack
the silicon oxide peak at 103 eV indicative of the native oxide
layer. The XPS C 1s signal of the Boc-modified surfaces indicates
the presence of both PEG and alkyl carbons, but the H-termi-
nated surface shows only a small residual C 1s peak (Figure 3).

In our previous work, we demonstrated that a sulfonic acid-
modified polyurethane-acrylate stamp effectively transfers both
micro- and nanoscale patterns to Boc-functionalized SAMs on
gold by selectively deprotecting Boc moieties within the contact
area.16 We have also shown that the use of the polyurethane
stamp material eliminates the deformation behavior of PDMS-
based stamps, permitting the defect-free replication of features
with a very low aspect ratio (0.042). Here we utilized an identical
acidic stamp to selectively deprotect Boc-modified SAMs on
passivated silicon and to prepare patterns of protected and free
amino regions. The stamp was prepared by reacting a mixture
containing monomers 7 and 8 with 2-mercaptoethanesulfonic
acid at 50 �C followed by deoxygenation and UV-induced
polymerization of the resulting solution either between two glass
plates or between a glass plate and a patterned master to produce
flat or patterned acidic stamps, respectively (Figure 4). An
unfunctionalized flat polyurethane-acrylate stamp comprising
only monomers 7 and 8 was also prepared as an inactive control.

To establish the ability of a sulfonic acid-modified stamp to
deprotect Boc-modified monolayers on silicon and to determine
the efficiency of deprotection, a single H-terminated silicon chip
was functionalized with amixture of alkenes 5 and 6 (1/4 v/v) and
reacted in several areas with both flat acidic and blank
(unfunctionalizezd) stamps (Figure 5).

The resulting surfaces were analyzed by XPS at six different
points to determine both the uniformity of the monolayer across
the sample and the efficiency of Boc ablation by the acidic PU

Figure 2. Synthesis of Boc-protected aminoalkene 5.

Figure 3. Preparation of Boc-protected SAMs on silicon andXPS
spectra of Boc-modified and H-terminated surfaces.

Figure 4. Chemical composition and SEM images of the patterned
sulfonic acid-modified stamp.
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stamp. Following XPS analysis, the substrate was treated with a
TFA/CH2Cl2 solution (1/3 v/v) at roomtemperature for 30min to
completely remove Boc groups from all locations, and the
resulting surface was reanalyzed by XPS to determine the carbon
concentration in a fully deprotected substrate.

Figure 6 shows that the carbon concentration in the Boc-
protected areas decreases slightly from point 1 (C1s/Si2p= 2.046)
to 6 (C1s/Si2p = 1.908), which is a result of the slight inhomo-
geneities in light intensity across the substrate surface from the
singleUV light source. XPS analysis also revealed that an inactive
stampproduces no change in theBoc substrate (point 5, C1s/Si2p=
1.909). However, the acidic stamps decreased the carbon con-
centration in areas 2 and 4 (5 and 40 min reaction times, respecti-
vely) by approximately the same amount as treatment with TFA/
CH2Cl2 solution (Figure 6), demonstrating that an acidic PU
stamp completely deprotects Boc-functionalized monolayers on
passivated Si in as little as 5 min at room temperature.

To evaluate the effectiveness of the sulfonic acid-modified PU
stamp for catalytic pattern transfer, we reacted both acid-func-
tionalized and control PU stamps containing 6.5 μm features with
Boc-functionalized SAMs for 5 min at room temperature. The
resulting substrates were analyzed by SEM to evaluate the chemi-
cal differences between protected and deprotected (patterned)
regions.WhereasBoc-modifiedmonolayer surfaces exposed to an
inactive PU stamp showed no discernible features, those exposed
to acidic stamps showed feature patterns cognate to the stamp
(Figure 7). The acidic stamp selectively deprotected SAMs in
regions of conformal contact, creating distinctive areas of Boc-
protected and free amine groups. The pattern was uniform across
the entire stamped area. The contrast between the protected and
deprotected regions was relatively low, presumably because of the
low surface population of Boc groups.

In conclusion, we have demonstrated that the sulfonic acid-
modified PU stamp effectively deprotects Boc-modified SAMson
passivated silicon, creating uniform patterns of protected and free
amine functionalities. The protocol makes use of a very stable
SAM directly grafted to silicon through Si-C bonds and allows
for the direct attachment of desirable chemical functionalities to
the patterned substrate. This protocol is, to the best of our
knowledge, the first example of a soft lithographic printing
technique that creates regions of chemically distinctive SAMs
on oxide-free silicon substrates. We continue to explore the
abilities of catalytic μCP on technologically important substrates
such as silicon and will report our results in due course.
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Figure 5. Reactions of the Boc-modified silicon surface with cat-
alytic and inactive stamps.

Figure 6. XPSanalysis of the reactions of theBoc-modified silicon
surface with catalytic and inactive stamps.

Figure 7. SEM images of the patterned Boc-protected substrates.


