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ABSTRACT: In inkless microcontact printing (IuCP) by soft lithog-
raphy, the poly(dimethylsiloxane) (PDMS) stamp transfers uncured
polymer to a substrate corresponding to its pattern. The spontaneous
diffusion of PDMS oligomers to the surface of the stamp that gives rise to
this deleterious side effect has been leveraged to fabricate a variety of
devices, such as organic thin film transistors, single-electron devices, and
biomolecular chips. Here we report an anomalous observation on a
partially cured PDMS stamp where the transfer of oligomers onto Au
occurred on regions that were not in contact with the stamp, while the
surface in contact with the stamp was pristine with no polymer. On the
SiO, surface of the same chip, as expected, the transfer of PDMS occurred
exclusively on regions in contact with the stamp. The printing on Au was
quantified by a novel method where the submonolayer of PDMS transfer
was measured by probing the local electrochemical passivation of the Au.
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The local transfer of polymer on SiO, (and also Au) was measured by selective deposition of Au nanoparticle necklaces that
exclusively deposited on PDMS at submonolayer sensitivity. It was discovered that the selectivity and sharpness of PDMS
deposition on Au for inkless printing (i.e., negative) is significantly better than the traditional (positive) microcontact printing

where the stamp is “inked” with low molecular weight PDMS.
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B INTRODUCTION

Microcontact printing (4CP), or soft lithography, developed
during the early 1990s for the patterning of self-assembled
monolayers (SAMs) onto substrates, is a well-established
method for generating microscale to nanoscale patterns with
high versatility and accuracy.' Following the emergence of this
technique, a wide range of applications using yCP, including
tissue engmeermg, electronic nanodevices,>™> and cell
cocultures,”” have been reported. In xCP, the relief features
of a patterned elastomeric stamp, typically made up of
polydimethylsiloxane (PDMS), are “inked” with molecules
and then brought into contact with a substrate.® However, a
growing number of studies over the past decade have reported
that a significant amount of low-molecular-weight PDMS
fragments transfer along with the ink during the uCP
process.”~"* Despite the fact that PDMS contamination during
UCP is a deleterious side effect that can compromise the
integrity of the printed samples, there are positive 1mpacts, such
as improving DNA adsorption on the PDMS stamp and
protein absorptlon on hydrophoblc antibodies."* In addition,
this PDMS “contamination” has also been developed into a
new patterning technique called “inkless” microcontact printing
(IuCP)."®

In IuCP, the low molecular weight PDMS oligomers that
spontaneousl?r diffuse to the surface to lower the surface energy
of the stamp'®'” naturally transfer to the substrate on contact.
Subsequent modification of the stamped feature may be
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performed by elther Ieveragmg the large surface energy (ie.,
wettability) contrast'® or functionalizing the deposited PDMS
for selective deposition for device fabrication."®"” The IuCP
method has been used to make dev1ces such as organic
semiconductor thin film transistors,* single-electron devi-
ces,”'®'” and biomolecular chips.'>'**!

Here, a nonintuitive feature of IyCP is described where
PDMS from the stamp was transferred onto a Au surface that
was not in contact with the stamp, while no polymer was
transferred from the stamp where it contacted the Au surface.
While on a silica surface, similar to standard IuCP, transfer of
PDMS occurred at the contact region. The soft-lithography
patterning was characterized by three methods that comple-
ment each other: (1) atomic force microscopy (AFM), used to
measure the relative thickness of PDMS deposition between
contact and noncontact regions; (2) Scanning Electrometer for
Electrical Double-Layer (SEED),”* a novel electrochemical
method that measured the local passivation of the Au electrode
at submonolayer sensitivity; and (3) field-emission scanning
electron mlcroscopy (FESEM), used to image a nanoparticle
necklace®'®" selectively deposited on the PDMS, to character-
ize the submonolayer transfer of polymer onto Au and silica
during stamping. For both Au and silica substrates, the PDMS
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Figure 1. Experimental setup for SEED measurement. (a) The PDMS stamp is 80 ym wide lines spaced by 20 ym grooves. The contact pattern was
orthogonal to a passivating PMMA layer interface. (b) SEED measured the electrochemical activity of the Au electrode by scanning along the
PMMA line with the probe beam on the sample and the reference beam on the passivated PMMA layer.

pattern transferred onto the surface was also indirectly
confirmed by optical microscopy. The observation was analyzed
to explain the anomalous PDMS transfer morphology onto Au
in contrast to a silica surface.

B EXPERIMENTAL METHODS

Soft Lithography. A. SU-8 Mold Fabrication. The mold was
fabricated with negative photoresist SU-8, which was diluted by mixing
SU-8 developer in a 1:1 ratio. The diluted SU-8 was pipetted onto a 1
in. diameter silicon wafer and spin-coated at 3000 rpm for 30 s. The
SU-8-coated wafer was heated at 60 °C for 30 s and then 120 °C for 1
min. The resist was exposed to 300 W of UV light for 2 min with a
mask of 80 ym wide lines at 20 um pitch. The resist was then
developed to form a mold of a periodic pattern of 20 ym grooves with
80 pum spacing. The thickness of SUS, as measured by alpha-step, was
3 um. The same procedure was repeated for another mask with a
reverse pattern. The resulting mold had an alternating pattern of 80
pum lines with 20 ym spacing.

B. PDMS Stamp Preparation. The stamps for both yCP and IuCP
were fabricated in a 10:1 ratio of PDMS and a cross-linking agent
using PDMS (Sylgard 184) purchased from Dow Corning. The PDMS
mixture was thoroughly mixed and degassed under vacuum for 10 min.
The solution was poured into a 60 mm diameter Petri dish containing
the SU-8 mold. The PDMS was cured at 60 °C for 30 min (I#CP) or
24 h (uCP) and released from the mold to form a PDMS stamp.

C. Stamping Process. The substrate to be stamped was a Si chip
passivated with a 500 nm thick thermal oxide layer of silica. A layer of
six S0 nm thick Au electrodes was deposited on a SiO,/Si chip using a
10 nm thick TiO, adhesion layer by standard lithography. The chips
were treated in piranha solution (1:3 volume ratio of 50 wt % H,0,
and 95.0—98.0% H,SO,) to make the surface hydrophilic. For IuCP,
the cured stamp was placed directly onto the piranha-treated chip at 60
°C for 5 min. For uCP, the stamp was deposited on a thin film of “ink”
prior to transferring the pattern. The ink was prepared by mixing a 1:1
ratio of PDMS (viscosity 1500 cSt) and a cross-linking agent (Gelest
Inc.) followed by a 25 times dilution with hexane. The solution was
spin-coated at 3000 rpm for 30 s on a coverslip. The PDMS stamp was
placed onto the coverslip immediately after spin-coating. The assembly
was heated at 60 °C for 3 min to partially cure the “ink”. The inked
stamp was immediately placed on the chip for 5 min to transfer the
pattern.

D. High Resolution Printing. For printing a 5 ym feature, the mold
was etched in a Si chip. A Si(100) wafer was coated with Shipley
S1813 photoresist. A pattern on the resist was “written” using a
Heidelberg DWL66 Laser Writer with a 40 mW solid state diode laser
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source at a wavelength of 405 nm. The resist was then developed to
form a periodic pattern of S um grooves with 80 ym spacing. Using
reactive ion etching, the exposed Si wafer was subsequently etched by
SF4 (200 W; 50 mTorr) at an etching rate of 3000 A/min for 10 min
to form S pm wide trenches at interline spacing of 80 um. The
subsequent processes employed to make the PDMS stamp using the Si
mold and IuCP were similar to those described in sections B and C
above.

Characterization of PDMS Deposition. A. SEED Measurement
on Au. A home-built instrument called Scanning Electrometer for
Electrical Double-Layer (SEED) was developed to quantitatively
measure the local electrochemical activity at the site of incidence of the
sample laser beam (Figure 1).2* The electrochemical redox reaction
was regulated by a standard three-electrode potentiostat (Princeton
Applied Research 273A). The Au electrode was the working electrode,
the reference electrode was a homemade Ag/AgCl electrode, and the
Pt-coated wall of the electrochemical chamber was the counter
electrode. An AC potential of 200 mV amplitude at 2 kHz was applied
to the Au electrode. The AC potential oscillated the ion concentration
in the electrical double layer (EDL) to cause a modulation in the
optical path length, typically by a few picometers. Due to charge
compensation by the EDL, the ion oscillation in 100 mM solutions is
restricted to ~20 nm, that is, about 10 times the Debye length.23
SEED is a differential interferometer that measures the amplitude of
the path length modulation (A) due to the applied AC potential*>>®
on the Au electrode as a function of potential difference between it and
the solution. The potential of the solution was controlled by a
reference electrode, Ag/AgCl. The A was measured interference
between the probe beam and the reference beam (Figure 1b). The
reference beam was incident on the Au electrode passivated by spin-
coating 300 nm thick poly(methyl methacrylate) (PMMA). The spot
size of the laser beam was 10 ym in diameter.>* Because of the close
proximity between the optical paths of the two beams, thermal noise
was greatly reduced to yield a robust signal (ie., A) with picometer
sensitivity. When the electrode relative to the solution was at the
potential of zero charge (PZC),” the EDL was least charged leading
to the deepest penetration of the AC electric field into the solution
resulting in maximum ion oscillation, A ... This potential was found
via a DC sweep. The samples were then scanned with a DC bias of this
potential added to the AC probe signal.

B. AFM Scanning on Au and Silica. A Bruker Dimension Icon
atomic force microscope was used to characterize the PDMS transfer
onto the surface of both Au and silica. The scanning was performed by
a ScanAsyst program with automatic image optimization technology.

C. Visualization of Nanoparticle Necklace on Au and Silica. The
deposition of PDMS was visualized by depositing a monolayer of Au
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nanoparticle necklaces that selectively deposited on the PDMS-coated
surface. The necklace synthesis was described previously.”*” Briefly, a
10 mM HCI solution was added dropwise to 1 mL of a 10 nm
diameter Au nanoparticle suspension at pH ~ 7 with 5.7 X 10'
particles/mL (BBI International) to form nanoparticle necklaces. The
formation of these necklaces was evidenced by a change in color from
wine-red to violet-blue in 12 h due to the shift in the surface plasmon
resonance (SPR) absorption band from 525 to 610 nm in the UV—vis
spectrum.””*® The necklace suspension was stable for well over 5 days.

After IuCP, the sample was treated with ammonia plasma (70 W;
465 mTorr; 60 s) to positively charge the transferred PDMS. The
sample was immediately immersed in the Au nanoparticle necklace
solution for ~16 h to deposit the negatively charged necklaces. The
necklace deposited was imaged by using a Hitachi $4700 field-emission
scanning electron microscope. Studies have shown that the necklace
array exclusively deposits on the PDMS surface that was functionalized
by ammonia plasma, and a single monolayer of PDMS is sufficient to
initiate deposition.'®"?

B RESULTS AND DISCUSSION

For a PDMS stamp with a feature of 80 um wide lines spaced
by 20 pm, the resulting patterns on the sample following IuCP
are shown in Figure 2. The optical image clearly demonstrated

Non-Contact

- Contact

Non-Contact

Contact - Contact

Non-Contact

Au
Electrode

- Contact

Figure 2. Optical image of IuCP pattern. The difference in coloration
indicates a clear contrast between the contact and noncontact regions.

a contrast between the contact and noncontact regions on both
the Au and silica surfaces. A region with slightly “burred” edges
was chosen to demonstrate that, on Au, it appears that the
PDMS deposition is on the noncontact region. The slightly
peeled edges may have occurred when the stamp was lifted off.
The contrast on silica was also observed, but the nature of the
transfer was not apparent. To quantify the material transfer on
IuCP, the features were analyzed by the analytical methods
mentioned in the Experimental Methods section. The stamping
characteristics on Au are addressed first followed by silica.
PDMS Transfer on Au: Negative Printing. The AFM
image showed a PDMS deposition on the noncontact region
with a width of ~18 ym and a thickness of 15 nm (Figure 3a).
The width being slightly smaller than the 20 pm groove was
attributed to the deformation of the PDMS features caused by
the pressure applied during the stamping process. A sharp
increase in height at the edges was observed. The enhancement
in deposition at the edges was attributed to stress concentration
at the edges, that is, the “hole-punch” effect.”® To evaluate the
absolute thickness on the two surfaces, the level of passivation
on the contact regions was evaluated by SEED (Figure 1). As
the laser beams were scanned along the PMMA/patterned Au
electrode interface, repeating patterns of 20 um passivation
spaced by 80 um were observed. The low A, that was
observed over the 20 ym (noncontact) regions indicated that
the noncontact regions were, as expected, passivated with
PDMS (Figure 4). A high A, observed on the 80 um
(contact) regions was similar to a pristine Au electrode (Figure
S1 in the Supporting Information), indicating that virtually no
PDMS transfer occurred on the contact regions. (Just a
monolayer of three carbon surfactant (HS—CH,CH,CHj,) is
sufficient to passivate the surface.) The comparison between
the SEED signal and the optical image showed that the
minimum A_, was consistent with the PDMS lines having
printed on the noncontact regions. Thus, the 15 nm transfer in
the noncontact regions was the absolute thickness of PDMS on
stamping. To eliminate the possibility of the size effects due to
the feature width of the stamp, a stamp with a reversed feature
(ie, 20 pm lines spaced at 80 ym) was studied. The AFM

20 25 um

Figure 3. AFM scanning on Au surface. (a) Using a stamp with a feature of 80 ym wide lines spaced by 20 ym, PDMS deposited on the noncontact
region with a width of ~18 ym and a thickness of 15 nm. (b) Reversing the feature size of the stamp, deposition of PDMS with a thickness of 15 nm
is observed on the 80 ym noncontact regions. Considering the similar stamping behavior in both respects, the results indicated a negative printing

effect of IuCP on a Au substrate.
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Figure 4. Line scan by SEED with optical microscope image. As the
two laser beams (shown schematically) were scanned over the pattern,
the A, modulated consistent with the pattern. The PDMS
deposition region corresponding to passivation indicative of minimum
A« was consistent with the width of the noncontact region.

analysis indicated that the Iy¢CP exhibited similar behavior
(Figure 3b). The deposition of polymer took place exclusively
on the 80 pm noncontact regions with the same thickness of
~15 nm and the enhancement at the edges.

Next, we consider the mechanism for explaining the
anomalous observation of IuCP stamping behavior on the Au
surface. We assumed that the adhesion of PDMS to Au was
poor and thus the (uncross-linked) low molecular weight
PDMS in the stamp did not transfer on contact. The low
molecular weight PDMS that was expected to leach out at the
interface consists of eight units of cyclic (unreacted) monomers
and their higher homologue.30 In contrast, for the inked stamp,
where there was excess PDMS on the surface, conventional
transfer of polymer on the contact region on Au did occur (see
the Supporting Information, Figure S2). However, the low
molecular weight PDMS also coated on the “open surface” (not

in contact with the stamp) by surface diffusion,>"** driven by
the low surface energy of the polymer relative to Au.'”">** As a
result, the relative thickness contrast of PDMS was small. Using
SEED, the contrast between the contact and the contact region
for uCP (ie, inked) and IuCP (inkless) was 2 versus 74,
indicating the latter is a better mode of printing on Au (Figure
S3 in the Supporting Information).

Surface diffusion occurs via a precursor film of PDMS, which
is a nanometer thin film at the spreading front."**~%¢ To verify
the surface diffusion mechanism, we examined the effect of the
stamping temperature on IuCP. Consistent with the (ex-
ponential) increase in diffusion coefficient with temperature,
the thickness of the PDMS in the noncontact region increased
significantly as the stamping temperature increased (Figure S).
The precursor layer spread relatively quickly, typically at a
velocity of ~30 pm/min at 25 °C for high molecular weight
PDMS.* It has also been demonstrated that the rate was higher
initially*” and increased with lower molecular weight PDMS,**
as well as with improved surface interaction.**** As a result, for
20—80 pm gaps at 60 °C, the spreading was too fast to freeze
the precursor layer at a reasonably different penetration depth.
For all of the three conditions, on the contact regions, no
residue of low molecular weight PDMS was transferred due to
the poor adhesion of the polymer with the Au surface (as
determined by SEED) (i.e., the Au/PDMS contact was
“clean”). Furthermore, because the noncontact area was flanked
by the two PDMS edges that were the source of the polymer,
the enhancement of the thickness at the edges was expected
with a minimum in the middle (Figure S). Thus, apart from the
“punch-hole effect” noted above, the surface diffusion profile
also contributed to the enhancement at the edges.

To further corroborate the above observation, nanoparticle
necklaces were deposited as a marker to probe the deposition
of PDMS (see Experimental Methods section for details)
(Figure 6). Consistent with SEED observation (Figure 4) and
the mechanism discussed above, SEM images clearly show
deposition of necklaces on the Au surface which was not in
contact during stamping (Figure 6c). However, for the silica
surface, the PDMS was deposited exclusively on the contact
region. In other words, the surface diffusion of PDMS on silica
was negligible. This “checkerboard” deposition of PDMS by
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Figure S. AFM scanning of PDMS on Au surface printed at different temperatures. (a) At S °C, the rate of surface diffusion was the lowest, leading
to deposition of the thinnest PDMS layer (~1.8 nm) on the Au surface. (b) Elevating the temperature to room temperature increased the rate of
diffusion, PDMS layer deposited was relatively thicker (~4.5 nm). (c) At a temperature of 60 °C, deposition of PDMS was the thickest (~15 nm)
due to the greatest rate of surface diffusion by high mobility of polymer.
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Figure 6. Optical and FESEM images of checkerboard patterning. (a) Optical image of IuCP. (b) SEM image showed the opposite PDMS transfer
effect on Au and silica substrates. (c) Au nanoparticle necklace deposition further demonstrated the opposite effects of IuCP on Au and silica

substrates.
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Figure 7. AFM scanning of high resolution PDMS on Au surface. (a) Using a PDMS stamp of 80 ym lines spaced by S ym, PDMS deposited on the
S pm noncontact region of Au with a thickness of 20 nm. Inset: Optical image of PDMS pattern. (b) Reversing the stamp features, PDMS layer
deposited uniformly onto the entire 80 #m noncontact region. Inset: Optical image of PDMS pattern. (c) Upon placing a weight of 100 g on the
PDMS stamp while printing, the “roof collapse” effect occurred due to stamp instability.

contact and noncontact on the Au/silica interface is further
considered in the next subsection by analyzing the stamping on
the silica surface.

High Resolution Negative Printing. Using the Si mold
described in the Experimental Methods section, PDMS was
patterned on a Au substrate by IuCP at conditions similar to
Figure 3. The optical images of S ym lines on 80 ym pitch and
80 ym lines on S pum pitch showed reasonably high-quality
printing on a large area (Figure 7 inset). The AFM scan, similar
to Figure 3, showed negative printing on Au, as expected
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(Figure 7a and b). Remarkably, the deposition on the 80 ym
wide noncontact region between the S yum wide ridges was
fairly uniform (Figure 7b) indicating that even if there was
sagging, the surface diffusion was not hindered. To exaggerate
the sagging effect in the unsupported 80 ym wide span, 100 g
of dead weight was placed over an area of 4.9 cm® The result
was nonuniform deposition (Figure 7c). As expected, the S ym
region in Figure 7c in contact with the substrate had no PDMS
deposition. However, the 80 um region that should have
uniform PDMS deposition (similar to Figure 7b) also had

dx.doi.org/10.1021/am5035939 | ACS Appl. Mater. Interfaces 2014, 6, 14278—14285
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Figure 8. AFM scanning on silica substrates patterned by ICP in Figure 3. (a) S nm thick low molecular weight PDMS deposited on the regions in
contact with the stamp, generated a “clean” channel with a width of ~18 um. (b) Reversing the feature size of the stamp, deposition of PDMS was
observed on the 20 gm contact regions. The size of the width in Figure 6a and b is consistent with that in Figure 3a and b, respectively.

0 20 40 60 pm
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Figure 9. AFM scanning on Au with small features by large spacing patterned by IuCP and uCP. (a) IuCP resulted in a “clean” 80 ym region
(contact region) flanked by S pm PDMS features on each side. (b) uCP showed S ym PDMS features on each side with a nonuniform printing of
PDMS across the 80 ym region due to “roof collapse”, a result of poor mechanical support.

regions where there was no PDMS deposition. These “black-
out” regions in the 80 ym wide gap were attributed to “roof
collapse” where the unsupported PDMS mold, due to its
weight, contacted the surface to prevent surface diffusion.
PDMS Transfer on Silica: Positive Printing. Next we
discuss IuCP where the effect on the silica substrate is more
conventional (i.e, the PDMS deposits on the contact region
(Figure 6)). As the nanoparticle necklace deposition is sensitive
to a submonolayer of PDMS,' no deposition on the
noncontact region indicated that the deposition on the contact
region was exclusive. Using AFM for the stamp with 18 and 80
um wide lines (same as Figure 3), the PDMS deposition on the
contact regions was ~S5 nm (Figure 8). As no deposition
occurred on the noncontact region (Figure 6), the PDMS
thickness of S nm was absolute. The small “wrinkles” in
thickness at the interface were attributed to the distortion of the
PDMS edge as a result of pressure. The conventional
(expected) positive printing suggested that the adhesive
interaction of PDMS with silica was strong, and the surface

14283

diffusion influenced deposition on the noncotact region was
negligible.

The strong adhesion of PDMS to silica is attributed to a
specific interaction of PDMS with the hydroxylated surface,
which was formed by exposing the silica to piranha.*' As a
result, a thin PDMS film was deposited upon peeling oft the
PDMS stamp from the silica surface. The (complete) depletion
of PDMS on silica (Figure 6) was surprising but may be
attributed to evaporation. The vapor pressure of low-weight
PDMS oligomers was reasonably high for significant evapo-
ration at 60 °C.** On the noncontact regions, similar to the Au
surface, an ultrathin low molecular weight PDMS precursor film
should be transferred onto the silica by surface diffusion.
However, the thickness of the precursor film on silica should be
much smaller than on Au owing to the higher polarizability of
the latter.>*** As a result of evaporation, the thin layer of
PDMS evaporated entirely from the silica surface. Evaporation
occurred on Au as well, but the PDMS film was thick enough
for a substantial amount of material to be left over after
evaporation.

dx.doi.org/10.1021/am5035939 | ACS Appl. Mater. Interfaces 2014, 6, 14278—14285
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Comparison Between puCP and IuCP. Potential applica-
tion of negative printing on Au stems from two key
characteristics of the process. (i) The deposition for IuCP
had an order of magnitude higher contrast compared to yCP
(Figure S3 in the Supporting Information). Importantly, for
IuCP, the noncontact area was completely passivated while the
contact area was clean, comparable to pristine Au (see Figures
3, 4, 7, and 9a). The lower contrast in #CP arose because both
surface diffusion (in the noncontact region) and ink transfer (in
the contact region) occurred. (i) For printing small features
with large spacing, for instance, 5 ym spaced by 80 ym, IuCP is
more reliable than (conventional) pCP. In the latter, the
features may distort because of “roof collapse” (Figure 9), while
in the former the larger regions are in contact with the surface
to provide mechanical support. The high contrast and small
teatures with large pitch are potentially an additional method in
the tool box for making larger area devices by soft lithography

on flexible substrates, as indicated in the Introduc-
tion, >131418-21

B CONCLUSIONS

Inkless microcontact printing (I4CP) was studied on Au and
silica surfaces. The resulting pattern was an interplay of
interfacial adhesion, surface diffusion, and evaporation. It was
discovered that the uncured, low molecular weight PDMS was
exclusively transferred onto the noncontact region for Au (ie.,
negative printing) while the complete opposite occurred for
silica (ie., positive printing). The anomalous negative printing
on Au was explained by surface diffusion. An opto-electro-
chemical method called SEED revealed that the PDMS
deposition was exclusively on the noncontact region while
the Au in contact with the stamp remained pristine. The
submonolayer deposition of PDMS was further imaged by Au
nanoparticle necklaces that exclusively deposited on a polymer
modified surface. The SEM image of the necklace revealed
perfect positive printing on silica, while no necklace deposition
occurred on the noncontact region. The SEM image was
consistent with perfect negative printing as measured by SEED
on Au. As a result, the positive and negative printing at the Au/
silica interface was termed a “checkerboard” structure. From the
AFM scan, the edges of PDMS transfer were significantly
sharper for negative printing. An interesting application of
IuCP phenomenon on Au is achieving small features: the
softness of PDMS limits the sharpness of printing due to
mechanical deformation of the stamp.* The problem could be
averted by ICP where the image is “negative” where the small
feature is the groove rather than the highly deformable
protrusion.

B ASSOCIATED CONTENT

© Supporting Information

Stamping process for microcontact printing (#CP), micro-
contact printing with ink, and comparison of scans of different
curing schemes. This material is available free of charge via the
Internet at http://pubs.acs.org/.
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