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Abstract

Direct nanopatterning of a number of high melting-temperature molecules have been systematically
investigated by Dip-Pen Nanolithography (DPN). By tuning DPN experimental conditions, all of the
high melting-temperature molecules transported smoothly from the AFM tip to the surface at room
temperature without tip pre-heating. Water meniscus formation between the tip and substrate is found
to play a critical role in patterning high melting-temperature molecules. These results show that
heating an AFM probe to a temperature above the ink's melting temperature is not a prerequisite for
ink delivery, which extends the current “ink-substrate” combinations, available to DPN users.

Introduction

Nanostructure fabrication technologies are essential for developing and capitalizing on the
emerging fields of nanoscience and nanotechnology. In particular, there is a demand for
technologies that can manigulate both hard and soft materials at the sub-100 nm to many
micrometer length scale.1:2 Of the emerging technologies, direct-write methods are preferred
because in such approaches, structures are fabricated without the use of masks, thereby
allowing rapid and cost-effective prototyping. As a high resolution and high registration direct-
write lithographic technology, Dip-Pen Nanolithography (DPN)?"5 has been used to pattern
surfaces, spanning insulating, semiconducting, and metallic substrates with a wide variety of
ink materials.2 Inks that have been studied thus far include: small organic molecules,6-1
organic macromolecules, 1112 sol gels,13 biopolymers14 and proteins.15 Templates made by
DPN have been used for studying polymer crystallization,16 individual virus particles,

gilogezcognition,lfg'20 and optical and electrical transport in a wide variety of nanostructures.

The relative humidity and the meniscus that forms at the point of contact between the AFM
tip and substrate have been used to regulate the ink transport process.23 However, many of the
molecules that have been studied thus far (e.g. 1-octadecanethiol (ODT) and 16-
mercaptohexadecanoic acid (MHA)) have melting points close to room temperature bringing
into question the role of vapor transport. Indeed, others have studied certain higher melting
point molecules such as octadecylphosphonic acid (OPA) and concluded that the DPN
deposition process only occurs when the cantilever tip is heated above the molecule's melting
point.24 However, in previous studies we found that a variety of high melting temperature
materials such as DNA transport rapidly at room temperature under the appropriate humidity.
14 our understanding of the role of the meniscus and water solvation of the molecules coating
the tip suggests that as long as a comfound has some solubility in water it should transport
regardless of its melting temperature. 3 Herein, we explore the transport properties of a variety
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of high melting point molecules, including OPA, in the context of a DPN experiment (Table
1) and show that they all can be transported effectively to form stable nanostructures, providing
the appropriate humidity is used in all cases.

Experimental Section

2-Mercaptobenzothiazole (2MBT), 4-amino-5-hydrazino-1,2,4-triazole-3-thiol (Purpald), 4-
mercaptopyridine (4MP), and 2-mercaptoimidazole (2MI) were purchased from Sigma Aldrich
(Milwaukee, WI), and octadecylphosphonic acid (OPA) was purchased from Alfa Aesar (Ward
Hill, MA). Ethanol was ordered from Fisher Scientific, and all of the compounds and solvents
were used as received. A saturated solution of Purpald in ethanol and 1 mM ethanol solutions
of 2MBT, 4MP, OPA, and 2MI were used, respectively, for tip-coating in all DPN experiments.
The solubility of each compound was determined by the amount of compound that would
dissolve in 20 ml of water at room temperature.

DPN of OPA was performed at 45% relative humidity at room temperature. For all other thiol
containing molecules, the relative humidity was maintained at 85 + 5% during the DPN process,
and the temperature fluctuated between 25.0 to 29.0 °C, which is a consequence of the hot
water vapor used for humidity control.

Si/SiOy (100) wafers with 500 nm oxide coating layer were purchased from WaferNet, Inc.
(San Jose, CA). Gold substrates were obtained by thermal evaporation of a gold thin film (30
nm) on a Si/SiOy substrate pre-coated with a Ti adhesion layer (7 nm).

All AFM data were obtained with a ThermoMicroscopes CP (Veeco Instruments Inc., CA)
AFM, enclosed in a humidity control chamber and driven by commercially available DPN
software (Nanoink Inc., Chicago, IL). (AFM probes were purchased from Nanoink Inc., either
S-1 or S-2 type, with spring constants of 0.041 N/m and 0.1 N/m, respectively).

Results and Discussion

Five compounds with melting points between 99 and 230 °C were selected as “ink” candidates
for this study (Table 1). All but OPA have thiol moieties and form chemically adsorbed
monolayers on gold surfaces. OPA adsorbs onto oxide surfaces and can be used to modify
silicon oxide,2° mica,28 and indium tin oxide (ITO).27 Collectively, these molecules form a
representative class of adsorbates to study the importance, or lack thereof, of melting
temperature on the DPN transport process.

Significantly, OPA transports readily at 45% humidity, even at 22 °C. Transport studies of
OPA on SiOy show the feature size dependence on tip-substrate contact time, typically
observed with conventional low melting point inks (Figure 1A). In general, the dot diameter
increases with longer contact times (t) and exhibits a linear t/2 degendence (Figure 2), which
is in agreement with the meniscus-based ink transport mechanism. 3,28 |ine patterns of OPA
also could be easily obtained under similar conditions, with increasing line-widths observed
at decreased writing speeds (Figure 1B).

Further studies showed that all of the four thiol containing molecules readily transport to gold
substrates at room temperature (temperature variation is between 25.0 and 29.0 °C) when the
experiments are carried out at 85 + 5% humidity, Figure 3. As with OPA, a linear t1/2
dependence of dot diameter to tip-substrate contact time is also observed for the selected thiol
containing compounds (Figure 2), however, the required contact times to generate a specific
feature size varied from molecule to molecule. This difference, in part, can be attributed to the
differences in solubility of the molecules in water (Table 1) and their respective diffusion
coefficients, which significantly affect their transport rate.
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From the data in Figure 2 and Table 1, it is clear that there is a much greater dependence on
ink solubility in water rather than on ink melting temperature with respect to transport rate.
2MI has the highest transport rate (99.3 nm/sec?/2), while Purpald has the lowest transport rate
(29.4 nm/sec!/2), which is consistent with their water solubilities (Table 1). There is no obvious
relationship between ink transport rate and melting temperature. For example, 2MI and Purpald
have similar melting temperatures (230 °C), but their transport rates as inks are dramatically
different. The transport properties of the other inks are consistent with these observations.

To further evaluate the similarity between high melting point inks and their lower melting point
analogues, we generated more complex patterns such as lines with all of the inks listed in Table
1 (Figure 4). The data clearly show that all of the molecules can be easily deposited under the
optimized conditions in a highly controllable fashion. As with DPN of conventional lower
melting point compounds, in all cases, line width decreases with increased writing speed. The
data reported here are consistent with the previously reported water meniscus mechanism,23:
28 and inconsistent with the vapor transfer mechanism and the hypothesis that one must exceed
the melting temperature of the ink to facilitate its transport.24

Conclusions

In summary, in contrast with previous reports,24 we have demonstrated that high melting point
inks can be easily patterned by conventional DPN, at the appropriate humidity. Indeed, we
have shown that heating of an ink to its melting point is not a prerequisite for DPN patterning.
Thermal DPN may be important for inks that do not have appreciable water solubilities (e.g.
metals below their melting points), but not essential for high melting point compounds. This
work expands the scope of the inks that can be used in a DPN experiment and provides further
evidence for the importance of water and the meniscus in the DPN transport mechanism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Topography AFM images of DPN-generated OPA nanopatterns on a SiOy surface. (A) Dot

patterns of OPA generated at contact times of 128, 64, 32, and 16 sec. (B) Line patterns of
OPA generated at writing speeds of 0.04, 0.16, and 0.64 pm/sec (from left to right).
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The dot diameters of OPA, 2MlI, 4MP, Purpald, and 2MBT plotted as a function of the tip-
substrate contact time (t/2).
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Figure 3.
Topography AFM images of DPN-generated dot nanopatterns of (A) 2MBT at contact time of

128, 64, 32, and 16 sec; (B) Purpald at contact time of 128, 64, 32, and 16 sec; (C) 4MP at
contact time of 32, 16, 8, and 4 sec, and (D) 2MI at contact time of 32, 16, 8, and 4 sec. The
humidity was 85 + 5%, and the temperature was maintained between 25 and 29 °C.
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Figure 4.
Topography AFM images of DPN line arrays of (A) 2MBT generated at writing speeds of: 0.1,

0.2, and 0.3 um/sec (from left to right); (B) Purpald generated at writing speeds of: 0.08, 0.04,
and 0.02 um/sec (from left to right); (C) 4MP generated at writing speeds of: 0.1, 0.2, and 0.4
um/sec (from left to right), and (D) 2MI generated at writing speeds of: 0.05, 0.1, and 0.2 um/
sec (from left to right). The humidity was 85 + 5%, and the temperature was maintained between
25and 29 °C.
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Melting point, room temperature water solubility, and transport rate data for the DPN ‘inks’ studied.

Melting Point (°C),

Solubility in Water (mg/
ml)

Transportll;'\;ate (nm/

octadecylphosphonic acid (OPA) 99 <0.1 35.2
2-mercaptobenzothiazole (2MBT) 179~182 <0.5 40.6
4-amino-5-hydrazino-1,2 4-triazole-3-thiol (Purpald) 228~230 <0.05 29.4
4-mercaptopyridine (4MP) 177 >30 74.9
2-mercaptoimidazole (2M1) 228~231 >40 99.3
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