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Nanoscale deposition of solid inks via thermal dip pen nanolithography

P. E. Sheehan? and L. J. Whitman
Chemistry Division, Naval Research Laboratory, Washington, DC 20375

William P. Kingb) and Brent A. Nelson
Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332

(Received 3 March 2004; accepted 2 July 2004

We demonstrate that nanolithography can be performed using a heated atomic force microscope
(AFM) cantilever tip to control the deposition of a solid organic “ink.” The ink,
octadecylphosphonic aci®PA), has a melting temperature near 100° C and can self-assemble on
mica. Postdeposition analysis shows that deposition occurs only when the cantilever tip is heated
above OPAs melting temperature, that the deposited structure does not spread significantly while
cooling, and that a cool tip coated with OPA does not contaminate the substrate during subsequent
imaging. Single lines were written with a width of 100 nm. This approach greatly expands the
potential of dip pen nanolithography, allowing local control of deposition and deposition of
materials typically immobile at room temperature, while avoiding potential problems arising from
inadvertent deposition and postdeposition diffusion.2004 American Institute of Physics
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Surface modification with scanning probe tips has benot mobile at room temperature and controls the rate at
come ubiquitous as a method for nanoscale patterning. Onghich they are deposited.
recent advance is dip pen nanolithogragByN), wherein a For the present study, an AFM cantilever produced for
chemically coated atomic force microscop&FM) tip di-  thermomechanical data storage by the IBM Zurich Research
rects the deposition of the coating moleculge “ink”) from Lab was used, as is shown in Fig. 2. The silicon cantilevers
the tip to the contact area with the surfdcelolecules that were fabricated with a standard silicon-on-oxide cantilever
have been successfully deposited include alkyltHfidls, fabrication process, and have a tip with a radius of curvature
biomolecule$, silanes, and sol$’ The only apparent crite- of ~100 nm®*° The cantilever has a heating time in the
rion for the ink molecules is sufficient mobility to transfer range of 1-2Qus and a cooling time in the range of
from the tip to the surface under ambient conditions. 1-50us!*? The cantilever temperature can approach

Although the DPN process is robust, at least two limita-700° C in short pulses and, because the resistive heating el-
tions hinder its practical implementation. The first limitation ement is also a temperature sensor, calibration of the canti-
is the inability to prevent deposition while the tip is in con- lever temperature response is possible to within $4&2
tact with the surface, because the tip constantly deposits mol- The cantilevers were coated with octadecylphosphonic
ecules until depleted. Breaking the tip—surface contact doescid (OPA), a versatile molecule that self-assembles into
end writing but also leads to loss of registry between the timonolayers on mic®> metals such as stainless steel and
and the surface. Furthermore, the tip still must contact theluminum®* and metal oxides such as Ti@nd ALO;.*° It is
surface to perform metrology of the written structures. Thusespecially suitable for tDPN since its melting temperature
imaging of DPN-deposited features with an inked tip inher-(T, ) is 99° C*® well above room temperature but well within

ently causes contamination. The only method to avoid thighe thermal range of the heater cantilever. OPA was evapo-
contamination is to switch to an uncoated tip and attempt to

relocate the deposited pattern, a complicated and time-

consuming procedure. The second limitation is that there is

little control over the deposition rate once a molecule has

been coated onto the cantilever. Some studies have changed

the rate of deposition and spreading througbbal control 11—

of the atmosphere or of the temperatlrapwever, local cold cantilever

control has not been reported.

This letter presents the use of cantilevers with integrated
resistive heaters to deposit an ink that is solid at room tem-
perature, which we refer to as thermal DRNDPN). In
tDPN, a heater cantilever is coated with a relatively high
melting temperature material and the tip is brought into con-
tact with a surface. When the cantilever is heated, the melted 11—
molecules flow from the tip onto the surfa¢gig. 1). This hot cantilever

approach allows the local deposition of molecules that are
FIG. 1. Cartoon of tDPN concept. At low temperatures, the ink is frozen on

the cantilever preventing transfer. At high temperatures, the ink melts and

3Electronic mail: paul.sheehan@nrl.navy.mil transfers from the tip to the substrate. Lines may be drawn as the substrate
PElectronic mail: william.king@me.gatech.edu is moved relative to the tip.
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FIG. 2. SEM image of the heated cantilever device. The cantilever tip has a
radius of curvature of approximately 100 nm.

rated onto the AFM cantilever and tip by first heating a scin-
tillation vial containing 60 mg of OPA on a hot plate set at o . .
110°C. The cap of the scintillation vial was then replaced forFIG' 4. Friction image of a mica surface scanned with a coated AFM can-

. . - . o . tilever tip for 60 s in each of three lines. The cantilever was heated for the
30 min with a tip ho.ld.er maintained a_{35 C. From eII|p-_ first line (upper lefy and then allowed to cool during the second two. OPA
sometry(not shown, it is known that this procedure deposits continued to transfer from the tip onto the surface after the cantilever heater

the mass equivalent of two complete monolayers of OPA. had been turned off.
OPA patterns deposited via tDPN are presented in Fig. 3,
which shows a mica region where the deposition of four5

i 0 nm square four times at 2 Hz and 128 lines per scan, or
squares was attempted. A coated tip was rastered over e

a total scan time of 256 s. For each square, the tempera-
ture of the cantilever was increased, finally exceeding OPA's
melting temperature. When the cantilever was held below
OPAs T,, either at 25°C or 57°C, no patterned squares
were observed. Raising the cantilever temperature to 98°C,
near OPAST,, resulted in light deposition. The average
height of this area was 1.1 nm, which is slightly less than
one-half the height of a full monolayer. Robust deposition
was finally seen when the cantilever temperature was raised
to 122°C, creating a square pattern with a height of 2.5 nm,
indicative of a full monolayer, as shown in Fig(a The
corresponding friction image, shown in Figtb® confirms
OPA deposition. The binding of OPA to mica exposes a me-
thyl terminal group which would reduce friction relative to
the bare mica surface. No change in friction was observed
for the lower cantilever temperatures. The light deposition at
98°C reduces friction slightly, as expected, and the full
monolayer deposited at 122°C reduces friction much further.

Although deposition started instantaneously upon heat-
ing, deposition continued for a time after the heating current
was stopped. Figure 4 shows three lines written via tDPN
where the tip sequentially traced three vertical lines for
1 min apiece. The cantilever was heated only for the first,
upper left, line. Thus, deposition continued for roughly
2 min after the cantilever heating was stopped. Although
such a delay does not pose a problem for laboratory usage, it
could potentially limit high-throughput commercial applica-
tions. In contrast to this delay, modification of ultrathin poly-
mer layers on a silicon surface was shown to be highly lo-
calized near the tip and fully complete in the range of
1-10 us®%*2The present system differs from that system
in that it includes the coated ink and a mica substrate with a
FIG. 3. (a) A topographic imag€2.5 um acros$ of a surface scanned with mu?h lower thermal _CondUCtIVIty than .gl'The p.rese”t ex
a heated AFM cantilever tip for 256 s in each of four 500 nm squares on periments do not indicate whether the ink remains hot on the
1 um grid. The cantilever tip temperature is shown for each of the fourtip or whether the substrate is significantly heated by the tip;
scans. No deposited material is observed from the two low-temperaturglthough, a simple scaling of the cooling time constants

scans. The scan at 98°C, about OPRg resulted in light deposition. Ro- ields ~10 uSs for the cantilever.~100 ns for the tip
bust deposition occurred during the final scan when the cantilever tempera}{ i '

ture was 122°C(b) Friction image of the same area showing no deposition ~10 ns for the m_k'_ ar_1dv10 s for the heated _reglon of the
in the first two squares followed by increasing deposition in the second twoSUbstrate. Thus, it is likely that residual heat in the substrate

Darker areas indicate lower friction, as expected for OPA on mica. rolonged the writing and that deposition would cease
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quickly on substrates with greater thermal conductivity, suctmultilayer multicomponent patterns to create true three-
as Si or a metal. Careful selection of the substrate materialimensional nanostructures.

and engineering of the write speeds could reduce the tDPN . ,
write time into the 100 kHz range demonstrated in the data _ | NS work was made possible through support through a
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