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INTRODUCTION

cating nanostructures on solid surfaces (7).

anolithography comprises a set of technologies

capable of etching, writing, or patterning materials

with nanometer scale precision, which nowadays
has widespread applications in electronic engineering, phys-
ics, chemistry, and biology. Nanolithography is the avenue
for constructing nanoelectronic devices that take advantage
of quantum mechanical phenomena, such as single-electron
transistors (SETs), resonant tunneling diodes (RTDs) (1, 2),
quantum dot lasers, and storage devices (3, 4). With the
miniaturization trend in device size, nanolithography opens
up opportunities for applications in diverse areas, such as
nanoelectromechanical systems (NEMS) (5) and ultrasmall
chemical and biochemical sensors (6). More recently, dip-
pen nanolithography (DPN) has been introduced for fabri-

DPN is used to directly deliver atoms or molecules
(initially attached by adhesion to an atomic force microscope
(AFM) tip) onto substrates of interest in a controlled fashion.
A diverse range of molecular species such as small organic
molecules (7), biological macromolecules (8), conducting
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ABSTRACT Dip-pen nanolithography (DPN) has attracted increased attention for its ability to generate nanometer-scale patterns on
solid surface using an “ink”-coated atomic force microscope (AFM) tip. In contrast to this conventional anchoring-molecules procedure,
nanopatterns can also be created by triggering the structural response of the proper substrate. In one approach, the delivery of acidic
buffer from the tip into a poly(4-vinylpyridine) (P4VP) thin film (while the tip is being laterally moved, in a raster fashion, along a
preprogrammed pattern) leads to the polymer swelling in response to the local protonation. This practice, however, has suffered
from a lack of consistency due to the potentially many factors influencing the pattern formation. Herein we report that a more reliable
strategy for well controlling the protonation process results when applying an electric field between the AFM tip and the sample. We
demonstrate the improved capabilities of the electric-field-assisted DPN method towards reproducibly and reliably fabricating
nanostructures by taking advantage of the responsive characteristics (i.e. swelling) of P4VP. Our work includes a systematic study of
pattern fabrication under different patterning parameters (mainly the applied bias and contact force) and, very important, provides
evidence of the reversible characteristic of the pattern formation process.

KEYWORDS: cross-linked P4VP thin film ® protonation ® electric-field-assisted ® erasable patterns ® dip-pen nanolithography

polymers (9), metal ions, and nanoparticles (10, 11) have
been deposited via DPN process onto surface of proper
affinities. In addition, the patterning substrates have been
expanded to include metals (12), insulators (12), semicon-
ducting materials (13), and functional monolayers adsorbed
on substrates (14). Applications of DPN have been envi-
sioned in nanoelectronics (15), microfluidics (16), molecular
electronics (organic circuits) (17), and nanosensors for
biological and chemical species (18), etc. In most cases, the
transport of “ink” molecules from the tip to the substrate
occurs in a liquid bridge naturally formed between them
through capillary condensation. Hence, this technique has
also been used to experimentally study the mechanism of
molecular diffusion through nanoscale junctions and the in
situ growth of self-assembled monolayers under ambient
conditions (19, 20). Furthermore, due to its direct-write
capability, DPN is suitable for investigating responsive films
at the mesoscopic scale.

Responsive films made of self-assembled monolayers
(SAMs) or polymer thin films are valuable in the develop-
ment of electronic, analytical and biomedical devices. These
films exhibit different properties in response to external
signals, such as the changes in temperature, pH, light, and
ionic strength. Poly(4-vinylpyridine) (P4VP), a weak poly-
electrolyte, can be prepared as polymer thin films tethered
to solid supports simply by spin coating and subsequent UV
irradiation (21). The immobilization results from the UV
induced cross-linking of polymer leading to the attachment
of polymer film to the substrate. Moreover, P4VP film shows
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a pH-dependent response that causes the structural changes
of the polymer and controls surface wettability (22). The
reversible transformation of P4VP originates from the pro-
tonation of pyridine units in the polymer, thus providing the
basis for applications of P4VP films as responsive coatings.
Recently, P4VP polymer-brush-functionalized electrodes have
been designed for future “smart” bioelectronic devices
ranging from biosensors to biofuel cells (23, 24). Addition-
ally, P4VP is an interesting material because of its tunable
photoluminescence (PL) properties. Vaganova et al. demon-
strated that P4VP with protonated polymeric pyridine groups
displayed photoactive emission properties, which could be
tuned to glow blue, red, or green, depending on the pumping
wavelength (25).

We have previously demonstrated the fabrication of
patterns on P4VP thin films based on the DPN technique
(26, 27). Differing from the conventional feature formation
via a direct deposition of ink molecules onto substrates, the
underlying working principle in our approach constitutes
the delivery of hydronium ions from the sharp tip into the
polymer thin film, which leads to the polymer swelling in
response to the local protonation. The process, however, has
suffered from a lack of consistency due to the potentially
many factors intervening in the pattern formation (some-
times very clear patterns were formed; but in other occa-
sions and under apparently similar conditions, no pattern
was formed at all). Herein we report an alternative strategy
for reliably attaining patterns formation by applying an
electric field between the AFM tip and the sample. We
demonstrate the improved capabilities of this electric-field-
assisted DPN technique towards reproducibly and reliably
fabricating nanostructures taking advantage of the respon-
sive characteristics (swelling) of P4VP films. Our work
includes a systematic study of pattern formation under
different patterning parameters (mainly the externally ap-
plied bias and the tip-sample contact force). More impor-
tantly, the patterns can be erased, and evidence is provided
on the reversible characteristic of this process.

EXPERIMENTAL SECTION

Polymer Thin Film Preparation. P-type silicon (100) wafers
were cleaned by immersion in piranha solution, composed of
35% hydrogen peroxide (H,O,) and 98 % sulfuric acid (H,SO4)
in the ratio of 3:7 by volume, stirring for 60 min at 80—90°C to
remove contaminants (Caution: the piranha solution reacts
violently with many organic solvents.). Subsequently, the silicon
wafers were washed with boiling water for 90 min, and then
dried under N,. The clean wafers were then dipped into HF
aqueous solution to remove the native oxide layer from the
silicon surface, rinsed thoroughly with Milli-Q water, and dried
with N,. A solution of P4VP (molecular weight ca. 160 000) in
n-butanol (10 mg/mL) was spin-coated onto silicon substrates
at 2000 rpm for 60 s. The polymer-coated substrates were
irradiated with a 450 W medium-pressure mercury lamp for 15
minutes (the irradiation time included approximate 2 minutes
warm up for the UV lamp to reach its maximal intensity). The
unbound polymers were removed by soaking the irradiated
samples in n-butanol for 12 h. The remaining films were dried
with N, and the thickness was measured on a Gaertner Model
L116A ellipsometer with a 632.8 nm He/Ne laser at an incident
angle of 70°. The refractive index used in the model to
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(a) Well cleaned (b) P4VP thin film
Si wafer on Si wafer after
UV irradiation

(c) Swollen pattern
on P4VP film

FIGURE 1. Scheme of the experimental sequence: (a) freshly cleaned
silicon wafer; (b) polymer film attached to the silicon wafer after
UV radiation; and (c) patterning process while applying a bias
voltage.

FIGURE 2. Different experimental settings used for patterning
features on P4VP polymer films: The tip inked with acidic buffer and
(a) not biased, (b) negatively biased, (c) positively biased. (d) An
uncoated tip positively biased.

determine the film thickness was 1.581 for P4VP. An average
thickness of 40 nm was obtained after taking measurements
at three different locations.

Force Calibration. Silicon-based AFM cantilevers of high
spring constant coated with 15-nm thick wear-resistant plati-
num (NSC15/Pt, k =40 N/m, MikroMasch) were used for surface
patterning and imaging. The normal spring constant of each
cantilever was calibrated using the Sader method (28), which
states the relation k = 0.1906pb*LQOiw?I(wr), where L and b are
the length and width of the cantilever, respectively, p is the
density of air (1.18 kg/m3 at 25°C), wfand QO are the resonance
frequency and quality factor of the fundamental resonance peak
in air, respectively, and T'{ is the imaginary part of the hydro-
dynamic function.

Pattern Formation and Characterization. All the experi-
ments presented below were performed with a commercial
AFM (XE-120, Park Systems) in an ambient environment
(23—26°C and 45—55% relative humidity). Prior to the pat-
terning process, the AFM tip was inked by dipping into a
phosphate buffer solution for 1 min and blown dry with N,.
Buffer solutions (100 mM) of pH 4.0 and pH 8.3 were prepared
by dissolving sodium dihydrogen phosphate (NaH,PO,) and
sodium hydrogen phosphate (Na,HPO,) in the appropriate
proportions in distilled water (13.8 and 0.036 g/L, respectively,
for pH 4.0, and 0.489 and 25.9 g/L, respectively, for pH 8.3).
The sample was grounded while a bias was applied to the tip.
The voltages were quoted by referencing the polarity of the
tip. The bias voltage was held constant while the tip transcribed
the preprogrammed patterns controlled by the AFM in contact
mode. To visualize the resulting patterns, we subsequently
acquired topographic images by operating the AFM in non-
contact mode with the same tip used for patterning. A scheme
of the patterning process on P4VP thin film is shown in
Figure 1.

RESULTS AND DISCUSSION
As outlined in Figure 2, a series of systematic experiments

were carried out to study the mechanism of pattern forma-
tion, as well as to explore the role played by externally
applied bias voltages and tip-sample contact forces. The AFM
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FIGURE 3. Topographic images (8 um x 8 um) of features drawn by
applying a constant force of 1.0 uN. The applied bias voltages (V)
and measured heights of selected lines (nm) are the following: (a)
5, 13; (b) 3, 6; and (c) 0, 3. Line profile plots of (d—f) correspond to
the features selected in (a—c), respectively.

tip was immersed into the acidic phosphate buffer solution
of pH 4.0. During the patterning operation, the inked tip was
scanned across the polymer surface at a fixed writing speed
of 80 nm/s, while the contact force between the tip and the
surface was held constant. In previous experiments, we
fabricated features using writing speeds up to 500 nm/s. The
lower speed of 80 nm/s used in the present work was
conservatively chosen in response to our focused interest
in evaluating the effects of the applied bias and contact force
on the patterning process, preventing possible interference
in our results that might be associated to higher scanning
speeds. The general results reported herein are that when
no bias voltage was applied, the pattern formation was
neither noticeable nor reproducible; when the tip was
negatively biased, no structure formation was observed; by
contrast, swollen patterns consisting of continuous lines
were obtained when the tip was positively biased. Figure 3
shows topographic images and corresponding line profiles
of structures created using a constant force of 1.0 uN and
different bias voltages. The heights of the selected features
on the images are found to be 13, 6, and 3 nm, correspond-
ing to applied bias voltages of 5, 3, and 0 V, respectively. A
similar trend of creating taller patterns with higher applied
voltage was obtained when using different contact forces
(0.8 and 0.5 uN), the experimental results are quantitatively
and statistically summarized in Figure 4. The surface rough-
ness obscured the observation of the potential pattern
formation at the contact force of 0.5 uN and a bias of 0 V.
Also, when the patterning operation was attempted using
an uncoated tip, no swollen pattern could be obtained even
if the tip was positively biased.

To examine the stability of patterned features, two
images of the same area on the sample were taken 24 h
apart; the results are shown in Figure 5 (Figure 5a was
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FIGURE 4. (a) Pattern height (nm) vs applied bias voltage (V) at
various fixed contact forces. (b) The pattern height (nm) vs applied
contact forces (uN) under different constant bias voltages. Each data

point was the average of 3 measurements each on at least 10 line
features created under the same conditions.

-10

FIGURE 5. Images of the same sample region taken 24 h apart. The
heights of lines (from left to right): 9 nm (1.0 «N, 4 V), 6 nm (1.0 uN,
3V),8nm (1.0 uN, 4 V), and 15 nm (1.0 uN, 5 V) are not found to be
altered. Each value was the average of 3 measurements on each line
profile.

taken first). The line features were unaltered, suggesting that
the patterns were not composed of volatile materials.

To further support the claim that the presence of raised
patterns were a consequence of the swelling response of the
P4VP polymer film (22, 26), we demonstrated the revers-
ibility of the patterning process by selectively erasing an
existing swollen pattern. “Dot” features were initially gener-
ated using a tip coated with the acidic ink. Only the dot at
the center of Figure 6 (denoted by the dashed-line square)
was then twice subjected to the “erasing” operation, which
consisted of using the same tip but inked with a basic
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FIGURE 6. Topographic images show the removal of the dot pattern
at the center: (a) Initial pattern. (b) After the first erasing step. (c)
After the second erasing step. Line profile plots of (d—f) correspond
to the features selected in (a—c), respectively.

phosphate buffer solution of pH 8.3 without applying the
bias voltage. The removal of the existing dot was performed
by keeping the tip in contact and stationary on top of the
dot (no scanning movement). The images in Figure 6 show
the progressive attenuation of the dot height, from 12 to 7
and finally to 3 nm. During the “erasing” process, the applied
load exerted by the tip was kept intentionally low (i.e., 0.5
uN) so as to minimize potential damages to the dot pattern.
As shown in Figure 7, there is indeed no change in the
heights of “dot” features when the “erasing” experiment was
attempted using an uncoated tip under the 0.5 4N load. This
additional test rules out the possibility that the decrease in
height might be caused by mechanical scratches on the
feature. Altogether, the result indicates that the disappear-
ance of the central dot in Figure 6 was not due to mechanical
damages caused by the tip but to the presence of basic buffer
solution neutralizing the protonated polymer, causing the
deswelling of the film.

This technique was also capable of producing complex
pattern shapes of sub-100 nm line-width. Line profiles of
thickness as small as about 60 nm are displayed in Figure
8a, along with a pattern of the letters PSU (Figure 8b), in a
5um x 5 um square region. In the latter, the average line
width is about 180 nm.

Experimental results presented herein suggest that the
working mechanism of pattern formation on the P4VP thin
film is the local protonation of pyridine units of the polymer
with the hydronium ions (H50™). As outlined in Figure 9, the
abundant H;O™ ions in the acidic ink delivered into the film
cause the protonation of pyridine groups, whose Coulomb
repulsions make the polymer swell (the counter ions, not
shown in the figure, partially screening this interaction). This
is further supported by our previous result obtained using
Kelvin probe force microscopy revealing a lack of net charge
in the swollen structures (27). Moreover, the decrease in
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FIGURE 7. Topographic images taken (a) before and (b) after
performing the “erasing” operation using an uncoated tip at the
contact force of 0.5 uN.

nm
20

FIGURE 8. Topographic image (5 um x 5 um) of (a) line features with
widths as small as about 60 nm (0.6 uN, 5 V), and (b) a pattern of
the letters PSU (0.8 uN, 5 V). In the latter, the average line width is
about 180 nm.

height of a given existing feature upon the deposition of
basic ink reveals that the swollen patterns are generated by
polymer protonation rather than, for example, residual salt
accumulation from the buffer solution. This observation also
provides evidence of the reversible characteristic of the
patterning process.
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UV crosslinked film

Swelling of P4VP film

FIGURE 9. Schematic suggesting that the swelling of P4VP thin film
originated from the protonation of the pyridine units.

A conventional DPN process involves two steps: (1) the
ink molecules transport from the coated tip to the substrate
through the water meniscus that naturally forms between
them, and (2) ink is adsorbed via chemisorption or physical
adsorption onto the surface to form any desired patterns
(11, 19, 29). In our experiments, two major factors in
controlling the properties of scribed patterns were found: the
externally applied bias and tip-sample contact force. Com-
parison among the three patterns in Figure 3 indicates that
higher bias voltages applied between the tip and the sample
yield lines with increasing heights at a fixed contact force of
1.0 uN. The influence of applied bias on the feature’s height
was further verified at different contact forces. The same
trend of the feature’s height increase when applying greater
external voltages was obtained, while the contact force was
kept constant at 0.8 and 0.5 uN. As plotted in Figure 4a, a
significant increase in the pattern’s height is observed as the
applied field strength is increased, indicating that the ef-
ficiency of acidic ion transport is electric-field dependent.
Because of the presence of applied electric field, the elec-
trostatic force acts as a driving force to facilitate the deposi-
tion of acidic ions into the polymer. Furthermore, because
the patterning experiments were carried out in ambient
conditions and the tip was initially dried with nitrogen, the
electric field was required to facilitate the delivery of acidic
ions into the substrate, so that the diffusive transport could
occur consistently. In addition, the influence of Joule-heating
discussed in electrostatic nanolithography was taken into
consideration as well (30, 31). In the experiment presented
above, no swollen pattern was obtained by using an un-
coated tip when the tip was positively biased. This result
indicates that the pattern formation cannot be attributed to
the Joule heating alone. However, because the ion mobility
is greatly enhanced when the temperature increases (32),
we cannot completely eliminate the potential effect of Joule-
heating. It could also be considered as a way to facilitate the
ion transport.

Although electric fields has been utilized in electrochemi-
cal dip-pen nanolithography (E-DPN) (33), the role of electric
field played in our approach differs from the one in E-DPN
where metallic or semiconducting structures are fabricated
via electrochemical reactions. By contrast, no electrochemi-
cal reaction is needed for fabricating patterns on P4VP films,
the external electric field applied during the patterning

2908 IENAPPLIED MATERIALS

X INTERFACES

VOL. 2 « NO. 10 ¢ 2904-2909 « 2010

process simply makes the surface patterning more reliable
and repeatable.

Similar dependence of pattern height on contact force
was found in our experiments: higher structures arose when
using stronger contact force, which was in contrast to the
report by Weeks et al. where the contact force had no effect
on the structures (34). Figure 4b shows the dependencies
of pattern height on contact force under different constant
bias voltages. One can rationalize that the increase in the
contact force exerted by the tip could lead to a greater tip
area in contact with the polymer. It could also lead to a
broadening of the liquid meniscus between the tip and the
surface. Accordingly, the increase in pattern height upon
increasing the contact force could be attributed to the wider
tip-sample effective contact area, where a greater amount
of acidic ions could be transported from the tip to the
polymer.

A breakdown of polymer film did not take place under
the applied electric fields (bias voltages were in the range of
—5to 5V). Additionally, by monitoring the deflection of the
AFM cantilever, no effect of external bias voltage on the
vertical position of the tip was observed. This fact revealed
that the electric force induced by the bias voltage can be
eliminated as a potential factor for altering the tip-sample
contact force. The high spring constant (k = 40 N/m) of the
non-contact AFM cantilevers used in our experiments (com-
pared to general contact AFM probes) is important in achiev-
ing the precise control of contact forces during the patterning
process.

The factors that affect the dimensions of the patterned
features can be attributed but not limited to a combination
of several variables, such as the writing speed (14, 34, 35),
the effects of temperature and humidity (19, 34, 36), and
the geometry and wettability of the tip (36). The dimensions
of dot features as a function of the dwell time and relative
humidity has been demonstrated in our previous work
(26, 27). No structures could be created when the humidity
was below 30 % . It indicates that the transfer of hydronium
ions in the acidic buffer takes place when sufficient liquid is
present between the tip and the sample. Although the
previous results indicate that humidity plays an effective role
on the dot heights (27), its role in affecting feature size with
this new electric field mechanism needs to be studied in a
future work. Furthermore, it must be mentioned that the use
of sharp tips was critical in achieving finer features. More
studies focusing on line dimensions control with applied
electric field are under way in our lab.

CONCLUSIONS
We have provided evidence on the improved reliability

and reproducibility of the electric-field-assisted DPN method
for fabricating nanostructures on cross-linked P4VP thin
films. Differing from a conventional DPN (where the patterns
are created upon the accumulation of deposited ink mol-
ecules), electric-field-assisted DPN attains pattern formation
as a result of the local protonation and subsequent swelling
of P4VP films. A key aspect for improving the control over
the patterning process constitutes the application of an
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electric field between the tip and the sample. The acidic ions
(i.e., H;0™) are more reliably transferred from the ink-coated
tip to the polymer-covered substrate under the applied
electric field. Well-defined features are generated due to the
swelling of P4VP upon protonation of the pyridine units. The
effects of patterning parameters, such as applied bias and
contact force, were investigated. The results suggest that
both a higher bias voltage and a stronger contact force result
in a marked increase in the pattern height. Significantly, we
demonstrated that the erasing of existing swollen structures
on P4VP films can be achieved by taking advantage of the
reversible property of pattern formation. The reversible
characteristic of this patterning approach, and its operation
requirement of very low voltages (in the —5 to 5 V range),
can find applications in a variety of nanotechnologies that
require feedback material response, including nanofluidics
(where controlled variable size compartments can be used
to selectively sort out molecules according to their size), and
proton-based memory devices operating at very low voltages.
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