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Anomalous Surface Diffusion in Nanoscale Direct Deposition Processes
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We report the first observation of anomalous diffusion in nanometer scale direct deposition processes
utilizing dip-pen nanolithography (DPN). DPN permits quite general nanostructure patterns to be
drawn on flat surfaces. Here we demonstrate experimentally, and discuss theoretically, the situation in
which the molecular ink in DPN binds weakly to the surface. We observe, for the weak-binding case of
1-dodecylamine on mica, that anomalous diffusion occurs, leading to nearly fractal deposition patterns.
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Surface diffusion has been drawing attention due to its
scientific and technological importance in thin film
growth, nanoscale molecular patterning, and biological
applications [1,2]. Although the invention of scanning
probe microscopy has allowed us to image nanostruc-
tures, most surface diffusion research has relied on bulk
self-organization processes on solid substrates. The devel-
opment of dip-pen nanolithography (DPN) has opened up
new possibilities by allowing us to deposit organic mol-
ecules onto desired nanoscale surface regions [3]. In the
DPN process, one uses an AFM (atomic force micros-
copy) tip to deposit organic molecules onto a specific
area, and then the diffusion process is directly observed.
However, until now, diffusion studies utilizing DPN have
been limited to normal diffusion cases [3—6]. Herein, we
report the first observation of anomalous diffusion in
nanoscale direct deposition processes utilizing DPN.
Specifically, we present an example of anomalous diffu-
sion phenomena, e.g., anisotropic pattern growth, which
cannot be explained by a random walk model. The pos-
sible impact of anomalous diffusion in molecular pattern-
ing applications is also discussed.

Jang et al presented a theoretical model explaining
DPN as a three-step process (Fig. 1) [4]: (1) molecular
deposition; (2) lateral diffusion on a monolayer of
molecules; (3) termination of diffusion by chemical bind-
ing to a substrate. With the assumption of a constant
deposition rate, which has been confirmed by several
experiments, Jang et al successfully described the
patterns generated in DPN by a random walk simulation.
Sheehan et al. subsequently extended the diffusion
model to explain the deposition process [5]. Weeks
et al. presented a model including the water meniscus at
the AFM tip/substrate junction [6]. In previous literature,
the diffusing organic molecules on substrates are as-
sumed noninteracting, and therefore their behavior is
described by a 2D Fickian diffusion model. The effect
of intermolecular interaction in the diffusing molecules
other than the excluded volume effect [4] has not been
reported.
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PACS numbers: 81.16.Nd, 68.35.Fx, 81.16.Dn, 81.16.Rf

The DPN procedure in this manuscript is similar to the
previous method of creating ““dot” patterns [3—7]. In this
procedure, the molecule-coated AFM tip is held at a fixed
position in contact with the substrate so that molecules
diffuse out onto the substrate, forming dot patterns whose
sizes depend on the contact time (Fig. 2).

The following are novel features of our experiment.
Unlike previous DPN experiments, we use molecules with
weak binding on the substrate: 1-dodecylamine (DDA) on
mica. In the case of strong surface binding, the results are
dominated by surface binding events, and the details of
lateral diffusion do not show up. From a practical point of
view, the amine terminal groups of DDA can be utilized
to chemically dope carbon nanotubes [8]. The results of
1-octadecanethiol (ODT) and 16-mercaptohexadecanoic
acid (MHA) on Au are also presented as examples of
strong binding cases. Both molecules chemically bind to
Au surfaces using thiol groups [3—6]. Second, to mini-
mize residual solvent effects, we utilized a vapor deposi-
tion method to coat DDA on the AFM tip. Here, 200 mg

AFM tip
as a point source

4) Reorganization

\ 1) Molecular

\ 3) Substrate Deposition
Binding
\ \ v 2) Lateral
\ \ N Diffusion

FIG. 1 (color online).
binding.

DPN process with weak surface

© 2003 The American Physical Society 115505-1



VOLUME 90, NUMBER 11

PHYSICAL REVIEW LETTERS

week ending
21 MARCH 2003

A : 2 B 1+ Rm. e
et S e | vm=0.65:0.02 *~ |
—_— . 3 ,-"";. I
E | A
= | /_ﬁ_..,
; o
e - Ra:
; . e va =0.50 0.01
0.1 — BT o, .....1.0“
0 pm 8 t(sec)
C D 1 Ra=Rm
> - ’ I va=vm=042 0.01 o
E | el
® L ] 2 = | b g
x | /_..”
0.1 ';./"
./"".'.
) E— T —TT
t(sec)
F 1l Ra=Rm >
f va=vm=0.53:0.01 ="
—_— |
E >
= | g
x | I
-
0.1} A
[
0 pm 8 t(sec)

FIG. 2 (color online). Lateral force microscopy (LFM) im-
ages and scaling analysis of DDA on mica [(A) and (B)], ODT
on Au [(C) and (D)], and MHA on Au [(E) and (F)]. The solid
lines are least squares fits. The errors represent the statistical
uncertainty of the fitting parameters.

of DDA is placed in a 15 ml tin can with an AFM tip, and
the tin can is heated up to 60 °C for 20 min resulting in a
thin DDA coating on the tip. When molecules are coated
from solution, the coating usually contains residual sol-
vent that may alter the diffusion properties. ODT is also
coated via vapor deposition [3]. The results of MHA
coated from 1 mM acetonitrile solution are presented
for comparison. Finally, a stable molecular deposition
rate is crucial for a scaling analysis. Ink depletion in
the AFM tips can easily ruin the analysis. To minimize
the effect, we repeated the same experiments twice.
Whenever there was more than a 10% difference in pat-
tern sizes in two successive experiments, the data were
discarded.

Surprisingly, DDA shows anisotropic patterns that have
not been observed in previous DPN experiments (Fig. 2).
Repeated AFM imaging of DDA patterns does not change
the shape of the patterns, implying that even though the
binding of DDA to the mica surface is very weak the final
DDA patterns are stable “‘solid” structures.

For analysis, we define two new parameters R, and R,
for each dot pattern as follows: R, = (Area/m)*; R,, =
(maximum separation)/2. The area of each pattern in
the AFM images is measured to calculate R,. R, is
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measured from the maximum distance of molecules in
the final patterns. In a short time period, R, and R,, are
found to be proportional to ¥, where ¢ is the tip contact
time. v, and »,, are obtained by fitting (logR) vs (log?) as
plotted in Fig. 2.

v, represents the area growth rate of the patterns.
Previous lattice imaging and etching experiments
strongly suggest the uniform number density of molecules
in DPN-generated dot patterns [3]. In this case, the area of
the pattern is proportional to the number of deposited
molecules, and v, represents the deposition rate of mol-
ecules. If DPN writing is stable, the deposition rate should
be constant, resulting in v, ~ 0.5. For an increasing or
decreasing deposition rate, v, should be larger or smaller
than 0.5, respectively. We find that DDA, ODT, and MHA
show stable deposition rates with slight systematic varia-
tions. The increasing growth rate for MHA [v, = 0.53 =
0.01 in Fig. 2(F)] is especially surprising. In the case of
MHA, three consecutive data sets including a total of 27
patterns show similar values of v, (0.54, 0.52, and 0.53).
One explanation for the MHA results is an increasing
affinity of the MHA ink, which is presumably mixed
with adsorbed water and residual solvent molecules, to
the surface as the substrate is being covered by a hydro-
philic monolayer of MHA. A similar effect has been
observed in microscale pen and stamping experiments
[9]. The MHA results suggest that, in addition to a simple
random walk of molecules, it is necessary to include more
complicated phenomena at the tip/surface junction such as
the water meniscus to provide a general understanding of
the DPN deposition process [6,10]. Another astonishing
aspect is the constant deposition rate for DDA [v, ~ 0.5
in Fig. 2(B)] even with its anisotropic patterns. This
implies that the deposition step is relatively independent
of the lateral diffusion process and, after proper consid-
erations, one can achieve stable DPN writing even for
weak-binding cases.

The circular patterns of ODT and MHA can be attrib-
uted to isotropic diffusion of the molecules followed by
strong chemical binding onto the substrate [3,4]. If the
molecules stop moving whenever they meet the bare
substrate, the final pattern will be determined by the
probability for molecules to reach the bare substrate.
When the tip is an isotropic point source, the probability
for each molecule to be captured on the bare substrate at a
distance R from the AFM tip is isotropic, and it should be
a decreasing function of R due to the increased time
required to travel a longer distance. In this case, the final
patterns are circular [4]. However, when the surface bind-
ing is weak, the final pattern is determined by interaction
between the molecules, and it can be either circular or
anisotropic. For DDA, this leads to an isotropic shape
when the pattern is small, and then a more anisotropic
pattern when it gets large [Fig. 2(A)]. Previously, Jang
et al. demonstrated that the random walk of molecules
followed by binding at the pattern edges does not result in
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the fractal-like patterns seen for DDA [4]. Thus, the
behavior for DDA can be called anomalous, as it cannot
be explained by a simple random walk model.

To characterize the DDA patterns, we have defined a
scaling parameter v, based on the function, (Area) ~
(maximum separation)”?. For example, filled circular
patterns should have a vp of 2 because the maximum
separation in a circle is its diameter. From the definitions
of v, and v,,, it follows that v, = 2v,/v,,. From the data
in Fig. 2, we find that DDA growth shows v, of 1.53,
while circular patterns of ODTand MHA on Au have v,
of 2. v, can be a critical parameter to distinguish anom-
alous diffusion from normal diffusion. Even though we
used freshly peeled mica surfaces, we also considered the
possibility that the nonuniform patterns are due to ran-
domly distributed surface defects that may hinder adhe-
sion of the DDA molecules. However, nonuniform growth
due to such surface defects should have a v, of 2: let us
consider a nonuniform pattern that fills the circular area
with a radius R. If the nonuniformity of the pattern is due
to the randomly distributed surface defects which cover
x% of the surface area, the total filled area A is 7R?*(1 —
x/100). So, nonuniform patterns due to the surface de-
fects should satisfy A ~ R? implying v, of 2. The analysis
shows that not all anisotropic patterns represent anoma-
lous diffusion, and the origin of DDA growth is not an
effect from the substrate but instead reflects intermolec-
ular interaction. This argument indicates that v, is an
important parameter which allows us to identify anom-
alous diffusion.

One common model for the anomalous growth of bulk
thin films is the diffusion limited aggregation (DLA)
model, where particles diffuse towards a cluster (nuclea-
tion site) and are then captured when they hit it. The final
pattern shows a fractal-like shape. Witten er al have
demonstrated that the density correlation function C(r)
of a finite size fractal follows a power law, C(r) ~ pP=d,
over distances from a few lattice spacings to the size of
the cluster, where D and d are the fractal and Euclidean
dimensions, respectively [11]. The values of D for the
DLA models are 1.5 or 1.7 depending on the detailed
assumptions used in the simulation [12,13]. Even though
it is still not clear whether the DDA patterns have self-
similarity, we can define another measure of pattern
structure by explicitly calculating the density correlation
function. In the AFM images, the density p(r) is defined
to be 1 for the molecule-filled pixels and O for others. The
D is estimated by fitting C(r) to the function, C(r) ~ rP~¢
with the Euclidean dimension d = 2 [11]. Applying this
to large DDA patterns, we find a fractal dimension D of
~1.5 [Fig. 3(A)]. This is almost identical to vp, and it is
also close to that obtained for some DLA models [12].
However, the similarity with the DLA model needs to be
viewed with caution as the underlying mechanism in the
anomalous DPN process is, in fact, opposite to the DLA
model. In the DPN process, new particles are initially
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FIG. 3 (color online). (A) Density correlation function C(r)
for a large DDA pattern (inset) and the least square fit (solid
line). The C(r) scales as C(r) ~ r~94=002 requlting in the
fractal dimension D of ~1.51. The position of the AFM tip
during the DPN process is marked by “x”” in the LFM picture.
(B) Circularity measured from the results in Fig. 2. (C) DPN-
generated DDA patterns showing anomalous diffusion effect.
To generate the patterns, the molecule-coated AFM tip was
moved along the line with a constant speed of ~0.1 um/s. (D)
The normal diffusion case of MHA on Au (writing speed
~0.2 um/s).

placed only at the center of the cluster (nucleation site),
and the particles travel on top of the cluster until they
reach a binding site on the edge of the cluster. If the
deposited particles in the DPN process behave in the
same way as the particles in the DLA model, they are
more likely to be captured before reaching the far end of
the cluster, and the final pattern should be a filled circle as
demonstrated by Jang et al [4]. The fractal-like growth
implies that the molecules deposited from the AFM tip
tend to be captured at the far end of the patterns. This is a
new situation that requires a direct deposition method
such as DPN to be realized.

One plausible explanation for the observed anomalous
diffusion is rapid crystalline growth of DDA molecules
on the mica surface. DDA is known to form high quality
crystalline structures on mica [14]. Thus, when the pat-
tern size is small (encompassing a small number of crys-
talline domains), the pattern remains more circular
because of the isotropic velocity distribution of molecules
coming from the AFM tip. When the pattern gets much
larger than the domain size, then the diffusing molecules
can sprout new crystalline domains at the edges of old
domains, largely at random, leading to irregular patterns.
Indeed, sharp triangular facets are often evident in the
large patterns [inset of Fig. 2(A)]. The directions of the
sides of the facets are not all identical, implying that

115505-3



VOLUME 90, NUMBER 11

PHYSICAL REVIEW LETTERS

week ending
21 MARCH 2003

the pattern is divided into multiple domains with random
directions. We can also observe small crystalline facets in
the small patterns although it does not appear as clearly
as in the large patterns because of the small dimensions
and isotropic shapes of small scale patterns. Similar
anomalous diffusion due to pattern growth in the pre-
ferred crystalline directions has been reported in bulk
thin film growth [1]. In the supporting materials, we show
that ODT deposition on mica results in vp ~ 2 even with
irregular pattern shapes, indicating that weak binding
does not necessarily give anomalous diffusion [14].

One parameter of practical importance is the circular-
ity N = 1.3869(ug/0og)**?!, where uy and oy are the
average radius and standard deviation, respectively, of
edge points of the patterns [15]. We utilized AFM images
in Fig. 2, and the edge points were detected by finding the
pixels with 2 or 3 nearest pixels filled with molecules.
Jang et al demonstrated that normal diffusion should
show increasing circularity with increasing radius of
patterns [4] as we find for ODT and MHA [Fig. 3(B)].
However, DDA shows decreasing circularity which is
another characteristic feature associated with anomalous
diffusion. Even with anomalous diffusion, we can gen-
erate desired nanoscale patterns reliably [Fig. 3(C)].
However, the effect of anomalous diffusion is clearly
visible in the final results. The pattern produced via
normal diffusion is also presented for comparison
[Fig. 3(D)]. The tool set in this manuscript allows one
not only to characterize anomalous diffusion processes
but also to find a solution for practical applications. For
example, the circularity results of DDA deposition indi-
cate that the effect of anomalous pattern growth becomes
significant for large size patterns where the DDA mole-
cules have to travel larger distances on the surface. One
obvious solution is minimizing surface diffusion during
pattern generation. In other words, to generate large size
patterns, one should opt for moving the AFM tip to fill the
area, rather than relying on the diffusion of DDA mole-
cules on the surface.

In summary, we have presented the first systematic
study of anomalous diffusion in nanoscale deposition
processes. The experimental and analysis tools in the
manuscript can be utilized to study general diffusion
processes for organic molecules on solid surfaces. From
a practical point of view, this result demonstrates that,
after proper considerations, nanoscale direct deposition
methods can be utilized to generate organic molecular
patterns for very weak-binding cases. Weak binding is
likely to be a common deposition motif, and it may
already play an important role in the chemical doping
of carbon nanotubes and biomolecules on inert surfaces.
In addition, the development of nanoscale deposition
methods raises a set of new scientific questions. What is
the phase of the diffusing molecules? Do the patterns
generated via nanoscale deposition have self-similar
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fractal properties as bulk thin films? If so, what are
the dimension and mechanism? These are the issues we
can address in the future utilizing the methods in the
manuscript.
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