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Molecular Simulation of the Water Meniscus in Dip-Pen

Nanolithography
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Summary: We report a molecular dynamics simu-
lation of the nanometer water meniscus formed in
dip-pen nanolithography (DPN). When an atomic
force microscope tip is in contact with a surface, the
meniscus is significantly asymmetric around the tip
axis. The meniscus as a whole can move away from
the tip axis due to surface diffusion. The structure of
the meniscus fluctuates and its periphery has a finite
thickness as large as 25% of its width. We simulated
the transport of nonpolar hydrophobic molecules
through a water meniscus. Molecules move on the
surface of, not dissolving into the interior of, the
meniscus. As a result, an annular pattern forms in
DPN. Even if the meniscus is cylindrically sym-
metric, the molecular flow from the tip and the
subsequent pattern growth on the surface are ani-
sotropic at the nanosecond timescale. SCANNING
32: 2-8, 2010. © 2009 Wiley Periodicals, Inc.
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Introduction

In dip-pen nanolithography (DPN) (Basnar and
Wilner 2009; Salaita et al. 2007; Nafday et al. 2006;
Piner et al. 1999; Lu et al. 2009; Campiglio et al.
2009; Giam et al. 2009; Sistiabudi and Ivanisevic
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2008), water molecules in the air condense as a
meniscus due to the spatial confinement provided by
an atomic force microscope (AFM) tip close to a
surface. This confinement-induced capillary con-
densation of water takes place at humidity levels as
low as a few percent (Jang et al. 2003). The water
meniscus is therefore ubiquitous in DPN and AFM
experiments under ambient conditions. Most likely,
the molecular transport from the tip to surface
sensitively depends on the shape and size of the
meniscus and the hydrophilicity of the tip. It is
speculated that the resolution of DPN relies on the
width of the meniscus (Jang et al. 2004). The capil-
lary force resulting from the meniscus dominates
the force exerted on the tip (Israelachvili 1992).
Despite the consensus view that the meniscus plays
an important role in DPN, our knowledge of the
meniscus at the molecular level is far from com-
plete: it is not clear how the meniscus structure and
the capillary force depend on the physicochemical
properties (e.g. hydrophilicity) and geomet-
rical shapes of the tip and surface (e.g. their rough-
ness and curvature). It is not certain whether
16-mercaptohexadecanoic acid (MHA) is trans-
ported via the surface (Nafday et al. 2006), through
the body (Piner et al. 1999) of the meniscus, or
both.

Theoretical investigations, which are free of the
uncertainties and complications associated with ex-
periments, can fill in the gaps of our molecular
picture of the water meniscus and the molecular
transport through it. Over the years, we have been
using lattice gas (LG) models and grand canonical
Monte Carlo simulations to describe the meniscus
and the capillary force (Jang et al. 2002, 2003,
2004, 2006, 2007). This approach provided mole-
cular insights into the meniscus that are missing
from continuum descriptions such as the Kelvin
equation (Israelachvili 1992). Our simulations re-
produced the typical magnitude of the experimental
capillary force and its humidity dependence (Sedin
and Rowlen 2000; Asay and Kim 2006; Butt et al.
2006; Xiao and Qian 2000). Our LG model, how-
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ever, fails to take into account some features of
water molecule, such as its nonlinear geometry
and dipole moment. To obtain a fully molecular
picture of the meniscus, an atomistic molecular
dynamics (MD) simulation is desirable. The recent
study of Choi et al. 2009 is an example of such
a simulation, but its focus was on the capillary
force and its dependence on the hydrophilicity of
the tip.

Herein, we study the meniscus structure and its
role in DPN by using an atomistic MD simulation.
We modeled the DPN of octadecanethiol (ODT)
grown by a silicon tip on a gold (111) surface.
We investigate the structure and stability of a nan-
ometer wide meniscus by calculating and examining
its density profile. The thickness of the periphery
is estimated for the meniscus. We show that
the meniscus can be quite asymmetric in the case of
a tip in close contact with a surface. We also study
the molecular transport from the tip to the surface
via the meniscus. ODT molecules initially coated on
the tip are found to move on the surface of, not into
the body of, the meniscus. Even in the case of a
symmetric meniscus, the molecular flow and sub-
sequent pattern growth of ODT on the surface
are found to be asymmetric on the nanosecond
timescale.

Simulation Methods

Water molecules are modeled using the SPC
model (Berendsen et al. 1981), which treats each of
them as a rigid collection of three point charges
(—0.82 on O atoms and +0.41 on H atoms). Because
of the presence of charges, the water molecules in-
teract through the Coulomb potential. The O atom
of water has an additional interaction, resulting
from the Lennard-Jones (LJ) potential (Allen and
Tildesley 1987),

U(r) = 4¢l(a/r)" — (o/r)°], (1)

where ¢ and ¢ are 0.3166 nm and 0.650 kJ/mol, re-
spectively. The tip is made of Si atoms with LJ
parameters, ¢ =0.3386nm and &= 2.447kJ/mol
(Joseph and Aluru 2006). The surface is made of Au
atoms with LJ parameters, o=0.2655nm and
&=4.184 kJ/mol (Ahn et al. 2006). The Si and Au
atoms interact with the O atoms through LJ inter-
actions. The LJ parameters, ¢; and oy, for the in-
teractions between different atomic species i (with g;
and ¢;) and j (with ¢; and ¢)) are calculated by using
the Lorentz—Bertholet mixing rule (Allen and
Tildesley 1987),

ej = /& and ;= (0;+0;)/2. (2)

Fig 1. Tip and surface geometries and a representative
MD snapshot for a water meniscus. A spherical silicon
tip with a radius of 12 nm is separated by 1.5 nm from a Au
(111) surface with lateral dimensions of 17 nm x 17 nm. The
water meniscus condensed between the tip and surface is
approximately 3 nm wide. The tip and surface, both made of
two layers of atoms, contain 12,300 and 6,352 atoms,
respectively.

The surface geometry consists of the upper two
layers of the Au (111) surface (Fig. 1) with a lateral
width of 17nm x 17nm. The tip geometry was
generated from a simple cubic lattice with a spacing
identical to the LJ ¢ of Si. We first selected two
layers of lattice points nearest to a spherical
boundary with 12 nm radius. We then removed the
part of the layers whose vertical positions are more
than 6 nm above the lowest vertical position of the
spherical layers. To make the lateral range of the tip
identical to that of the surface, we further removed
the part of the spherical layers that exceeds the
lateral range of the surface (see Fig. 1). The lattice
spacing (0.288 nm) for Au (face-centered cubic) is
taken from the literature (Ahn ez al. 2006). The Si
tip and Au surface are made of 12,300 and 6,352
atoms, respectively. The number of water molecules
was set to 370. Initially, the water molecules are
placed regularly in a rectangular box, which fits into
the space between the tip and surface. The water
molecules formed a meniscus within approximately
50 ps. We varied the tip-surface distance from 0.3 to
1.7 nm (in increments of 0.2 nm) and examined the
meniscus structure in each case.

By averaging more than 1,000 snapshots gener-
ated in the simulation, we constructed the density
profile, p, defined as the average number of O atoms
at a given position. We assume that the meniscus
has a cylindrical symmetry around the tip axis.
Hence, p is a function of the vertical height from the
surface, h, and the lateral distance from the tip
axis, r. The bin sizes in /& and r for the construction
of p are both 0.35nm. p is normalized so that its
highest value is 1. p(r,h) for a fixed h, being a
function of r only, is similar to a step function,
except that p drops rather smoothly, instead of
exhibiting a sudden drop, near the meniscus
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periphery. The position of the periphery is deter-
mined by fitting p to the following function,

1 1 2(r—r
p(rM)l—sixea =5 (P1+pg) =5 (p1 = pg)tanh [(do)] ,

(3)
where d; and ry are the thickness and location of
the periphery, respectively. We used the Levenberg—
Marquardt fitting method (Press et al. 1996) to
determine p,, p,, d,, and ry.

We simulated the molecular transport through the
meniscus as follows. The tip is hemispherical with a
radius of 10 nm and is separated from the surface by
a distance of 2nm. 8,142 Si atoms are carved out
from the same cubic lattice as that described above.
We use a coarse-grained model, which treats ODT as
a nonpolar spherical L] atom with &= 5.24 kJ/mol
and ¢ =0.497 nm. The same model was used in our
previous simulations (Ahn et al. 2006; Heo et al.
2008). The Au (111) surface is identical to that
described above, except that in this case it is laterally
bigger (made up of 13,924 atoms). We first put 744
ODT molecules near the tip without the surface and
ran the MD simulation for 1 ns using an LJ ¢ value of
the tip four times greater than its original value. ODT
molecules then spontaneously adhered to the tip, due
to their increased attraction to it. We then recovered
the original ¢ value for the tip and ran the simula-
tion for another 1ns. Most of the ODT molecules
remained attached to the tip. Next, we added the
surface below the tip and put 492 water molecules
into the empty space between the ODT-coated tip
and surface. By fixing all the molecules except water,
we ran a 1ns simulation for the formation of the
water meniscus. Finally, we allowed both the water
and ODT molecules to move and observed how the
ODT molecules flow from the tip to the surface for
1 ns. Here, we decreased the ¢ value for the tip by
four times so that ODT molecules are easily detached
from the tip and flow down through the meniscus.

We used the velocity Verlet algorithm with a
timestep of 2 fs (Allen and Tildesley 1987). The tip
and surface atoms were held rigid. The temperature
was set to 300 K using the Berendsen thermostat
(Berendsen et al. 1984). The internal structure of the
water molecules was held rigid using the SETTLE
algorithm (Miyamoto and Kollman 1992). The MD
simulation methods were implemented utilizing the
GROMACS package (Lindahl ez al. 2001).

Results and Discussion

We investigated the structure of the meniscus by
varying the tip-surface distance. Shown in Figure 2
are the contour plots of the density profiles for
tip-surface distances of 0.9 (a), 1.1 (b), 1.3 (c), and

0.8
0.6
o4

0.2

1.0 20 25

15
r{nm)

Fig 2. Density profile of water meniscus for various tip-
surface distances. The density is contour plotted as a function
of the lateral distance from the tip axis, r, and the vertical
distance from the surface, 4. We used various distances
between the tip (Si) and surface (Au), viz. (a) 0.9 nm, (b)
1.1 nm, (¢) 1.3 nm, and (d) 1.5 nm. The boundary of the tip is
drawn as a dashed line and the surface is located at # = 0. The
horizontal and vertical axis scales drawn in the lower left
panel apply to all the panels.

1.5 (d) nm. Overall, the density decreases from 1 to 0
as r moves away from the tip axis (r =0). For the
tip-surface distance of 1.1 nm (b), however, the lat-
eral position of the maximal p is not located on the
tip axis, r =0, but is separated from the axis by
roughly 1.25nm. This is due to the fact that the
meniscus has diffused over the surface as a whole.
The common notion that the meniscus positions its
center on the tip axis is not necessarily true. In
previous LG simulations (Jang et al. 2002, 2004),
densities above (below) 0.5 are taken to represent
the liquid (gas). Here also, we assume that the liquid
has a p value above 0.5 and that a meniscus is a
collection of positions with p values above 0.5.
Figure 2 shows that the meniscus narrows in width
as the tip retracts from the surface. The sizeable
spacings between the contour lines indicate that the
liquid-to-gas transition in the density profile is
rather smooth. This contrasts with a macroscopic
meniscus with a sharp transition from liquid to gas
at its periphery.

The density profile shown in Figure 2 illustrates
the finite thickness of the periphery of the meniscus.
This finite thickness is ascribed to the fluctuation of
the meniscus as its width narrows (Jang et al. 2004).
We estimate the thickness of the periphery as fol-
lows. For each panel of Figure 2, we fix 4 to the
value corresponding to the horizontal line passing
through the maximum of p(r,/). The density for &
fixed in such a way is a function of r only and is
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drawn as circles in Figure 3. We then fitted the
density by using the hyper-tangent function de-
scribed in the Simulation Methods and drew it as
solid lines in Figure 3. The fitted liquid densities, ps,
are 1.00 (a), 0.84 (b), 0.91 (c¢), and 0.96 (d), and the
gas densities pcs are all zero. The corresponding
meniscus widths, 2rys, are 3.25 nm (a), 3.96 nm (b),
3.30 nm (c), and 3.40 nm (d). The thicknesses of the
periphery, ds, are 0.66 nm (a), 0.46 nm (b), 0.78 nm
(c), and 0.75 nm (d), ranging from 12 to 24% of the
meniscus widths, 2rgs. Previously, this ratio was
taken to quantify the stability of the meniscus: me-
nisci with ratios of 10% or below were considered to
be stable (Jang ef al. 2004). No meniscus in Figure 3
is stable according to this criterion.

The density profiles in Figure 2 were obtained
by assuming the cylindrical symmetry of the
meniscus around the tip axis (so that it is a function
of r and /h only). In the simulation, the shape and
size of the meniscus constantly change. Each snap-
shot of the simulation often deviates from a
cylindrically symmetric meniscus. Also, the me-
niscus as a whole can diffuse on the surface.
Figure 4 plots the simulation snapshots of the
menisci (top view, taken at 10ns) for tip-surface
distances of 0.3 (a), 0.7 (b), 1.1 (¢), and 1.5 (d) nm.
At the shortest tip-surface distance of 0.3 nm (a),
water molecules do not exist in the region where
the tip nearly contacts the surface, resulting in
a crescent shape when viewed from the top. The
two small droplets shown in the figure are atta-
ched to the tip and surface, respectively. In this
case, small independent droplets spontaneously
separated themselves from the meniscus. As the
tip-surface distance increases to 0.7nm (b), the
meniscus becomes more compact and roughly
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Fig 3. The meniscus density at a fixed height and its
nonlinear fitting. For each panel of Figure 2, the density
profile, p, at a fixed % is drawn as a function of the lateral
distance from the tip axis, r (open circles). The fitting results
are drawn as solid lines. The horizontal and vertical axis
scales drawn in the lower left panel apply to all the panels.

circular. As the tip retracts further away from the
surface (¢ and d), the meniscus keeps shrinking in
terms of its lateral size (but its height increases). At
the largest tip-surface distance (d), the meniscus is
nearly ellipsoidal. The meniscus becomes laterally
denser as the tip retracts from the surface. Pre-
sumably, the asymmetric menisci shown in Figure 4
would cause the molecular flow in DPN to be
anisotropic, especially for a tip in close contact with
a surface.

We studied how the meniscus affects the mole-
cular transport from the tip to the surface. ODT
molecules are coated on a silicon tip, which is 2 nm
above an Au (111) surface (see Simulation Methods
for details). Figure 5 shows three consecutive
snapshots for molecules flowing down from the tip
to the surface. The side and top views of each
snapshot are shown on the left (a, ¢, and e) and right
(b, d, and f), respectively. In the top view, the tip
and water are excluded for the clear visualization of
the ODT molecules. Figures 5(a, ¢, and e) illustrate
the fact that ODT molecules flow down by moving
on the surface of the meniscus. No ODT molecules
dissolved into the interior of the meniscus. Our
spherical ODT molecule is nonpolar so that it in-
teracts only with water molecules through the LIJ
interactions. The ODT molecule is hydrophobic in
the sense that the ODT-water attraction (with LJ
e¢=1.84kJ/mol) is smaller than the ODT-ODT
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Fig 4. Snapshots of the water menisci at different tip-surface
distances with a Si tip and Au surface. Each snapshot is
viewed along the tip axis (perpendicular to the surface). Only
O atoms are shown (as dots), and the length is in units of nm.
Various tip-surface distances are used, viz. (a) 0.3 nm, (b)
0.7nm, (c) 1.1nm, and (d) 1.5nm. The horizontal and
vertical axis scales drawn in the lower left panel apply to all
the panels.
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Fig 5. Molecular transport from the tip to the surface via a
water meniscus. The side and top views of the snapshot at a
given time are drawn in the left and right panels, respec-
tively. Snapshots are taken at three consecutive times of 350
(a and b), 700 (c and d), and 1,000 (e and f) ps. In the side
view snapshots (a, c, and e), the Si tip and Au (111) surface
are both drawn as dots and the ODT molecules as spheres.
Only the ODT molecules near the bottom of tip are shown.
A water meniscus connects the tip and surface. The lateral
widths of (a), (c¢), and (e) are all 9nm. In the top view
snapshots (b, d, and f), the tip and water are excluded for the
clear visualization of the ODT molecules. The lateral
dimensions of surfaces shown in (b), (d), and (f) are all
12.2nm x 12.2 nm.

intermolecular attraction (with LJ ¢ = 5.24 kJ/mol).
ODT molecules therefore do not dissolve into the
meniscus and opt for moving on the surface of the
meniscus. This finding is in similar vein with Nafday
et al’s model that amphiphilic molecules are trans-
ported at the water—air interface (the surface) of the
meniscus (Nafday et al. 2006). Our simulation
shows that a nonpolar molecule without a hydro-
philic group also moves down on the surface of
meniscus through the van der Waals (LJ) interaction
with water.

Figures 5(b, d, and f) show that the ODT mole-
cular pattern on the surface grows anisotropically
and is closer to an annulus than a compact circle.
This is in agreement with the annular pattern of
DPN using MHA (Nafday et al. 2006; Zhang et al.
2004). Note that the nearly symmetric meniscus in
Figure 5 does not yield an isotropic pattern on the
surface. This anisotropy will be further increased if
the meniscus structure is asymmetric (as in Fig. 4(a))

or the meniscus laterally diffuses as a whole (as in
Figs. 2(b) and 3(b)). In addition, a random coating
of molecules on the tip would be expected to in-
crease the anisotropy in the molecular pattern in
DPN. It should be mentioned however that the
present simulation focused on the short time dy-
namics (<1 ns) of DPN with a diameter less than
10 nm. The anisotropic growth above presumably
changes direction with time and the overall pattern
growth averaged over a long period of time (ex-
perimental timescale, >1ms) will eventually be-
come isotropic, giving rise to a compact circular
pattern. In some cases, however (e.g. dodecylamine
on a mica surface), the anisotropic growth of the
pattern persists even at the experimental time and
length scales (Manandhar et al. 2003). It is not
certain at present whether this is due to the aniso-
tropy in the meniscus or other factors such as the
surface anisotropy.

Conclusion

In DPN, a water meniscus naturally forms be-
tween the AFM tip and surface under ambient
conditions. This meniscus exerts a strong force on
the tip and is thought to act as a channel for
molecular transport from the tip to the surface.
Despite the consensus that the presence of the
meniscus fundamentally changes the DPN process,
our understanding of the molecular details of
the meniscus and its role in DPN remains relatively
poor. To improve our molecular picture of DPN,
we completed an atomistic MD simulation for a
nanometer scale meniscus and the molecular trans-
port through it. The shape of the meniscus
fluctuates significantly and its cylindrical symmetry
is broken, especially when the tip is in contact
with the surface. We also found that the meniscus as
a whole sometimes diffuses away from the tip
axis. Within our nonpolar spherical model for
ODT, molecules flow down to the Au (111) surface
by moving on the surface of, rather than by dissol-
ving into the body of, the meniscus. The resulting
molecular pattern on the surface is annular.
The asymmetric structure of the meniscus pre-
sumably introduces anisotropy into the molecular
pattern growth on the surface. Even with a cylin-
drically symmetric meniscus, however, the mole-
cular pattern is found to be anisotropic on the ns
timescale. The isotropic and compact dots observed
in experiments are likely due to the long-time aver-
aging of the anisotropic pattern growths with dif-
ferent directions.

Admittedly, the present simulation is far from a
complete simulation of the molecular processes
in DPN. We have not investigated the molecular
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detachment from the tip, which is another im-
portant process of DPN (Giam et al. 2009; Weeks
et al. 2002). Instead, we took the molecular de-
tachment from the tip as given and focused on the
events after the detachment. It is also desirable to
consider explicitly the chain structure and the polar
head group of ODT molecule. The chains are ex-
pected to introduce a molecular entanglement,
which will slow down both the detachment from the
tip and the flow through the meniscus of ODT
molecules. The molecular diffusion on the surface
on the other hand is reported to be enhanced by the
presence of chains (Mahaffy er al. 1997). There is a
disparity in size between our simulation and the
experimental meniscus, which can be hundreds of
nanometers in width (Weeks ez al. 2005). It needs a
further study to check whether the conclusions of
our simulation involving hundreds of water mole-
cules remain intact for an experimental meniscus
with a number of molecules on the order of 10°. We
expect some quantitative difference between simu-
lation and experiment, but the qualitative behavior
will remain unchanged. It would be also interesting
to investigate the dynamics of meniscus formation,
which is reported to affect the patterning rate of
DPN (Weeks and DeYoreo 2006). The formation of
meniscus in simulation was expedited by choosing a
liquid-like initial condition for water. If we had used
a vapor-like initial condition, the meniscus would
have taken a much longer time to form than in this
work (~507ps). All these improvements however
would require a very long, if possible, simulation
time. The current simulation seems a reasonable
starting point for an improved modeling of DPN in
the future.
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