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We report the direct delivery and assembly of negatively charged gold colloidal particles atop positively charged
amino-terminated silicon oxide surfaces using a nanofountain atomic force microscopy probe. The experimental
results and fluid simulations indicate that the flow of nanoparticles is confined to the core tip region of the probe.
This leads to the assembly of high-resolution submicron patterns (200 nm) on the substrate with feature sizes dependent
on the tip-substrate contact time. A diffusion mechanism for the patterning is proposed and discussed.

Introduction

Significant advances have been made in manipulating,
delivering, and assembling a wide range of nanomaterials in
predefined architectures and patterns. These materials include
organic molecules, nanoparticles, biological molecules, and small
liquid droplets containing active components. The realization of
these architectures has depended largely on the development of
nanolithographic techniques such as microcontact printing,1 dip
pen nanolithography (DPN),2 microfluidic network printing,3-5

inkjet printing,6 or fountain pen based printing.7-11 In general,
these methods rely on the transfer of molecules to chemically
functionalized surfaces. The molecules are chemo-physically
adsorbed on an ink delivery tip or mold in a dry state or carried
by a fluid in a microfluidic device. While contact is made between
the apex of the device and a surface, the molecules are adsorbed
onto the surface. The size of the deposited feature can be controlled
by the contact time and the probe tip geometry. For example,
the DPN technique has achieved a resolution of a few tens of
nanometers in the case of molecular patterning. However, direct
writing with nanoparticles by DPN has proven to be challenging,
most likely due to inefficient particle coating of the atomic force
microscopy (AFM) tip or rapid loss of particle mobility during
solvent evaporation. Thus far, there have been few successful
attempts to directly deposit nanoparticles by DPN. A previously
reported approach was based on a modified inking method, which

allows Au nanoparticles to be coated on the AFM tip in a liquid
state.12,13 However, the throughput and controllability of the
nanoparticle deposition are still poor. Indeed, direct nanoparticle
pattering is important for many applications such as the fabrication
of nanoscale electronic circuits and waveguides.14 Many chal-
lenges remain in assembling and positioning nanoparticles in
desired locations to construct complex, functional structures.

Controlled deposition and patterning of Au nanoparticles have
been achieved by top-down, bottom-up, or a combination of
both methods using template-directed assembly15or evaporation-
induced assembly.16,17 However, direct write methods provide
better control over resultant patterns and simplify the process of
making functional structures. Nanofountain probe (NFP) pat-
terning is a promising direct write approach capable of delivering
liquids to a surface. In the past, microfluidic components such
as reservoirs, microchannels, and small apertures or slots have
been used to control the delivery of ink solutions. However, the
previously reported microfluidic tools suffer from low deposition
resolution and poor control of the liquid spreading on the substrate.
Recently, following the development of the first and second
generations of the NFP in our lab,18-20 a third generation of the
NFP was fabricated. Modifications included fabrication on SOI
wafers, improved channel sealing, deeper channels to allow the
delivery of larger particles and more robust fabrication processes
leading to enhanced yield. Here we describe the direct patterning
of Au nanoparticles using the third generation of nanofountain
probes, which integrate a volcano-shaped tip, microfluidic
channels along 24 cantilevers, and 4 reservoirs all in one chip.
Delivered Au nanoparticles were electrostatically bound to amino-
terminated oxidized silicon substrates in a reliable and reproduc-
ible fashion.
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Materials and Methods

The colloidal Au solution (Ted Pella, Inc.) was a water solution
containing gold colloids with an average particle diameter of 15 nm.
The particles were capped with citrate ions, rendering them negatively
charged. Prior to use, Au sol was concentrated up to 100 times by
centrifugation, resulting in a concentration of 1.4× 1014 particles/
mL.

Figure 1 illustrates the scheme for simultaneous Au nanoparticle
deposition and assembly. The aqueous gold colloidal solution was
transported from the NFP chip reservoir to the tip apex by capillarity.
Prior to patterning, the oxidized silicon wafer substrate was
functionalized with a 3-aminopropytriethoxysilane (APTES) mono-
layer formed by soaking the substrate in an APTES solution in
ethanol (0.1% v/v) for 1 h, then rinsing successively in ethanol and
water, and drying with high purity nitrogen. The substrate was then
baked at 120°C for 1-2 h to complete the Si-O bond formation.
The affinity of the amino groups to gold is driven by strong
electrostatic interactions, immobilizing the Au particles on the silane-
coupler treated substrate.21 Sol delivery by the NFP allowed Au
nanoparticles to be immobilized on the substrate in one step.

Aqueous gold sol (∼1 µL) was fed into two reservoirs of the NFP
using a micropipette. The chip was immediately mounted on an
AFM instrument (Veeco Dimension 3100). All experiments were
performed at a relative humidity of 50-65%, at room temperature.
Patterned arrays were produced by custom scripts developed with
Nanoscript software.22 The NFP was able to pattern for more than

40 min, which is consistent with the evaporation time of water-
based liquids within the channels, as observed by optical microscopy.
No wear of the nitride tip was noticeable after the working period,
which is consistent with the relatively short path described by the
tip in friction mode, although a large range of contact forces were
tested. This differs from the scanning of large surfaces in imaging
mode, where wear work is caused by long paths and small contact
forces. Occasionally, the NFP tips became clogged with nanoparticles,
thereby precluding further deposition. However, chemical cleaning
procedures such as with piranha solution (7:3 H2SO4:H2O2by volume)
were capable of clearing the probes, making the NFPs reusable.

Results and Discussion

Dot patterns were produced with different NFP-to-substrate
contact times, to investigate the Au nanoparticle diffusion and
the repeatability of the writing process. After full evaporation
of the solvent, the patterned area was imaged by tapping mode
AFM using commercial Si cantilevers. Arrays of 600-700 nm
diameter dots of Au particles spaced 4µm apart were deposited
on a substrate with a contact time of 2 s asshown in Figure 2.
The deviation in dot position is due to the scanning piezo tube
hysteresis, as the employed AFM did not possess closed-loop
feedback. Immediately after patterning, the features were as high
as 180 nm, which is much greater than the height of one monolayer
of Au particles (see the Supporting Information). After thoroughly
rinsing the sample with DI water (Figure 2a-c), the dot arrays
remained on the surface, and the average height of the dots was
dramatically reduced to about 15-20 nm, which is in good
agreement with the nanoparticle diameter measured from AFM
and scanning electron microscopy (SEM) images of individual
particles. Well-resolved individual particles can be seen in the
magnified images in Figure 2b,c. A 2 scontact time resulted in
a significant delivery of Au particles to the substrate and the
subsequent assembly of a particle multilayer. The particles and
the nonvolatile residue present in the Au sol (sodium citrate)
were responsible for the initial height profile. Subsequent rinsing
removed the nonimmobilized particles and residues, leaving
behind a well-defined particle monolayer pattern. The experiments
also show that it is possible to form dot arrays consisting of two
layers of Au particles, confirmed by an average height of 20-30
nm (see the Supporting Information).

Direct optical microscopy observation provided further
evidence of Au particle deposition. The dot arrays exhibited the
same characteristic pink color as that of a large area of gold
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Figure 1. (a) Schematic of Au nanoparticle delivery by the
nanofountain probe; (b) Schematic of dot pattern containing
nanoparticles. (c) Optical image of NFP cantilevers; inset: aperture
of probe tip.

Figure 2. Tapping mode AFM images of patterned Au nanoparticles
(a-c) and the height profile along the line in image b (d).
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particle film assembled on the same substrate. The same NFP
chip could be employed in multiple instances, even after complete
evaporation of the solvent, by refilling it with Au nanoparticle
sol. The patterns produced were generally very repeatable in size
and shape. A dramatic reduction in dot size was observed
immediately before the patterning ceased, perhaps due to the
rapid loss of solvent as it completely evaporated away. By contrast,
when different NFP chips were employed, a contact time of 2
s resulted in a range of spot diameters. Our investigation showed
that the spot size primarily depends on three factors: nanofountain
probe tip dimensions, wetting characteristics, and evaporation
rate. We are currently investigating the effect of these parameters
on the nanoparticle deposition mechanism and resolution. The
effect of contact force was examined by changing the feedback
setpoint within the detectable range of the photodiode on the
AFM. However, no appreciable dependence of the spot size on
the applied normal force was observed.

Both the diameter and the height of Au dots could be controlled
by varying the tip-substrate contact time as shown in Figure 3.
SEM images of patterned substrates (Figure 4a) before rinsing
with DI water revealed an area of nonvolatile residue left on the
substrate after solvent evaporation. After rinsing the substrate
(Figure 4b), this residue was completely removed. This non-
volatile, water soluble residue is likely sodium citrate, as citrate
was the only substance other than gold nanoparticles present in
the patterned solution. The residue area increased very little for
varying tip-substrate contact times, whereas the lateral dimen-

sions and height of the central Au particle area increased with
increasing tip-substrate contact times. Scaling analysis of the
patterns revealed that the nanoparticle spot diameter inµm
depended on the contact time in seconds asD ∝ 0.47t0.183(Figure
5), whereas the extent of the residue depended on time asD ∝
2.9t0.091. The generic power law dependence of the dot diameter
on timeD ∝ atν stems from a surface diffusion model advanced
by Jang et al.,23 whereν ) 0.5 anda depends on the ratio of the
surface diffusion coefficient to the ink deposition rate. The power
law relation was later extended to characterize other types of dot
formation mechanisms, whereas the deviation of the experi-
mentally determinedν exponent from the surface diffusion value
(0.5) indicates the deviation from the surface diffusion model.
Two values for the exponent can be determined:νmby considering
the diameter of the circle circumscribing the dot orνa by
considering the diameter of the circle of equal area with the
dot.24νatypically remains close to 0.5, whereasνm exhibits larger
deviations. The results reported here for the exponent correspond
to νm. Although more data points would be needed to determine
ν more accurately, the current analysis strongly indicates that the
dot growth is substantially slower than in a surface diffusion-
driven model, both for the nanoparticle dots and the surrounding
water-soluble spots.

The proposed deposition mechanism involves the formation
of a thermodynamically stable liquid-air interface by capillary
action, followed by the spreading of the liquid on the substrate
upon contact. Given the fact that deposited Au particles do not
follow the spreading of the liquid, the particle distribution in the
meniscus is not homogeneous. This is consistent with the
occasional formation of hollow circular dots (Figure 6a) instead
of the usual completely filled dots (Figure 6b). This phenomenon
may be explained by an annular diffusion model in which solute
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Figure 3. Tapping mode AFM image of nanoparticle spots patterned
with varying tip-substrate contact times.

Figure 4. SEM images of patterned substrates (a) prior to rinsing
in DI water, delineating the liquid residue area and central region
containing Au nanoparticles and (b) after rinsing, showing a
monolayer of Au nanoparticles. Schematics are shown in the insets.

Figure 5. Spot diameter as a function of tip-substrate contact time
for gold nanoparticles and soluble residues.

Figure 6. Tapping mode AFM images of a patterned (a) hollow
dot and (b) filled dot.
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transport is slower than the condensation leading to the formation
of the meniscus, and molecules are transported at the air-water
interface of the meniscus.25 Furthermore, previous studies have
shown that suspensions of nanometer-sized particles (nanofluids)
spreading on a surface develop a wedge-shaped film at the front
that is a three-phase contact region.26 Colloidal particles tend to
accumulate in this region in an ordered, crystal-like structure
that is denser than the disordered, fluid-like bulk region. Therefore,
high-density deposition of Au particles within dots is possible
whenever Au particles accumulated at the triple phase contact
line directly contact the amino-terminated silicon surface.
Dynamic growth of the nanoparticle patterns is then driven by
concentration gradient induced particle diffusion on the substrate
in both lateral and vertical directions, and the resulting patterns
are then balanced by the competition between repulsive forces
between negatively charged particles, attractive interactions
between particles and the substrate, and lateral diffusion.

To investigate the effect of wetting, controlled experiments
wereconductedondifferent substratesprovidinga rangeof contact
angles between the nanoparticle ink and the substrate. Generally,
dot sizes on APTES/SiO2, Au, and mercaptohexadecanoic acid
(MHA)-coated Au substrates increased with decreasing contact
angles. However, these substrates could not immobilize Au
particles; rinsing with DI water removed all of the deposited
particles. Furthermore, newly prepared substrates were required
to obtain reproducible results. In general, no nanoparticle patterns
could be observed on substrates stored in air for more than 10
days, due to an increase in the contact angle of the nanoparticle
solution on the substrate.

Like nanopipettes27,28 and surface patterning tools29 (SPTs),
the NFP delivers a sample solution through a microchannel.
However, the solution delivered through the NFP microchannel
stops at the ring shaped aperture of the volcano tip to form a
liquid-air interface. Subsequently, molecules move out of the
interface to diffuse along the surface of the inner tip and then
to the surface. Previous numerical simulations of fluid transport
through the NFP performed using commercial software (CFD-
ACE+, CFDRC) indicated that liquid ink can flow through the
microchannels due to the capillary force resulting from the small
channel dimensions. These simulations demonstrated that the
equilibrium liquid-air interface is determined by the geometry
of the device and the contact angles of the liquid ink on the solid

wall surfaces. In some cases, the liquid could leak outside the
channel, and the formation of vapor bubbles due to cavitation
was predicted and experimentally observed.30 More recently, a
two-dimensional axi-symmetric model was simulated in Fluent
(ANSYS, Inc.), based on the geometry of the third generation
nanofountain probe, which was used in the experiments reported
here. A core with an apex radius of 250 nm protruding 625 nm
from the outer shell was modeled. Experimentally measured
values of the contact angles of the nanoparticle solution on the
NFP material and on the substrate were used. Moreover,
simulations were performed for the fountain probe in contact
with the substrate, and the capillary flow was computed. For the
Si3N4 NFP, the simulations confirmed that a stable fluid-air
interface exists, and the meniscus shape is as depicted in Figure
1 with no bubble formation. The liquid is confined to the core
tip region during fluid delivery.

Conclusion
The direct deposition of Au nanoparticles in solution by means

of the nanofountain probe patterning method was demonstrated.
The experimental results and fluid simulations indicate that the
flow and deposition of nanoparticles is confined to the core tip
region of the NFP, which leads to the assembly of high-resolution
submicron patterns with feature sizes as small as 200 nm. The
study also reveals that contact angle, time, tip material, and buffer
chemistry control the shape of the liquid meniscus and the
deposition rate. Thus, the NFP allows unprecedented spatial
control in the direct deposition of Au nanoparticles.
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