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Manipulation of nanoparticles with the scanning force microscope (SFM) has been limited until now to
clearing areas on a surface or to moving single particles sequentially to create two-dimensional patterns.
The research reported here uses a previously described setup for nanomanipulation with the SFM to
(i) build a simple three-dimensional pyramidal structure by pushing a nanoparticle on top of two others
and (ii) rotate and translate a linked two-particle structure. The experiments are conducted in air and
at room temperature with gold nanoparticles deposited on silicon previously coated with a silane layer.

1. Introduction

Nanoparticles and structures formed of nanoparticles
have physical properties different from those of the bulk
materials. They exhibit phenomena such as the quan-
tization of energy, charge, and conductance,1-3 which may
lead the way to future nanodevices such as single-electron
transistors.4 However, many of the potential applications
will require the precise positioning of nanoparticles in
complex two- and three-dimensional structures. Several
methods have been proposed to construct such struc-
tures.5-7 Another promising strategy is using the tip of

a scanning force microscope (SFM) to manipulate nano-
particles on surfaces.8-12 Usually, a linescan including
the nanoparticle and its desired position is taken before
manipulation with the SFM operated in dynamic mode
(noncontact or intermittent contact). During manipula-
tion either the feedback is switched off9,11,12 or the SFM
is operated in static mode (full contact)8,10 and the particle
is moved by the tip to its new position on a surface. Until
now only a few groups have reported precise positioning
of nanoparticles to form two-dimensional structures on
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the surface by using an SFM.8-14 However, there have
been no previous reports of building two-dimensional
(2-D) structures or units out of single nanoparticles which
could then later be manipulated as a whole unit. This
requires not only contact between the particles but also
connection. Building a three-dimensional (3-D) structure
out of single nanoparticles has also not yet been demon-
strated. In this paper, we present both the preparation
of a pyramid-like structure, as an example of construction
of a three-dimensional structure by manipulation of single
nanoparticles, and the manipulation of a dimer unit
formed by two linked nanoparticles.

2. Experimental Section
The sample was prepared by depositing gold colloidal particles

(EM.GC15; Ted Pella, Inc.) with diameters of 15 and 30 nm from

aqueous solutions on a silicon surface that had been previously
coated with a film of (Aminopropyl)trimethoxysilane (APTS)
(Z-6020 Silane, Dow Corning). Prior to the nanoparticles being
deposited, the silicon substrate was rinsed with concentrated
sulfuric acid, deionized water, acetone, and methanol. To deposit
the layer of APTS, the Si substrate was dipped for 1 h in an
aqueous solution of 1% APTS containing 1 × 10-3 M acetic acid.
Subsequently, the samples were annealed in air for 5 min at
120 °C.

Imaging and pushing experiments were carried out with an
Autoprobe CP AFM (Park Scientific Instruments) operated in
noncontact mode (NC-AFM) in air using triangularly shaped
silicon cantilevers (Park Scientific Instruments, spring constant
∼13.0 N m-1, resonance frequency ∼340 kHz).

Manipulation of the nanoparticles was performed by utilizing
the Probe Control Software (PCS), which was developed in our
group12 and is built upon the application programming interface
provided by Park Scientific Instruments. This software allows
the user to take single linescans by setting an “arrow” in a
previously recorded noncontact mode image. The arrow deter-
mines the direction and length of the subsequent scanline and
can be moved by the operator in the x- and y-direction until the
displayed topography indicates that its path is centered over the
particle. To compensate for relative position drifts, a tracking
tool based on the differential height between the particle and the
surface can be activated to keep the arrow going through the
center of the particle. Two bars can be positioned along the
scanline within which alternative operating conditions of the
SFM and therefore the “start” and “end” points of the manipula-
tion can be selected. In this study the feedback was turned off
just before the tip was scanned across the particle and switched
back on after reaching the desired lateral position. Furthermore,
the software allows access to various signals such as the deflection
and the amplitude of the cantilever during manipulation. By
analyzing these data, we have previously shown that the particles
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Figure 1. Pushing of a gold nanoparticle (1) with a diameter
of 30 nm up and between two others (2 and 3) and back. Figure
1A shows an NC-AFM image of the surface area before
manipulation and Figure 1B the NC-AFM image of the same
area after pushing particle 1 between 2 and 3 as indicated by
the arrow in Figure 1A. Figure 1C shows the AFM image after
particle 1 was isolated again. The scan area is 450 nm × 350
nm.

Figure 2. Elevation of particle 1 after being pushed up and
between particles 2 and 3. Figures 2B and 2C show the two
orthogonal line scans as indicated in Figure 2A.
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are pushed across the surface and studied the underlying
mechanics of the pushing operation.15

3. Results
The series of top-view images presented in Figure 1

shows the preparation of a pyramid-like structure by
pushing one nanoparticle up between two others. Figure

1A shows the topography of a region of the sample before
manipulation. The scan area is 450 nm × 350 nm. Three
particles with a diameter of 30 nm and marked with the
numbers 1, 2, and 3 can be observed among several
particles with diameters of 15 nm. The arrow indicates
the direction of the manipulation operation and the two
perpendicular bars specify the region where the feedback
was turned off. Figure 1B records the result of the
manipulation operation indicated by the arrow in Figure
1A. Particle 1 was pushed between particles 2 and 3
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Figure 3. A sequence of 450 nm by 350 nm NC-AFM images showing the manipulation of a unit (dimer) of two particles 1 and
2 attached to each other. The motion depends on where the two-particle assembly is pushed. The arrows indicate the manipulation
operation whose result is recorded in the following image. Figure 1A shows the particles before manipulation. Figures 1B and 1H
show a translational motion of the unit across the surface, whereas Figures 1C-1E display rotations of the dimer around particle
1. Figures 1F and 1G show rotations of the dimer around particle 2.
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forming a pyramid-like structure. After the 3D-structure
was formed, particle 1 was pushed away from particles 2
and 3 as indicated by the arrow in Figure 1B and isolated
again (Figure 1C). The 3-D structure is more clearly
revealed in Figure 2. Figure 2A shows a top view of the
pyramidal structure. Parts B and C of Figure 2 show the
line scans of the two orthogonal lines in Figure 2A. Both
line scans reveal that particle 1 is now elevated about
20 nm and sitting between particles 2 and 3. This is the
first report of a 3-D structure built from single nanopar-
ticles using a SFM.

Similar experiments on particles deposited on mica that
was covered with a poly-L-lysine film showed different
results. Instead of achieving a 3-D structure by pushing
one particle on top of two others, all three of the particles
moved, producing a new arrangement of the particles on
the surface. This is in excellent agreement with our
observations that a single particle deposited on a poly-
L-lysine film can be moved with a different set of operating
parameters for the SFM than a particle deposited on an
APTS film. Obviously, the interaction between a gold
nanoparticle and the silane layer is stronger than that
between a gold nanoparticle and the poly-L-lysine layer.
These observations show that building 3-D structures of
single particles requires careful selection of an appropriate
underlayer, in addition to a precise manipulation process.

Figure 3 shows a sequence of manipulation stages of
two particles attached to each other forming a dimer. The
motion of this unit depends on where the two-particle
assembly is pushed. Again, the arrow in each image
indicates the scan line along which the manipulation
operation was subsequently performed, and the two bars
on these arrows define the length over which the feedback
was turned off. Then, the following image in the sequence
represents the result of the manipulation indicated by
the arrow and the bars in the prior image.

After several manipulation operations including repeti-
tions of the experiment discussed in Figure 1, we observed
that particles 1 and 2 had been connected to each other
forming a unit (Figure 3A). A common strategy to form
connections between gold nanoparticles in a monolayer is
to use dithiols.16,17 Since we were able to repeatedly form
connections between gold particles deposited on APTS
films, these experiments might reveal a new strategy for
the connection of gold nanoparticles. Although we do not
precisely know the nature of the connection, an explana-

tion for its origin might be that one of the “bumps”, which
can also be observed on the surface, is acting like a
connector. These “bumps” are polymerized APTS. Since
the APTS layer forms selectively strong bonds with the
gold nanoparticles, it is quite possible that the polymerized
APTS structure act like “glue”.

Figure 3B shows the image taken after the dimer was
pushed as indicated by the arrow in Figure 3A revealing
that the whole unit was precisely moved across the surface.

The sequence of images shown in Figure 3B to Figure
3G reveal that the dimer can be not only precisely moved
over a given length but also precisely rotated. Figure 3C
shows the result of the pushing operation indicated by
the arrow in Figure 3B. Because of the connection to
particle 1, the position of particle 2 was only changed
slightly. Instead of translating the whole unit, it was
rotated around particle 1 when particle 2 was pushed by
the tip. Figures 3D and 3E display the result of subsequent
manipulations of particle 2 as indicated by the arrows in
Figures 3C and 3D, respectively. The unit remained
connected and was further rotated around particle 1.

With the next two pushing operations particle 1 was
pushed as indicated by the arrows in Figures 3E and 3F.
This demonstrates that the unit could also be rotated
around particle 2 as shown in Figures 3F and 3G.

In the final manipulation, shown in Figure 3H, the dimer
was pushed toward particle 3 as indicated by the arrow
in Figure 3G to form a triangular-shaped structure with
particle 3.

4. Concluding Remarks

The results presented here greatly extend the previously
reported capabilities for the manipulation of nanoparticles
using the tip of a scanning force microscope under ambient
conditions in two new directions. We have demonstrated
the construction of a 3-D structure by controlled manipu-
lation of single nanoparticles. Furthermore, we have
shown that single nanpoparticles can be connected to each
other to form simple structures such as a dimer consisting
of two nanoparticles. These structures can be precisely
translated by mechanical pushing of the unit across the
surface or rotated about a specific axis. These results
offer new possibilities for constructing nanoscale 2-D and
even 3-D structures.
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