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Abstract

Precise and controlled manipulation of individual gold nanoparticles (deposited on a Si/SiO
2

surface) in liquid
environments using the tip of a scanning force microscope is reported for the "rst time. Experiments were performed in
deionized water and in ethanol as a prototype for an organic solvent. Analysis of the amplitude signal of the cantilever
before and during manipulation reveals that the particles are pushed across the surface, similar to the manipulation of
nanoparticles in air. ( 2000 Elsevier Science B.V. All rights reserved.

Keywords: Scanning force microscopy; SFM; MAC mode atomic force microscopy; AFM; Nanomanipulation; Nanoparticle; Liquid

1. Introduction

Nanoparticle patterns have a variety of potential
applications, from digital data storage to single-
electron electronics and nanoelectromechanical
systems (NEMS) [1]. Precise positioning of indi-
vidual nanoparticles is essential to assemble com-
plex two- and three-dimensional structures.
Although regular, symmetric patterns of nanopar-
ticles can be constructed by self-assembly [2}4],
many of the possible applications require asymmet-
ric shapes. One promising approach for the
construction of such nanostructures or nanodevices
is the assembly from molecular-sized components.
The scanning force microscope (SFM) can be used

as a manipulation tool to move nanoparticles (as
the smallest building blocks) and nanostructures
without the restrictions imposed by the physics of
self-assembly [5}10]. By connecting individual
nanoparticles, it is possible to construct relatively
rigid structures or `primitivesa of arbitrary (planar)
shape [11]. These, in turn, may serve as compo-
nents for building complex NEMS.

Nanomanipulation in biochemical and medical
areas, however, will require that most experiments
be performed in a liquid environment. Atomic force
microscopy has already proven its imaging capabil-
ities in liquid environments [12}14]. But in
nanomanipulation only dynamic mode SFM (with
an oscillating cantilever) will likely satisfy the need
to minimize the in#uence of the tip on the sample.
Furthermore, lateral shear forces are mostly
excluded, allowing the imaging and controlled ma-
nipulation of even weakly bonded structures on
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surfaces. In this report we describe for the "rst time
the manipulation of randomly distributed, indi-
vidual nanoparticles with diameters of 20}30 nm in
liquid environments.

2. Experimental

The samples were prepared by depositing collo-
idal gold particles (EM.GC15; Ted Pella Inc.) with
diameters of 15 and 30 nm from aqueous solutions
on the native SiO

2
surface of a Si substrate. Prior

to deposition of the nanoparticles the SiO
2

surface
had been coated with a "lm of polylysine. A droplet
of nanoparticle solution was placed on the substra-
te for 5 min. Subsequently, the sample was rinsed
with deionized water, dried with nitrogen, and
heated in an oven for 15 min at 1203C. Imaging and
pushing experiments were carried out with a Pico
SPM from Molecular Imaging operated in the
MAC (Magnetic AC) mode controlled by an Au-
toprobe CP AFM (Park Scienti"c Instruments)
controller. In MAC mode the cantilever oscillates
vertically contacting the surface once per oscilla-
tion cycle. The reduction in oscillation amplitude
when contacting the surface is used to identify and
measure surface features. When performing
measurements in liquids the oscillation amplitude
is usually around 5 nm (signi"cantly smaller than
for measurements in air due to the damping by the
surrounding liquid). In these experiments commer-
cially available cantilevers with a spring constant of
0.5 N m~1, a typical tip radius of 10}20 nm and
a tip half angle of 353 were used and driven at
a frequency of &20}30 kHz. The scan speed was
1.0 Hz at 256 lines per scan. In general, we have not
noticed a speed dependence of the nanomanipula-
tion (accuracy, reliability) in air or in liquids as long
as the scan speed was in the range between 0.1 and
3 Hz. However, a fast scan speed can result in
a large overshooting of the amplitude when the
feedback is switched on again.

Manipulation of the gold nanoparticles was per-
formed by utilizing the probe control software
(PCS) developed in our group [6}10] and built
upon the application programming interface (API)
provided by PSI. This software allows the user to
take single line scans by setting an `arrowa in

a previously recorded dynamic mode image. The
arrow determines the direction and length of
the scan line and can be moved by the operator in
the x- and y-direction until the displayed topogra-
phy indicates that its path is centered over the
particle. In order to compensate for relative posi-
tion drifts, a tracking tool based on the di!erential
height between the particle and the surface can be
activated to keep the arrow aligned at the center of
the particle. Two bars are positioned along the scan
line within which alternative operating conditions
of the AFM, and therefore the `starta and `enda
points of the manipulation, can be selected. The
feedback was turned o! just before the tip was
scanned across the particle and switched back on
after reaching the desired lateral position. In case
the particles and structures one wants to manipu-
late are strongly attached to the underlying surface,
a contact mode set-up is recommended. One can
select either a feedback-o! protocol with or with-
out additional direct movement of the scanner,
or a feedback-on protocol with indirect movement
of the scanner by changing the de#ection of the
cantilever and therefore varying the force. How-
ever, in these experiments the DFM setup was
chosen because the nanoparticles cannot be imaged
accurately in contact mode SFM and are replaced
during imaging due to the presence of lateral shear
forces.

3. Results

Fig. 1 displays a sequence of MAC mode SFM
images taken in deionized water before and after
pushing. The scan area is 700 nm]700 nm and the
height scale is 15 nm from black to white. Among
others, four particles with diameters of &27 nm
and marked by the numbers 1}4, and one particle
with a diameter of 15 nm marked as number 5 can
be observed. Fig. 1b records the successful pushing
of particles 3 and 5 with respect to Fig. 1a. Sub-
sequently, all four particles 1}4 were manipulated
to form a line of 27 nm particles as displayed in
Fig. 1c.

The underlying mechanics of the manipulation
process can be analyzed by recording the amplitude
signal during manipulation and the new position
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Fig. 1. Sequence of 700 nm]700 nm SFM images showing the
manipulation of individual gold nanoparticles (marked as 1}5)
in deionized water. (a) SFM image before manipulation, (b) and
(c) SFM images recording the construction of the four particle
line (1}4). The height scale is 15 nm from black to white.

Fig. 2. Line scans recorded (a) before manipulation (feedback on
between the bars), (b) during pushing (feedback o! between the
bars), and (c) after manipulation (feedback on) of a 27 nm
nanoparticle.

of the nanoparticle after manipulation. This is
displayed in Figs. 2 and 3. Basically, the manipula-
tion process with MAC mode SFM in liquids is
similar to manipulation of nanoparticles with oscil-
lating cantilever techniques in air (in cases where
the sum of the setpoint amplitude and separation
between tip and sample is smaller than the height of
the particle [15]). The tip pushed the nanoparticle
after the amplitude decreased close to zero and the
cantilever bent to achieve a certain loading force.
Fig. 2a shows the line-scan across a 27 nm particle
obtained in MAC mode with the feedback on prior

to pushing. The two vertical bars represent the
window in which the feedback was subsequently
turned o! in order to push the particle. Fig. 2b
records the scan line during the pushing operation
(feedback-o! between the bars), while the sub-
sequent line scan (feedback-on) after manipulation
is shown in Fig. 2c. The particle has moved to its
new position, however, a small part of it remained
inside the `feedback-o!a window. This demon-
strates that the tip pushed the particle after
climbing up the particle until a certain de#ection of
the cantilever occurred.
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Fig. 3. The amplitude A of the cantilever recorded (a) during
a successful pushing experiment and (b) when switching the free
amplitude to zero.

Fig. 4. Sequence of 700 nm]700 nm SFM images showing the
manipulation in ethanol of individual gold particles marked as
1,2, and 3. (a) SFM image of the surface area before manipula-
tion, (b) the same area after successful pushing. The height scale
is 20 nm from black to white.

Fig. 3a shows the change in the amplitude of the
cantilever during manipulation. The amplitude de-
creases to a value close to zero when getting into
contact with the particle and remains close to zero
during manipulation. This can be con"rmed by
switching the amplitude to zero while performing a
line scan as shown in Fig. 3b. There is no di!erence
between the setpoint amplitude and zero ampli-
tude within the range of uncertainty due to the
noise level of the oscillation. Both scales are in
arbitrary units. In principle the x-scale represents
time, but because the particle was pushed around
90 nm, the length of the decreased amplitude signal
is equal to 90 nm, too.

When a smaller free amplitude of the cantilever
was chosen (resulting in a setpoint amplitude close
to zero (not shown here)), pushing occurred with-
out a noticeable change in the amplitude signal
during manipulation. However, the resulting scan
line after pushing shows that also a very small part
of the particle remains inside the feedback-o! win-
dow. Because the amplitude was smaller in this
case, the tip}sample separation was also smaller
and the particle was pushed close to the entire
distance set by the bars.

Fig. 4a and b display a sequence of MAC mode
SFM images obtained in ethanol to illustrate
nanoparticle manipulation in an organic solvent.

Nanomanipulation experiments can be reliably
performed in organic solvents with our setup, des-
pite the occurrence of instabilities due to the gener-
ally higher vapor pressure of organic solvents
compared to water. Furthermore, after a certain
time vaporized solvent has to be replaced leading
to instabilities due to temperature gradients in the
solvent. Fig. 4b provides a record of the successful
manipulation of a particle with a diameter of 22 nm
(marked as 3) and two particles with diameters of
27 nm (marked as 1 and 2) from their original
positions as shown in Fig. 4a. The scan area is
700 nm]700 nm and the height scale is 20 nm
from black to white.

4. Conclusion

Manipulation of nanoparticles utilizing the tip of
a scanning force microscope has been demonstrated
in liquids for the "rst time. The nanoparticles can be
precisely translated by mechanically pushing and
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multi-particle nanoscale 2-D patterns can be as-
sembled from single gold nanoparticles with the
sample immersed in solutions. This greatly extends
the previously reported capabilities for SFM ma-
nipulation in two ways. The ability to perform
mechanical nanomanipulation in liquids o!ers the
opportunity to perform manipulation experiments
in biochemistry and medicine, which often require a
liquid environment. Furthermore, nanomanipula-
tion in a liquid environment will enable a better
control of the tip/object and object/substrate for-
ces, which ultimately determine the nature and suc-
cess of manipulation operations.
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