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Figure 15. Sequence of AFM images (670 nm by 670 nm) of positioning 50-nm Au particle into
gap between Au/Ti electrodes, where heights of particles and electrodes are 30 nm (courtesy of
Prof. T. Juno of Lund University, Sweden).

nanoparticle to and fro, the nanoparticle behaves as a bi-stable nanomechanical
switch to close and open the circuit.

Similar to atom manipulation, the tapping mode (TM) or frequency modula-
tion (FM) of AFM can be applied for the manipulation of nanoclusters, in which
the AFM feedback exploits the change in the amplitude of a cantilever’s oscilla-
tion driven at a user-defined frequency due to the interaction of a tip mounted
at the cantilever’s end with a sample. Ramachandran et al. [76, 77] observed that
variations in the amplitude and the resonance frequency of the cantilevers lead to
different contrast in the FM-AFM images for the Au nanoparticles in either UHV or
air environments. Further exploration found that tip-nanoparticle contact caused
negative contrast, which implied a new protocol for the FM-AFM manipulation.
As the tip-nanoparticle contact can be easily identified, one can subsequently use
‘feedback off” and ‘set-point change’ approaches for direct and controlled manipu-
lation. Using these approaches, it was demonstrated that FM-AFM can manipulate
5nm Au nanoparticles to form a chain-like pattern. Figure 16 shows the lateral
manipulation of Au nanoparticles (approximately 24-nm in size) on a cleavaged
mica surface by FM-AFM in ambient environment at room temperature to create
a chain-like nanostructure. A positive coating of poly-L-lysine on the mica surface
allows the negatively charged gold particles to be adsorbed onto the surface. The
manipulation was performed on a NanoScope I11a MultiMode AFM made by Digital
Instruments of Santa Barbara, CA. Rectangular Si tips (probe model TESP) with a
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Figure 16. AFM images of lateral manipulation of 24-nm Au nanoparticles to create chain-like
nanostructure by FM-AFM: (a) pushing nanoparticles labeled with 2 and 3 along direction shown
by arrows, (b) nanoparticles 2 and 3 are pushed close to nanoparticle 1, (¢) moving nanoparticle
4 towards nanoparticle 1, (d) final chain-like nanostructure.

spring constant of approximately 50 N/m and a setting frequency of approximately
300 kHz were utilized.

A probe control software (PCS) for the commercially available AFM unit was
developed to monitor the underlying phenomena during manipulation processes
[78]. It was successfully tested for manipulation of Au nanoparticles on Poly-L-lysine
coated mica substrate [78, 79]. FM-AFM in combination with PCS are used to study
the manipulation process by analyzing the simultaneously recorded amplitude and
cantilever deflection and show that the contact force between tip and nanoparticle
is responsible for the onset motion [80]. Moreover, utilizing the PCS [78] for col-
loidal Au nanoparticle on (Aminopropyl) trimethoxysilane (APTS) coated silicon
substrate, more complex manipulation was performed, including building a simple
three-dimensional pyramidal structure and also rotating and translating a linked
two-particle structure [81].

As reported by Resch et al. [82], AFM manipulation in a liquid environment is
also possible. It has been shown that the colloidal Au nanoparticles on Polylysine
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Figure 17. AFM images (2500 nm x 2500 nm) showing removal of a lipid vesicle supported on
lipid membrane/mica using AFM manipulation technique: (a) before the vesicle pushed by AFM
tip, where an arrow indicates tip’s movement, (b) after push.

coated native SiOy surface grown from Si substrate can be precisely translated by
mechanical pushing in aqueous and non-aqueous (ethanol) environments. Through
this procedure, the desired two-dimensional structures were fabricated [82]. More-
over, the AFM tip has been used to move bio-related materials. Figure 17 shows that
a lipid vesicle on a lipid membrane supported on mica was pushed by the AFM tip to
a desired location. These results are important as they imply potential applications
in growing bio-inspired fields, such as biophysics and biomedicine. Table 2 summa-
rizes the major attempts to manipulate nanoclusters on different surfaces by AFM.

Table 2.  AFM-manipulation of nanoclusters on surfaces.

Nanocluster Surface Environment Reference

Au Highly oriented Ambient Schaefer et al., 1995 [71]
pyrolytic graphite
(HOPG) and WSe»

Ag InP Ambient Junno et al. [72, 74]

GaAs GaAs Ambient Martin et al. [73]

Ag SiO2 Ambient Junno et al. [72, 74]

Au Ti electrodes on SiO2 Ambient Junno et al. [75]

Au Poly-L-lysine coated Ambient Baur et al. [78,79];

Mica and UHV Resch et al. [80, 81];

Ramachandran et al.
76, 77]

Au (Aminopropyl) Ambient Resch et al. [80, 81]

trimethoxysil ane
(APTS) coated
silicon
Au Polylysine coated Liquid Resch et al. [82]
SiO2/Si
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4. Concluding Remarks

Scanning probe microscopy (SPM) is an essential tool for creating a variety of nanos-
tructures using the bottom-up approach. This article has selected and reviewed two
major manipulation technologies within the family of SPM lithography using scan-
ning tunneling microscopy (STM) and atomic force microscopy (AFM) as well as
the AFM based dip-pen technique. The principles, procedures, achievements and
potential for each manipulation technique have been presented. In particular, a wide
variety of nanostructures manipulated by these techniques have been presented to
specifically illustrate their respective feasibilities and limitations.

Both lateral and vertical manipulations can be performed by STM and AFM. In
general, STM has achieved manipulation and positioning of a wide range of single
atoms and molecules on a surface, while AFM can be performed in room environ-
ment and is more popular in manipulation of nanoclusters. This suggests that STM
perhaps achieves the ultimate resolution of atom-by-atom control of the surface, i.e.,
in subnano levels, while AFM is more practical in operating at a nanoscale level
only. Many researchers have attempted to implement this level of control into mak-
ing actual components and devices mentioned in the text, including, nanomechnical
switches made by Junno et al. [75], molecular logic circuits developed by Heinrich
et al. [33], molecular engines suggested by Rieder et al. [36], and molecular switch
presented by Tancu, Deshpande, and Hla [37], and molecular wire-electrode systems
reported by Grill and Moresco [38]. The remaining challenge will be transferring
such fine manipulation-related components or devices into usable semiconductor or
electronic systems. In addition, manipulation possibilities of nanoclusters on syn-
thetic surfaces [62] and in liquid environments [82] for nano-fabrication constitute
further experimental challenges very worthwhile to pursue for high-density informa-
tion storage systems and biomedical applications. As a result nanoscale manipula-
tion has a great potential for providing necessary nanoscale devices and systems
for the sustained evolution of electronic, photonic, biomedical, and nanosystem
industries.

In STM, three different interactions between the tip and sample, including direct
atomic attraction forces, tip-induced electric field, and inelastic scattering by tun-
neling electrons have been identified and studied as the original sources for the
manipulation. In most of the earlier experiments, only one type of these interaction
sources was employed. In more recent studies, however, techniques have been devel-
oped to integrate one type of the interaction sources with another in manipulation
of single atoms/molecules. In this way, a large numbers of nanoparticles can be
manipulated and eventually assembled in specific geometries. As a result, nanoscale
devices and systems can be constructed from these basic building blocks. In AFM,
it offers a room environment manipulation, while the whole manipulation process
can be imaged in real time. As a result, AFM manipulation would be relatively
easier to be performed and controlled. More detailed comparison between STM and
AFM used in nanofabrication can be found in Tseng, Notargiacomo, and Chen [2].
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However, from an industrial point of view there are some downsides to the SPM-
manipulation technique. It is limited to certain combinations of nanoparticles and
surfaces. Frequently, the experiments are performed blindly and the manipulation
parameters are optimized by a trial and error method. The interaction between the
SPM tip and adparticle is complex but a thorough understanding of such inter-
actions and the mechanism involved in the manipulation process is demanded, in
order to perform the manipulation process in an entirely controlled manner. Another
major obstacle in the SPM-manipulation is a serial process with low throughput.
To increase throughput, multi-tip arrays and massively parallel algorithms have to
be developed as those reported by Eleftheriou et al. [83]. Finally, the manipula-
tion techniques have developed many new applications in their own right and many
new capabilities have been evolved to complement the existing nanofabrication pro-
cesses. This powerful SPM-manipulation tool should offer significant opportunities
for different applications in next generation nanotechnology and is on the verge of
having a revolutionary impact in a wide range of industries.

It is worth pointing out that the motivation of this article is not to present an
exhaustive review of all significant work in this field. A selection of topics and papers
to be cited is necessary and is made without the intention of excluding valuable ones
who gave important contribution to the development of SPM manipulation.
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