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Abstract—To develop nanotechnology, nanoparticle manipulation
plays an important role in the assembly of nanoelements. To overcome
the physical and chemical phenomenon at nano scale during pushing
nanoparticles, strain gauges are sensed to actuate an X-Y stage in an
atomic force microscopy (AFM) system to push nanoparticles based
on vector lithography. The results of manipulation demonstrate
pushing nanoparticles at the inclination of substrate, the limited
scanning range in the different inclination, and removing and
remaining the nanoparticles at the inclination of substrate. I n addition,
afuzzy controller isresponsible for compensating “tip-particle contact
loss’ by signals of a laser-detector system, so as to establish an
accurate and stable manipulation system.

Index terms—Nanoparticle, X-Y stage, AFM.

1INTRODUCTION

MAGING of any type of micrometer- and

nanometer-sized objects in any type of environment
down to atomic and molecular resolution has become
possible by the invention of the AFM. An AFM probe has
been recently utilized as a simple nanomanipulator for
pushing based positioning of nanometer-sized objects,
cutting, nanolithography applications, etc.

In this study, an X-Y stage in an AFM is actuated to
manipulate nanoparticles of 50 nm radius in
three-dimension (3-D) based on investigation results in
1-D and 2-D. In order to make 3-D movement of
nanoparticles, the height between the substrate and X-Y
stage has to be adjusted. Moreover, the difference between
pushing up and pushing down will be observed, and which
way is easier to push will be discussed. Finaly,
experimental results demonstrate pushing nanoparticles on
an inclined substrate, the limitation of scanning rangein the
different inclination, and removed and remained
nanoparticles on the inclined substrate.

1.1Literature Survey

Nano-manipulation using atomic force microscopy
(AFM) has attracted much attention among researchers.
Sitti and Hashimoto [2000] presented that the latex
particles with 242- and 484-nm radii can be positioned on a
S substrate successfully at around 30-nm accuracy. In
another work of Sitti [2004], 500-nm radius gold-coated
latex particles are pushed on a silicon substrate. Frictional
parameters and behavior are estimated using the proposed
models and experimental pushing force data.

Hsieh et a. [2002] have deposited gold nanorods on a
Si substrate, obtained the rod images using dynamic mode
in AFM, and subsequently performed manipulation using
the AFM tip. Aka et al. [2001] manipulated insulated
molecular wires with the cantilever tip of an AFM and
found that the insulated molecular wire was moved or cut
off by the manipulation process. The manipulation results
with varying AFM tip loading forces indicated that the
insulated molecular wire is cut off at loading forces larger
than approximately 30 nN.

It is wel known that the main difficulty of
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nanomanipulation using AFM is the lack of real-time visua
feedback. Hence, Li et al. [2004] developed augmented
reality system has solved this problem by locally updating
the AFM image in rea-time based on measured force
information during nanomanipulation. The real-time visua
display combined with the red-time force feedback
provides an augmented reality environment, in which the
operator not only can feel the interaction forces but also can
observe the real-time changes of the nano environment.

The AFM is a powerful tool for imaging biological
molecules on a substrate. However, there is no effective
time axis with AFM; AFMs require minutes to capture an
image, but many biological processes occur at a much
higher rate. Hence, Ando et a. [2002] sought to increase
markedly the scan speed of the AFM, and developed
various devices optimized for high-speed scanning.
Combining these devices has produced an AFM that can
capture a 100 x 100 pixel image within 80 ms, thus
generating a movie consisting of many successive images
of asample.

Recently, He et a. [2002] has adopted an
electrophoresis method, which is wusually used in
biosciences, to mount single nanowires onto chosen
electrodes of a prototype device. Fu et al. [2004] have
reported a microchip device that uses
traveling-wave-dielectrophoretic  forces to manipulate
microparticles and yeast cells. Furthermore, nanostructures
are constructed nano building blocks based on multiwalled
carbon nanotubes through 3-D nanorobotic manipulation
[Dong et al., 2004].

1.2 Objective

To achieve higher accuracy of position nanoparticles
in 3-D, this study utilizes an X-Y stage which has higher
precision in an AFM system to scan sample profile and to
position nanoparticles. Fuzzy control will be utilized to
compensate tip-particle contact loss by signals of a
|aser-detector system, so as to establish an accurate and
stable manipulation system.

2. MANIPULATION STRATEGY

In this study, golden nanoparticles on a Si substrate are
to be pushed using a Si fabricated AFM cantilever tip in
ambient conditions. At first, the image of nanoparticle is
obtained using AFM semicontact-mode imaging, and then
using contact-mode may move the nanoparticles. Assuming
the particle is pushed along the y-axis or x-axis, this study
deals with two-dimensional (2-D) pushing strategy. A
constant height control strategy is utilized. Motion steps
that realize AFM-based pushing in y-axis or x-axis are
shown in Fig. 2.1, where F denotes the farther final position
of the particle in pushing down.
1.<1-2>: The tip is moved along the z direction until

detecting the contact with the substrate by measuring



the cantilever deflection (absolute tip-substrate distance
is not known initialy).

2.<2 - 3>. The substrate is moved aong the desire
direction until detecting the contact between the tip and
the particle by cantilever deflection detection, and then
stopped.

3.<3- 5> The particle is just pushed for a maximum
distance Ad,, by moving the substrate due to the

inclination of the substrate.

In Step 3, the tip and particle may lose contact due to
positioning errors, and particle rotation/spinning along the
z-axis during pushing. Once it occurs, y-axis or x-axis
motion should stop, and the tip must return to the position
where contact begins by two axes controllers. Step 3 in the
pushing scheme is repeated until there is no contact loss.

The tip is not raised or lowered during pushing in
AFM contact mode. That is, when substrate tilts, the tip is
kept horizontal during pushing. Accordingly, the tip and
particle in pushing down would lose contact inevitably.
Therefore, there is the maximum distance in pushing the
gold nanoparticle down the inclined substrate, as shown in
Fig 2.2. The maximum distance is written as

Ad, +Ad,,, = 2R, (21
tand

where Ad,, isthe original distance between AFM tip and
particle, Ad, ., is the maximum distance of the particle
pushing, R, is the particle radius, and ¢ is the

inclination of the substrate.

According to this pushing strategy, pushing up can
succeed easier than pushing down obvioudly. Certainly, Eq.
(2.1) ignores the nanoparticle sprung by AFM probe tip and
rolling itself. Moreover, assuming the particle is purely
sliding and the substrate is smooth enough.

In order to create the inclination angle at 17, 2°, and
3, we have to pad the substrate high , for example,

tanl’° = 0.0175, tan2 =0.0349, and tan3 =~ 0.0524. As a
conseguence, when the width of the bottom is 10000 nm,
the heights become 175 nm, 349 nm, and 524 nm,
respectively. If =01 ~3 and R =50 nm, substituting

these parameters are substituted into Eq (2.1) and plotted as
depicted in Fig. 2.3. In order to make the inclination of the
substrate, it will be illustrated in chapter 5.

3.FUZZY CONTROL

In Fig. 3.1, in addition to tip-particle contact loss or
other operating errors during pushing of nanoparticles also
influences plant performance. Therefore, these error
sources will be analyzed and compensated by fuzzy
controller in this study.

In this study, tip-particle contact loss and static friction
sticking will be taken into account for the operating errors.
Tip-particle contact lossis that:

During pushing, tip-particle contact can be lost due to
the rotation/spinning of a particle along the z-axis, and the
X-y positioning errors.

Static friction sticking is that:

A particle sticks to a substrate during initial pushing
dueto static friction.

In this study, the nanoparticle is assumed to be pushed
along the y-axis or x-axis; otherwise stay at its position if
contact loss occurs. From measured lateral force signals of
the cantilever, as shown in Fig. 3.2, x-y positioning errors
can be predicted as (e.e) for precise positioning, where

the signals of Fig. 3.2 are positive during the tip dides
toward right side of the nanoparticle, and that are negative
during the tip slides toward left side, whereas if that are
zero, the tip does not dlide towards any sides. Therefore,
fuzzy controller will be utilized to compensate the errors by
the signals of Fig. 3.2, as shown in Fig. 3.1. Since the
x-axis and y-axis plants are designed independently, fuzzy
controller will compensate x-axis and y-axis positions,
respectively. In order to restrain two-error sources, static
friction-sticking error is first compensated. During initial
pushing, the particle sticks to the substrate to cause an
offset value (x < Ys) that should be compensated. These

offset values are observed directly from experimenta data.
Subsequent to static friction sticking, compensated
tip-particle contact loss error is the second step. From Fig.
3.2, after detecting tip-particle contact loss (L point) at
(%,Y,)» the x-y motion is stopped to set compensated error

values as (g,.6,)=(x —X,, Y -V, where x and y

are the tip position after the contact loss. In this study,
fuzzy control will be utilized for the compensations and
illustrated in the next section.

4. SSIMULATION RESULTS

In this study, in order to compensate tip-particle
contact loss error during pushing nanoparticle, a fuzzy
compensated controller is utilized. Static friction sticking
error will be compensated form experimental data by
pre-compensator. Since the fuzzy controller will be
utilized to compensate tip-particle contact loss error, an
input signal of the fuzzy controller is lateral-force signal,
while output signals are x-axis and y-axis compensated
displacements, which are related by a circle of radius
R=50nm. According to this one-input-two-output model
of the fuzzy controller and some system’s features, a
fuzzy rule base can be constructed as shown in Table 4.1,
where NB is negative big, NM is negative medium, NSis
negative small, ZE is zero, PS is positive small, PM is
positive medium, and PB is positive big fuzzy set.

Assuming command input starts to send at 0.01 sec

and tip-particle contact loss occurs at 0.0102, 0.0112,
0.0124, and 0.0138 sec. When tip-particle contact loss
occurs, the fuzzy controller will compensate y-axis position
first and then compensate x-axis. Simulated results of fuzzy
control by using the MATLAB and Simulink softwares are
shown in Fig. 4.

5. EXPERIMENTAL RESULT

5.1 Preparation of Gold Nanoparticles
In this study, since gold nanoparticles of the average
radius R =50 nm are to be manipulated, the preparation

of gold nanoparticles will be discussed first. The
preparation steps of gold nanoparticles are:
1. Dilute gold colloids of BBI Co. ( EM. GC 100 ) with



water by at least tenfold.
2. Drop one diluted gold colloid on silicon substrate.
3. Bake the gold calloid on silicon substrate in a vacuum
oven for 2hr at 60°C.
By employing the above-mentioned steps, the
scanning image by using an AFM is obtained as shown in
Fig.5.1.

5.2 Manipulation of Gold Nanoparticles
According to the profile in Fig. 5.2, the inclination of
the substrate is atan(40/10000) = 0.23° in x-direction and

the gold nanoparticle is about 100 nm height.

As shown in Fig 5.3 and in Fig 5.4, it is taken three
times to achieve the target | in pushing the gold
nanoparticle by the vector lithography up the inclination of
the substrate, but six times in pushing down. Therefore, it
demonstrated pushing up is easier than pushing down.

In this experiment, the angle of the inclination ¢ is
0.23", and the diameter 2R, of nanoparticle is 100 nm.

Substituting parameters into Eq. (2.1) would vyield
Ad,, +Ad,,, about 24911 nmin pushing down.

Figs. 5.5, 5.6, and 5.7, where padding one, two, and
three pieces of paper of thickness 0.6 mm in y-direction
makes the inclination angle at the average 0.85°, 1.59°,
and 2.12° in Table 5.1, respectively. Although adding
paper can raise the inclination angle, the range of height is
limited to 1600 nm due to AFM. That is, beyond the height
of 1600 nm and below the height of O nm can not obtain
topography.

Due to the height limitation, the scanning range in
y-direction is aso limited, respectively. As shown in Figs.
5.8, 5.9, and 5.10, the scanning range in y-direction is
limited to
1700x (tan0.85°) * = 114583 , 1700x (tan1.59°) * = 61244 ,
and 1500x (tan2.12°)* = 40521, respectively. Accordingly,
the more inclined it is, the less the scanning range is
obtained.

Examples on a Ni sample surface are shown in Fig.
5.11, which displays a series of AFM pictures where gold
nanoparticles were removed limited only by the size of the
scan range. All images in Fig. 5.11 were obtained using the
tapping mode and nanoparticles were pashed in the contact
mode. Fig. 5.11 shows the nanoparticles on the borderland
deposited forming the Dipper and also shows that the
substrate higher in the right side and lower in the l€eft side.
As depicted in Figs. 5.11(a) to (€), the red ovals represent
the nanoparticles pushed away afterwards. In Fig. 5.11(f)
the white arrow shows a nanoparticle subject to unexpected
pushing and is to be pushed back to the original position. In
Fig. 5.11(g) the new position of the nanoparticles is
indicated. Fig 5.12 shows the 3-D topography of Fig.
5.11(g). Fig. 5.13 shows the height of the white line in
Fig.5.12.

6. CONCLUSION

This study uses fuzzy control to compensate
displacement error in manipulating nanoparticles. To
demonstrate the proposed method, simulation and
experimental results have been carried out. According to
the results, this study concludes the following:

1. The maximum distance in pushing the gold nanoparticle
down an inclined substrate has been established.

2. A fuzzy controller for compensating static friction
sticking and tip-particle contact loss has been designed.

3. According to experimental results in Figs. 5.3 and 5.4,
pushing nanoparticle up the inclined substrate is easier
than pushing down.

4, From experimental results in Figs. 5.5 to 5.10, adding
paper can raise the inclination angle, the range of height
is limited to 1600 nm due to AFM, and the scanning
rangein y-direction is also limited.

5. Inrelation to experimental resultsin Figs. 5.11, 5.12, and
5.13 demonstrated the performance of position control
for nanoparticles removed and remaining on an inclined
substrate.
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Fig. 4 Simulation Results of Fuzzy Controller
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Table 3.1 Fuzzy Rulebase
utput X-Axis Y-Axis
Input Compensated Compensated
Values Values
NB PB B
NM PM M
NS PS S
ZE ZE ZE
PS NS S
PM NM M
PB NB B
Table 5.1 Angle of Inclination
X coordinate
N o ofat at 30fjat 60fat 90 Aver age
1 paper 0. 8|2 081 0. 85
2 paper s 1.5/4 1./55 1.54
3 paper g 2. 0|2 2|1 2.17
(unit:



