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Self Displacement Sensing (SDS) Nano Stage
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This paper describes the development of a nano-positioning system for nanoscale science and engineering.
Conventional positioning systems, which can be expensive and complicated, require the use of laser
interferometers or capacitive transducers to measure nanoscale displacements of the stage. In this study, a new
self-displacement sensing (SDS) nano-stage was developed using mechanical magnification of its displacement
signal. The SDS nano-stage measured the displacement of its movement using a position-sensitive photodiode
(PSPD), a laser source, and a hinge-connected rotating mirror plate. A beam from a laser diode was focused onto
the middle of the plate with the rotating mirror. The position variation of the reflected beam from the mirror
rotation was then monitored by the PSPD. Finally, the PSPD measured the amplified displacement as opposed to
the actual movement of the stage via an optical lever mechanism, providing the ability to more precisely control
the nanoscale stage. The displacement amplification process was modeled by structural analysis. The simulation
results of the amplification ratio showed that the distance variation between the PSPD and the mirror plate as well
as the length L of the mirror plate could be used as the basic design parameters for a SDS nano-stage. The PSPD
was originally designed for a total travel range of 30 to 60 mm, and the SDS nano-stage amplified that range by a
Jactor of 15 to 25. Based on these results, a SDS nano-stage was fabricated using principle of displacement
amplification.
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APSPD = laser spot movement on PSPD

F=vertical force at the end of cantilever

E=young's modulus of cantilever

I= area moment of inertia of cantilever

D= distance between cantilever and PSPD

Zc= displacement

AX= displacement of positioning stage

AC= intersection of center-line and extended laser trace

such as a STM (scanning tunneling microscope),’ an AFM (atomic
force microscope),” and a SNOM (scanning near-field optical
microscope).3

This paper describes the development of a new nano-positioning
stage for use in nano-measurements and manipulation. Conventional
positioning systems, which can be expensive and complicated,
require the use of laser interferometers or capacitive transducers to
measure nanoscale displacements of the stage.**® In addition, it can
be difficult to measure the displacement of the stage with nanometer
accuracy because of electrical noise, disturbances, vibrations, and

NOMENCLATURE

reflected from mirror plate

L= length of mirror plate

d= distance between mirror plate and PSPD
2y= angle of mirror plate

2s=rotation angle induced by stage movement
@p=reflected angle of laser against center-line

1. Introduction

Recently, industrial parts have become smaller, even down to the
order of nanometers in length. Therefore, it is important to be able to
accurately measure small mechanical parts. It is essential in
metrology to be able to make nanoscale measurements in systems

thermal effects. In this study, a new self-displacement sensing (SDS)
nano-stage was introduced based on the mechanical magnification of
the displacement signal. This is different than that of commercial
systems, which electrically amplify the signals. The displacement
amplification process was modeled by structural analysis. The
simulation results of the amplification ratio showed that the distance
between the position-sensitive photodiode (PSPD) and the mirror
plate as well as the length of the mirror plate L could be used as the
basic design parameters for a SDS nano-stage. In addition, the
capability of the self-displacement sensing function was compared
with that of a commercial capacitive transducer. The SDS nano-
stage resulted in an amplified displacement signal that enabled more
precise measurernents.

2. Amplification Principle for an AFM Cantilever Beam

Copyright (c) 2007 by KSPE
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Fig. 1 Schematic of the light lever to detect cantilever deflection

The deflection of an AFM cantilever beam is usually measured
using an optical lever technique, as shown in Fig. 1. A beam from a
laser diode is focused onto the end of the cantilever and the position
of the reflected beam is monitored by a PSPD. When a force is
applied to the tip, the cantilever bends and reflects the light beam at
an angle twice that of the siope at the end of the beam. If the detector
is a distance d away from the cantilever, the laser spot moves on the
detector through a distance APSPD where

i
APSPD~2dtang="L4 M
Displacement of cantilever (Zc ) is
3
Z =—cos’a 2)
3EI
According to eq. (1), (2)
Z, = AMPSPDIL 2 ©)
3d
Finally, APSPD can be defined as
APSPD = Z_x 3—Ld~cos2 a )

According to Eq. (4), measured displacement of cantilever (Z,) is

amplified by (3d / L)cos® o .

3. SDS (Self Displacement Sensing) Nano Stage

3.1 Mechanism

Fig. 2 shows a SDS nano-stage with unidirectional movement
capability. The SDS nano-stage measures the displacement of its
movement using a PSPD, a laser source, and a hinge-connected
rotating mirror plate. A beam from the laser diode is focused onto the
middle of the plate with the rotating mirror and the position of the
reflected beam is monitored by the PSPD. When the positioning stage
moves, the mirror rotates, causing the reflected beam to move on the
PSPD. The PSPD measures the amplified displacement as opposed to
the actual movement of the stage by using the optical lever

mechanism, enabling more precise control of the nano-stage.

3.2 Principle of Displacement Amplification
Fig. 3 shows a principle of displacement amplification via
rotating mirror plate. The angle @s, @p are given by

tang, = ~5PD s)
d+AC

tang, = 2% ©
L

Fig. 4 shows angles definition in our nano stage. The relationship
between @s and @p can be summarized as

180 =2(90 ~ ¢, — ) + 4, +90

4, =24, +24, 90 (7
If 8, =45°
¢, =24, ®)

From Eq. (5), (6), (8)

APSPD = tan[2(tan" %D(D +AC) ©)

Fig. 2 Mechanism of SDS nano-stage

where,

AC = -Azi (10)

Finally, APSPD can be defined as

APSPD = tan[Z(tan" %)J(D + %j an

Fig. 5 shows the amplification ratio plotted with respect to d and
Fig. 6 shows the amplification ratio plotted with respect to L. It
should be noted that d and L are the basic design parameters of the
SDS nano-stage. According to Fig. 5 and 6, delta PSPD is linearly
proportional to d, but exponentially & inversely proportional to L.
The important thing is that size of nano-stage becomes smaller &
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smaller, the amplification ratio increases exponentially, which means
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Fig. 3 Principle of displacement amplification via rotating mirror
plate

Fig. 4 Angle definition of rotating mirror plate
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Fig. 5 Amplification ratio plotted according to the distance between
PSPD and mirror plate, d (mm)

Hence this SDS nano-stage can be applied to the miniaturized
positioning or manipulating system requiring high positioning
resolution, for example, micro machine, AFM, STM, SEM (Scanning
Electron Microscope), TEM (Transmission Electron Microscope),
SIMS (Secondary Ion Mass Spectrometry), and biological
manipulating applications. In case that dimensions of d and L are 60 <
d < 80 mm and 4 < L < 6 mm, an amplification ratio will be within
from 20 to 40. Finally, we can fabricate more precise and lower cost
nano-stage with self displacement sensing function.

3.3 Structural Design of SDS nano Stage

Fig. 7 shows the structural design of the SDS nano-stage with
displacement amplification. The PSPD was originally designed for a
total travel range of 30 to 60 mm and the SDS nano-stage had an
amplification ratio ranging from 15 to 25. Fig. 8 shows a prototype of
the nano-stage using the proposed structural design. The nano-stage
was fabricated using flexural structures made by wire cutting. The
Piezo actuator was a Physik Instruments AEQ505D44H40, the PSPD
was a Hamamatsu Si PIN photodiode $5980, and the laser diode was
a Lanics laser diode module LM-6501EH. The dimensions of L and d
were 10 mm and 50 mm, respectively. The SDS nano-stage was able
to amplify up to 10 times its movement.

Main Stage

Laser Jig

8DS Nano Stage Base

Fig. 7 structural design SDS nano stage

4. Experimental test of SDS nano stage

4.1 Evaluation of the PSPD
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minimum detected displacement of the PSPD was 3um. Fig. 11
shows that the voltage at the minimum detected displacement was
0.25 mV. Fig. 12 shows the relatively linear relationship between the
PSPD signal voltage and the displacement of the nano-stage. This
method proved to be effective at measuring small displacements.

4.2 Displacement of the PSPD

A comparison between the theoretical amplified displacement and
the actual displacement of the PSPD was made. The schematic of the
experimental test is illustrated in Fig. 13. An ADE Technologies 3910
capacitive displacement sensor was used to measure the displacement
of the SDS nano-stage. National Instruments PXI Labview was used
to obtain the response of the PSPD signal, to obtain the response of
the capacitive displacement sensor, to calculate the PSPD signal using
Eq. (12), and to compare the displacement of the SDS nano-stage
with the displacement of the PSPD. Displacements of the SDS nano-
stage and the PSPD were measured according to the input voltage of
Fig. 8 SDS nano stage the piezo actuator, which could range from 10 to 100 V. Fig. 14 shows
the calculated PSPD signal from Eq. (12) and the results obtained
after applying a 10 Hz low pass filter to the signal.

Fig. 15 shows the results of the PSPD and the capacitive
displacement sensor as well as the theoretical displacement data. The
SDS nano-stage was designed to amplify 10 times its movement. The
data shows good agreement between the experimental and theoretical

results
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A+B+C+D
where A, B, C and D are voltages from the PSPD. Figure 10
illustrates how the PSPD signal voltage was detected. First, the laser
spot was oriented at the center of PSPD to ensure that the PSPD
signal voltage was 0 V. Then, the PSPD was moved by the nano-stage,
changing the PSPD signal voltage. When the stage was moved, the

Fig. 12 Schematic diagram of the experimental tests

5. Conclusions

A SDS nano-stage was developed for an AFM by applying a
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Fig. 13 Schematic diagram of the experimental tests
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Fig. 14 Signal of PSPD and 10Hz low pass filter on signal of PSPD
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Fig. 15 SDS nano stage’s displacement according to input voltage
of each piezo actuator

displacement amplification process. The parameters of the nano-
stage were designed to amplify the displacement by a factor of 10. A
comparison between the theoretical amplified displacements and the
actual displacements of the PSPD was made and the two sets of
results were in good agreement with each other.
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