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Abstract

An electrostatic-optical motor is proposed as a new application device that uses photovoltaic lead lanthanum zirconate titanate
(PLZT) as an energy transducer from optical energy to electrical energy. The photovoltaic electrical power output of the PLZT is
transformed into electrostatic force to rotate the optical motor. Movement of the motor was observed but the response was second
order. A number of problems must be solved in order to realize a high-performance electrostatic-optical motor. One is the
improvement of the photovoltaic properties for high rotation power and fast response speed. Another problem is justification of the
mechanical construction of the motor. The last issue is clarification of the mechanisms of the photovoltaic effect of lead lanthanum
zirconate titanate to obtain a suitable sample size and electrical circuit. The poling conditions on samples were investigated to
improve PLZT for the electrostatic-optical motor. Since electrical conductivity, including dark conductivity and photovoltaic con-
ductivity, plays an essential role in the mechanisms of the photovoltaic effect, the electrical properties of the photovoltaic PLZT
were examined quantitatively. A linear relationship between electrical conductivity and light intensity was confirmed in the authors’

experiments.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Various kinds of micro-fabrication technologies have
been developed including device design, simulation,
lithography, film formation, and structure and system
integration. Ferroelectrics are useful materials since they
have both piezoelectric and pyroelectric properties. These
characteristics are applicable to many micro-electrical
components, e.g., sensors, actuators, controllers and
transducers. It is necessary to develop and establish a
new energy transfer method to supply energy to micro-
electromechanical systems (MEMS) '3 and micro-opt-
electromechanical systems (MOEMS). In particular,
wireless energy transfer has received much attention* in
recent years. It is useful to apply photovoltaic materials,
e.g., a lead zirconate titanate (PZT) system such as lead
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lanthanum zirconate titanate. Lead lanthanum zirco-
nate titanate, i.e., Pb,_.La(Zr,Ti.);_,4O3 (abbreviated
PLZT or PLZT(X/Y/Z), where X=100x, Y=100y and
Z=100z), is a ferroelectric solid solution with wide-
ranging material properties that depend on its compo-
sition.> PLZT(3/52/48) has photostrictive properties
that are the superposition of photovoltaic® and inverse
piezoelectric effects. The photostrictive effect is caused
by illumination in the near-ultraviolet region. These
materials can be used in MEMS devices to directly
convert optical energy to mechanical energy, and the
first of such devices proposed were opt-mechanical
actuators.” This property is useful for energy conversion
in MEMS and photo-acoustic devices.® Some reports
have been published dealing with both the application®®
and material'®!! aspects.

The objective of this research is to improve the pho-
tovoltaic effect of PLZT to realize a high-performance
electrostatic-optical motor.!'?> There are a number of
problems to be solved. One is the improvement of the
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photovoltaic properties for high rotation power and fast
response speed. Another problem is justification of the
mechanical mechanisms in device construction. The last
issue is clarification of the mechanisms of the photo-
voltaic effect of lead lanthanum zirconate titanate to
obtain a suitable sample size and electrical circuit. It is
also necessary to quantitatively clarify the electrical
properties to investigate the phenomenological mechan-
isms of the photovoltaic effect.!3~!3

The poling conditions and estimation of photo-
conductivity were investigated to improve the character-
istics of the electrostatic-optical motor. This paper
describes the actuation principle of the electrostatic-
optical motor and the estimation of the photovoltaic
effect, and some experimental results of the photovoltaic
effect will be presented in the following sections.

2. Electrostatic-optical motor and experimental set-up

A new mechanical rotation device, called an ““optical
motor!?”, was realized through the use of photovoltaic
PLZT. Electrostatic force per unit mass is, generally
speaking, inversely proportional to volume. It is, there-
fore, effective to use a small-scale electrostatic force for
efficiency as well as in accordance with the driven
device’s smaller size. The driving principle of an optical
motor using PLZT is shown in Fig. 1. The PLZT
electrode is connected electrically with the stator pads of
the optical motor which are arranged in parallel with
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Moving pad
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Fig. 1. (a) Driving principle of optical motor using electrostatic force.
(b) Schematic diagram of optical motor.

each other. A moving pad is positioned between the
stator pads with only some overlap. When near-ultra-
violet light is illuminated onto the PLZT, electrical
voltage is induced between the stators which draw the
moving pad to the left side in Fig. 1(a).

Fig. 1(b) is a schematic of an optical motor in its
simplest form. The system consists of three stators and
four moving pads, the fewest number of components
possible for this system. A pair consisting of a stator
and a pad is connected electrically to the PLZT. A rotor
disk is fixed to the motor axis which is held in place
using a ball bearing. When the PLZT is illuminated,
high electric voltage in the kilovolt order is induced and
introduced into the connected stator electrically. The
rotator is pulled toward the stator in the clockwise
direction when viewed from the top.

The conventional solid-state reaction method was
used!®!! to prepare the PLZT(3/52/48) samples. The
fired samples were cut into 10x 10 mm on the sides and
1 mm in thickness. Archimedes method is used to obtain
the density. The density of the samples was 7.7 g/cm?3,
which corresponds to a value above 96% compared to
the theoretical density. LCR meter was used to obtain

Fig. 2. Experimental apparatus for estimating photovoltaic properties.
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Fig. 3. Rotation angle of optical motor.
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the dielectric constant. The value of the dielectrics was
around 1000 for all samples, which is an average value
for a ferroelectric PLZT.

Light intensity supplies an input energy which directly
affects the response of the photovoltaic current. Gen-
erally speaking, the stronger the light intensity, the faster
the photovoltaic response; however, the nonuniformity
of the light intensity distribution also becomes larger at
the same time. Therefore a homogeneous illumination
lens was employed in our experimental system to

maintain uniform light intensity even in the strong light
intensity region. The experimental setup for the estima-
tion apparatus is shown in Fig. 2. This apparatus
consisted of an optical light source (UV light), a mount
for the sample and an electrometer. The light was
introduced into the measuring box through an optical
fiber after being filtered to monochromatic light around
365 nm. The light was illuminated onto the PLZT
through the homogeneous irradiation lens. A homo-
geneous irradiation lens 1is effective for accurate

20

18

e

\®
3\

@

Photovoltaic current (nA)
® o

0 5 10 15

20 25 30 35

poling electric field (kV/cm)

1.2

0.6

0.8 @

0.4

photovoltaic voltage (kV)

0.2

0 5 10 15

20 25 30 35

polling electric field (KV/cm)

Fig. 4. (a) Dependence of photovoltaic current as a function of poling electric voltage. (b) Dependence of photovoltaic voltage as a function of

poling electric voltage.
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measurement of electrical properties. Photovoltaic
voltages were measured using the electrometer in
voltage application mode, in which we could measure
the photovoltaic voltage indirectly, i.e., the photovoltaic
current could be measured for an application voltage
between-1 kV. The photovoltaic voltage is equal to the
cross-point value of the I-V line and the V axis.!® The
distribution of the light intensity is about 10% in a 1
cm? region, which is equal to the size of the PLZT.!®
This means that uniform illumination was realized in
the area of the sample.

An optical motor was tested for actuation using
PLZT and the actuation has been confirmed.!? In that
study, an optical motor with five stators was used for
the experiment. Fig. 3 shows the experimental result of
dynamic observation of the electrostatic optical motor.
The optical motor could be rotated but its rotation
speed was slow, around second order. The motor star-
ted to rotate around 0.6 s after illumination and stopped
at 2.5 s and 0.157 rad (9 deg.), at which point the rotor
and stator were overlapped completely. This slow
response is due to the high resistance of PLZT!3!7 in
that it takes a long time to store up the electrostatic
force with photovoltaic voltage over the maximum
static friction force. More detailed discussions in view of
form mechanics are now underway and will be
presented in a separate paper.

There are, therefore, a number of problems to be
overcome to achieve a high-performance electrostatic-
optical motor; improvement of the PLZT character-
istics, justification of the mechanical construction of the
optical motor, and the clarification of the mechanisms
of the photovoltaic effect. In the following sections

some experimental results will be presented on the pol-
ing conditions of PLZT for material improvement and
the estimation of photo-electrical conductivity for the
photovoltaic effect. There are various process factors in
the improvement of the PLZT characteristics, e.g.,
material composition, firing condition, poling, surface
roughness and light intensity. Among these factors,
poling conditions and photovoltaic effect have not yet
been examined fully. These issues will be addressed in
the next section.

3. Experimental results and discussions

Fig. 4 shows the relationships between (a) the photo-
voltaic current and the poling electric field, and (b) the
photovoltaic voltage and the poling electric field. Both
the photovoltaic current and voltage increase together
with the increasing of the poling electric field and they
approach the constant value gradually. The asymptotic
value of photovoltaic voltage is 1.05 kV. To utilize the
maximum power of PLZT it is therefore necessary to do
the poling procedure at over 20 kV/cm.

Fig. 5 shows the relationship between the photo-
voltaic electrical current and the induced voltage (i.e., I-
V line). The photovoltaic current and applied voltage
have a linear relationship. The induced photocurrent
was about 20 nA with 178 mW/cm? light intensity
without applied voltage. The photovoltage of PLZT is
around 2000 V, and this could be obtained at the point
at which it crosses the voltage line. The slope of the
tangent corresponds to electrical conductivity. The
specific electrical conductivity was calculated from the
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Fig. 5. Dependence of photovoltaic current as a function of applied voltage in several conditions of light intensity.
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electrical conductivity and the sample size. Electrical
conductivity o_ is expressed in relation to light intensity
I up to first term approximation as follows;®

0 =04+ opnl (1)

where o, is dark conductivity and o, is photo-
conductivity.

Fig. 6 shows the relationship between light intensity
and electrical conductivity. Conductivity was calculated
from the slope of the linear line in Fig. 5 by the least-
squares method. The relationship in Fig. 6 is almost
linear up to the maximum light intensity region. Pre-
vious reports on this relationship are not in agreement;
some report it to be linear'> ' and others nonlinear.'®
Our experiments were performed with less than 50 mW/
cm? illumination. In Fig. 5 the lowest line indicates no
illumination and the others are different intensities of
illumination. The photo- and dark conductivities were
6.3x10712 mQ~'W~! and 8.8x107'° Q~'m. These
values were more accurate than those previously repor-
ted'>!4 at weaker intensity. Table 1 gives a comparison
of electrical conductivity in previous studies and the
present study. It was concluded that the above-descri-
bed estimation method with the homogeneous lens was
useful for obtaining the material properties of the
photovoltaic effect. The light intensity was adequate for
estimating the characteristics. The induced photovoltaic

Table 1

Comparison of PLZT electrical conductivity

Dark conductivity Photoconductivity Reference

Q 'm~! Qmw-!

2.0x10712 11

2.7x10~1 1.8 x10~1° 14

1.7x10710 1.2 x10~1 13

8.8x10710 6.3 x10~12 This study
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Fig. 6. Dependence of electrical conductivity as a function of light
intensity.

voltage was also better than that in previously reported
values.'®

We have confirmed that there is a linear relationship
between light intensity and electrical conductivity at
more than 100 mW/cm?. Our results are consistent with
some previously reported findings at less than 50 mW/
cm? 1314 A nonlinear relationship has also been repor-
ted'® but it was not observed in the light intensity region
of our study. The estimation method may be sufficient
for obtaining over 100 mW light intensity. Nonaka et al.
recently reported that electrical conductivity could be
controlled by the material composition.!! The relation-
ship between composition and response must, therefore,
be clarified. Although there might exist a nonlinear term
in the high-intensity light region, such nonlinearity was
not observed in our experiments. Therefore, we have
concluded that our experimental results were within the
limitation of the durability of linearity in Eq. (1).
Accurate photoconductive properties were obtained in
this study.

4. Summary

The electrical properties of photovoltaic PLZT were
examined accurately using an electrometer. The use of a
homogeneous irradiation lens was advantageous for
achieving uniform illumination on the PLZT surface
within 10%. An optical motor rotated by electrostatic
force was proposed as an application of photovoltaic
PLZT. It was shown that a poling condition over 20 kV/
cm is necessary to obtain the electrostatic force of
PLZT. The obtained photo and dark conductivities
were 6.3x107"2 mQ~'W~! and 8.8x107!° Q~'m. These
values were estimated more accurately in the higher
light intensity region than those in a previous report.
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