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CHAPTER 1 
INTRODUCTION 

 
              Actuators are defined as the transducers which can transduce an input 
energy into a mechanical output energy.  These devices can be designed to 
move, rotate, or drive things dynamically when an input energy is applied, which 
make them widely used in a broad spectrum of technologies such as in optics, 
astronomy, fluid control or precision machining.  
              The conventional actuators are categorized into three types according to 
their driving sources as an air pressure, oil pressure, and electrical-controlled 
types.  Both air and oil pressure-controlled actuators are large in size and slow in 
response speed.  To miniaturize the size of the actuators and to increase the 
response speed, the electrical-controlled type actuators are preferred and 
promising . 
              In recent years, the need for new displacement actuators has increased 
significantly in many fields due to the requirement of high accuracy and micro-
positioning actuators, which lead to the discovery and usage of piezoelectric and 
electrostrictive actuators.  Piezoelectric actuators, which strain induced by an 
applied electric field, are developed for such applications, i.e. vibrators, buzzers, 
speakers, sensors and ultrasonic generators.  However, due to the weight of the 
electrical lead wire, it is almost impossible for the piezoelectric actuators to be 
used for sub-millimeter devices of which the connecting lead wire will become 
significant. Therefore the research area has been moved to a new promising 
candidate, the wireless photo-driven actuators which were activated and driven 
by incident light,  "Photostrictive Actuators". 
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              Photostrictive effect  is the combination of photovoltaic, i.e. generation of 
large voltage from the irradiation of light, and converse-piezoelectric effect, i.e. 
expansion or contraction under the applied voltage.  This effect has the ability to 
convert light directly into the physical movement.  When the photostrictive 
materials are uniformly illuminated, a large voltage of the order of kv/cm is 
generated.  Along with this photovoltage, mechanical strain is also induced due 
to the converse-piezoelectric effect.  This effect  has been observed in non-
centrosymmetric materials such as ferroelectric single crystals or ferroelectric 
polycrystalline materials.  Because of relatively high piezoelectric coefficient,  
lanthanum-modified lead zirconate titanate (PLZT) ceramics is one of the most 
promising photostrictive materials for wireless photo-driven actuators. 
              The goal of this research is to fabricate the high induced strain and fast 
response speed PLZT ceramics, which can be achieved through the fabrication 
of PLZT ceramics with suitable composition and dopants by the conventional 
oxide mixing method.  In addition a photostrictive device will be designed and 
fabricated.  This photostrictive device will be a prototype for a micro devices 
which is small in size, inexpensive and have the ability to sense and get actuated 
itself.  This research will couple electrical, optical and mechanical fields together 
and serve as a useful guideline for new materials, sensors and actuators. 
 
 



CHAPTER 2 
LITERATURE REVIEW 

 
Photostrictive materials have received considerable attention in a broad 

spectrum of applications, especially in the area of microactuation and 
microsensing.  The capability of directly producing strain by light illumination 
without any electrical lead wire connection makes them very attractive for 
decreasing in size and weight of actuators.   
 
2.1 Photostrictive Effect 
 

Photostrictive effect is the combination of photovoltaic, i.e. generation 
of high voltage from the irradiation of light, and piezoelectric effect, i.e. 
generation of electrical charge from a mechanical stress.  This combination 
effect was studied and termed as “Photostriction” in 1982 by Uchino, Aizawa 
and Nomura.  When an incident light, which has the energy equal to the 
materials band gap energy illuminates the photostrictive materials, a high 
voltage is generated.  Along with this high voltage, mechanical strain is also 
induced due to the converse piezoelectric effect.  The schematic diagram of 
photostrictive effect is displayed in Fig.2.1. 

The photo-induced strain as a function of time (t) has been proposed 
by considering both response time and the magnitude of strain.  This relation 
is given by Poosanaas P. and Uchino K. (1999)(1) as following :   

 

                             (2.1) 
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Fig.2.1 The schematic diagram of photostrictive effect 
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Where Xph is the photo-induced strain  
              d33 is the piezoelectric constant of the materials 
              Eph is the photovoltage 
              R  and C are the resistance and the capacitance of the materials  
 

From the above equation, if t <<1, we can obtain  
 

  
 

 
 
which is similar to the previous paper reported by Uchino K. et al.(1985)(1) 

 
              Photostrictive effect has been investigated in certain ferroelectric 
materials such as lanthanum-modified lead zirconate titanate.  Transparent 
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lanthanum-modified lead zirconate titanate (PLZT) ceramics were developed 
in 1969 to increase the optical properties of conventional lead zirconate 
titanate (PZT) [Haertling and Land (1971)](2).  PLZT ceramic is a promising 
photostrictive material due to its relatively high piezoelectric constant (d33) and 
ease of fabrication.   
              Significant improvements in the transparency and optical clarity of the 
PLZT materials were made within a year, through the development of  
              1. Hot-pressing technique 
              2. Chemical coprecipitation process 
              3. Sintering in PbO atmosphere  
              These techniques were developed to improve the materials quality for 
electro-optic applications [Haertling and Land (1972)](3). 
 
2.2 PLZT compositional system  
 
              PLZT is a promising photostrictive material which also has excellent 
piezoelectric properties.  The solid-solution system that forms the PLZT 
materials is a series of compositions resulting from the complete miscibility of 
lead zirconate and lead titanate in each other and modified by the solubility of 
substantial  lanthanum oxide in the crystalline lattice. 
              A general formula for all compositions in PLZT (x/y/z) system is 

Pb1-xLax(ZryTi1- y)1-x/4O3  

              where lanthanum ions replace lead ions in the A site of the perovskite 
ABO3 as shown in Fig.2.2.  Since La3+ substitutes for Pb2+, electrical neutrality 
is maintained by the creation of lattice site vacancies.  The formula above 
presumes that all the vacancies are in B sites(4-7).  
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2.3 Effect of compositions on PLZT properties 
 
              Depending upon the specific requirement for different applications of 
PLZT ceramics, various compositions may be developed.  Dielectric, 
piezoelectric and photovoltaic properties are very  significant properties for 
many applications.  Therefore, materials that have optimum properties are 
required.  In general, these optimum properties are found in materials with 
composition along the morphotropic phase boundaries (MPBs) which 
separate tetragonal and rhombohedral feroelectric phases.  Room 
temperature phase diagram of the PLZT system is shown in Fig.2.3.  
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             There are many studies concentrated on the PZT and PLZT with 
composition along the morphotropic phase boundaries (MPBs).  Meitzler A.H. 
and O’Bryan H.M., Jr.(1973)(8) suggested that PLZT X/65/35 system which 
closed to the MPBs generally possess properties useful in device applications.  
A high dielectric constant PLZT was found in composition 9/65/35 and the 
maximum reported value of d33 (710 pC/N) was found in composition 7/60/40, 
which located near the MPBs [Buchanan R.C. (1991)](4). 
              Tjhen W. et al. (1991)(9) studied PZT thin film and reported that 54/46 
PZT thin films exhibited a useful combination of ferroelectric, pyroelectric and 
piezoelectric properties.  This paper reported the dielectric and piezoelectric 
constants in the range of 500-3400 and 155-590 pC/N, respectively.  
 
 



 9

              Among a lot of studies in PZT and PLZT compositions, PZT 52/48 and 
PLZT x/52/48 were promising.  PZT thin film with composition 52/48 was found 
to have a high remanant polarization. Nonaka K. et al. reported that the 
highest photostrictive efficiency had been obtained with the composition 
(3/52/48) [Nonaka K. et al.(1995)](10). 
              Uchino K. (1997)(11) indicated the excellent properties of PLZT with 
composition 3/52/48 and reported that the largest value d33 x Eph (induced 
strain) was obtained with this composition. 
              Poosanaas P. and Uchino K. (1999)(1) reported the latest discovery 
that. PLZT 4/48/52 and 5/54/46 exhibited both the highest response speed 
and the highest photo-induced strain.  The contour maps for response speed 
and photo-induced strain are illustrated in Fig.3.4 and 3.5.  Therefore, it seems 
clear that PLZT 3/52/48, 4/48/52 and 5/54/46 are very important and should be 
further investigated. 
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2.4 Effect of dopants on PLZT properties 
 
              Dopants can significantly modify the properties of PLZT such as 
microstructure, electrical and photostrictive properties.  These materials are 
regularly used with a dopant.  Doping is commonly employed to improve the 
properties of basic materials for specific applications.  Examples of the 
frequently used dopants include: 
 
1. Donor additives such as Nb5+, Ta5+, Sb5+, W6+ replacing Zr4+ or Ti4+

:  
              Since the valences of ions are higher than +4, extra positive charges 
enter the lattice, Pb vacancies have to be created to ensure electroneutrality. 
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2. Acceptor additives such as Fe3+, Sc3+ or Mg2+ replacing Zr4+:   
              When doping with ions of lower positive valence, oxygen vacancies 
are created in the lattice, on account of the requirement of electroneutrality.  
 
3. Isovalent additives such as Ba2+ or Sr2+ replacing Pb2+ or Sn4+ replacing 
Zr4+: 
              The substituting ion has the same valency and approximately the 
same size as the replaced ion. 
 
              Many studies in PZT piezoelectric ceramics reported the positive 
effect of Nb dopant on their properties.  Atkin R.B. and Fulrath R.M. (1971)(13) 
proposed an increase in the rate of diffusion and densification of PZT by 
doping five-valent ions such as Nb. 
              Tanimura M. and Uchino K. (1988)(12) reported the influence of several 
dopants on the photovoltaic effect in PLZT ceramics as shown in Fig.2.6 and 
the variation of photo-induced strain with photovoltage for various dopants is 
illustrated in Fig.2.7.  These studies found that the photovoltaic response was 
enhanced by donor doping onto B-site (Nb5+,Ta5+,W6+) and concluded that 
photostriction was proportional to the photovoltaic voltage for materials 
incorporating dopant ions.  
              The positive effect of Nb on electrical properties was also found in 
PZT thin film and was reported by Yuhuan Xu et al. in (1994)(14).  Takao Tani et 
al. (1997)(15) studied the PZT actuator and pointed out that PZT 55/45 doped 
with Sr and Nb was a typical material for actuator application.  Neurgaonkar et 
al. (1997)(16) patented the Nb-doped PLZT ceramics and reported that Nb had 
a great positive effect on dielectric and piezoelectric properties.   
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              Hagimura et al. (1990) and Poosanaas P. (1999)(17) showed that 
maximum strain, photocurrent and photovoltage could be obtained by doping 
with rare earth metal such as Gd3+. 
              From these previous works, it is obvious that the properties of PLZT 
doped with Nb5+ and the promising dopant Gd3+ are worth further 
investigation. 
 
 

 
 

Fig.2.6 Photovoltaic effect with various dopants (1 at% content) in 
PLZT (3/52/48) ceramics [Tanimura and Uchino (1988)](12) 
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CHAPTER 3 
EXPERIMENTAL WORK 

 
3.1 Preparation of Powders and Polycrystalline samples 
 

PLZT (3/52/48) ceramics doped with 0.5 at% Nb2O5 and 0.5 at% Gd2O3 
were selected due to its high photovoltaic and photostrictive properties 
[Nonaka K. et al.(1995)](10).   Recently, a rigorous study on the composition 
dependence of PLZT ceramics on photostrictive properties, shown that the 
highest response speed and highest photo-induced strain were found at PLZT 
(4/48/52) and (5/54/46), respectively [Poosanaas P. and Uchino K. (1999)](1).   
Therefore, it is worthwhile to study and improve the properties of photostrictive 
ceramics through the doping effect of PLZT (4/48/52) and (5/54/46) with Nb2O5 
and Gd2O3 dopants.  PLZT (4/48/52) and (5/54/46) doped with 0.5 at% Nb2O5 
and 0.5 at% Gd2O3 were also studied for this research. 

PLZT powders were prepared by a conventional oxide mixing process 
with reagent grade lead oxide (PbO), lanthanum oxide (la2O3), zirconium oxide 
(ZrO2), titanium oxide (TiO2) and dopants.  The chemical purity and suppliers 
are listed in Table 3.1 and the conventional oxide mixing flow chart is 
illustrated in Fig.3.1. 

In this method, the raw materials were weighed and mixed in the proper 
ratio to attain the required composition and ball milled in water for 10 hours. 
The slurry was dried at 110oC and then calcined at 950oC for 10 hours in a 
closed alumina crucible.  The calcined powders were further ball milled for 10 
hours and then mixed with 1 wt% PVA binder (molecular weight 15,000).  The 
powders were then pressed into pellets using a pressure of 80 MPa. The 
pellets were heated at 540oC  for binder burn out and subsequently sintered at 
1250oC  for 2 hours in a PbO atmosphere. The calcination and sintering steps 
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are illustrated in Fig.3.2 and Fig.3.3, respectively. 
 

Table 3.1 Component oxide powders used in the synthesis of PLZT ceramics 
by conventional oxide mixing process 
 

Materials Grade Manufacturer 
Lead oxide (PbO) 99.0 % Fluka 

Lanthanum oxide (La2O3) 99.98 % Fluka 
Zirconium oxide (ZrO2) ~3% HfO2 Fluka 
Titanium oxide (TiO2) 99.5 % Unilab 

Niobium oxide (Nb2O5) >99.95 % Kanto Chemical 
Gadolinium oxide (Gd2O3) 99.9 % Aldrich 
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Fig.3.1 The conventional oxide mixing flow chart of PLZT ceramics 
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Fig.3.3 The sintering step for preparation of PLZT ceramics 
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3.2 Characterization of Ceramic Specimens 
 

3.2.1 Phase Analysis of PLZT powders 
 

X-ray diffraction (XRD) was used to identify phases present in the 
calcined powders and the sintered samples.  An X-ray diffractometer (Jeol, 
JDX 3530) was employed under CuKα radiation (λ = 1.5418 Å) scaning 
angle, 2θ, 20o- 90o, using 0.04 degree step angle and 0.5 second count time.   

 
3.2.2 Microstructure Analysis 
 
Microstructure characteristics of sintered PLZT samples, such as grain 

size and shape, were characterized using Scanning Electron Microscope 
(Jeol, JSM 5410).  The sintered samples were polished down to 1 micron and 
then thermally etched at 1100 oC for 10 min.  The etching temperature was 
kept lower than the sintering temperature in order to prevent the grain growth.  
The surfaces of polished samples were gold-coated for 90 seconds to reduce 
the charging during SEM operation.  The average grain size was determined 
by the line intercept method. 

 
3.2.3 Bulk Density and Relative Density of Sintered Samples 
 
Bulk Density, and relative density of the sintered samples were 

determined by the Archimedes method (ASTM standard Designation: c 20-
00).  In the beginning, the specimens were dried by heating at 105 to 110oC 
and the dry weight approximately of 0.1 g, D, was accurately determined. The 
test specimens were then placed in water and boiled for 2 hours.  The 
specimens were kept entirely under the water during the boiling period without 
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the contact with the bottom of the container.  After being immersed in the 
water for at least 12 hours, the suspended weight, S, of the specimens was 
determined by suspending the specimen in a loop of copper wire hung from 
the arm of the balance.  After that, each specimen was wiped lightly with a 
moistened smooth linen or cotton cloth to remove the water drops from the 
surface in order to determine the saturated weight, W, in air. 
              The following equations were used to calculated bulk density. 
 

Exterior volume, (V) = W-S 
Bulk density (B) g/cm3 = D/V 
 

              Theoretical density of the PLZT sample can be obtained from the 
molecular weight of PLZT, which taken from the weight of all the atoms in one 
tetragonal unit cell, and the volume of the tetragonal unit cell.  Lattice 
parameters of the unit cell were determined from the two characteristic X-ray 
peaks (hkl), (200) and (002).  The theoretical density was calculated from the 
relation as follows.  
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3.2.4 Dielectric and Piezoelectric properties 
 

              3.2.4.1 Dielectric properties 
 

The dielectric constant (K) was determined for PLZT samples.  They 
were polished to about 10 mm in diameter and 1 mm in thickness and then 
electroded with silver paste on both sides.  The electroded samples were 
poled in silicone oil at 120oC under 2 kv/mm electric field for 15 min.  The 
capacitance (C) and the dissipation factor of the samples were measured by 
Impedance Analyzer (Hewlett Packard 4192A LF).  The dielectric constant 
was calculated from this capacitance value from the following equation 
[Buchanan R.C. (1991)](4).  

 
 

              3.2.4.2 Pizoelectric properties 
 

The samples with the same dimensions as the ones for dielectric 
measurements were poled in silicone oil at 120oC under 2 kV/mm electric field 
for 15 min, and their piezoelectric properties were measured with a Piezo d-
meter (Berlincourt model CADT) at 120 Hz. 

 
3.2.5 Photovoltage and Photocurrent Measurement 

 
The samples were polished down to 1 micron and 1 mm in thickness.  
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These samples were cut to a size of 3 mm x 6 mm x 1 mm, electroded with 
silver paste on both 6 x 1 mm2 surfaces and then poled in silicone oil at 120oC 
under 2 kV/mm electric field for 15 min. 
              Photovoltage and Photocurrent were measured by applying voltage 
between –100 and +100 V, and detecting the current (electrometer Keithley 
617) while illuminating the sample.  The schematic diagram for Photovoltage 
and Photocurrent measuring system is illustrated in Fig.3.4. 
 

 
 
              A super-high pressure, short arc mercury lamp (Ushio USH-500SC),  
installed in lamp housing (Ushio SX-UI500HQ), was used as a light source.  
The radiation from this mercury lamp was passed through an infrared-cut 
optical filter (Newport 10SWF-500) to cut the wavelength above 500 nm.  The 
light beam generating maximum photovoltaic effect was then applied to the 
PLZT sample.  
              The data were plotted using the applied voltage and the measured 
current as horizontal and vertical axes, respectively. The photovoltage was 
determined from the intercept of the horizontal applied voltage axis while the 
photocurrent was determined from the intercept of the vertical measured 
current axis as shown in Fig.3.5 [Tanimura M. and Uchino K.(1988)](12).  
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Measurements were made after the samples were thermally equilibrated with 
the radiation.  

 
 
3.3 Fabrication of Photostrictive devices 
 
              The sintered samples were cut into 3 mm x 6 mm x 1 mm, the same 
dimensions as the ones for photovoltage and photocurrent measurements.  
These samples were electroded and poled in silicone oil at 120oC under 2 
kV/mm electric field for 15 min and then connected together to fabricate the 
devices – photocurrent power supply and micro walking. The photovoltage 
and the photocurrent of these two devices were measured by applying voltage 
between –100 and +100 V and detecting the current (electrometer Keithley 
617) while illuminating the devices.  Design of devices would be explained in 
Chapter 4. 
 
 
 



CHAPTER 4 
RESULTS AND DISCUSSION 

 
4.1 Phase analysis of PLZT samples 
 

X-ray diffraction (XRD) pattern was used to identify phases presented in 
calcined powders and sintered samples using X-ray diffractometer scanning 
through 20o- 70o.   PLZT powders were calcined at different temperatures for 
10 hours in order to select the calcining temperature by investigating the 
forming of a tetragonal phase.  XRD patterns of PLZT powders at different 
calcining temperatures are illustrated in Fig.4.1.   XRD patterns of undoped 
and doped PLZT samples of compositions (3/52/48), (4/48/52), and (5/54/46) 
,sintered at 1250oC for 2 hours are shown in Fig.4.2–4.4, respectively. 

PLZT powder calcined at 850oC showed the mixed phases of PbZrO3 
and PbTiO3 while the single phase of PLZT was observed at 900 oC.  However, 
the complete crystallization of the tetragonal phase occurred at higher 
calcining temperature about 950oC, so this temperature was taken as the 
experimental condition for calcining.  This result also agreed well with previous 
study which reported the calcining temperature at 950oC [Tanimura M. et al. 
(1988), Poosanaas P. (1999)](13,18) 

XRD patterns of sintered, undoped and 0.5 at% Gd2O3 and Nb2O5 

doped PLZT (3/52/48), (4/48/52), and (5/54/46) ceramics showed the similar 
results of X-ray diffraction patterns (Fig.4.2-.4.4).  In these figures, the 
reflections from (111) and (200) planes were chosen for phase analysis.  The 
split of (200) peak into two peaks, (200) and (002), indicated the characteristic 
of the tetragonal phase which has unequal lattice parameters (c > a).   

In addition, the XRD patterns of all the sintered samples presented in 
this study showed the single (111) peak, which is another characteristic of the 
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tetragonal phase. This confirmed that PLZT samples of all compositions and 
dopants formed the tetragonal phase which was crucial for ferroelectrics. 

 

 
 

Fig.4.1 XRD patterns of PLZT (3/52/48) powder and sintered ceramics 
calcined at different temperatures 
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Fig.4.2 XRD patterns of undoped and doped PLZT 3/52/48 ceramics 
 

  
 

Fig.4.3 XRD patterns of undoped and doped PLZT 4/48/52 ceramics. 
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Fig.4.4 XRD patterns of undoped and doped PLZT 5/54/46 ceramics 
 
 

The effect of dopants on the lattice parameters and the tetragonality 
(c/a ratio) of PLZT samples can be observed in XRD patterns.  The unit cell 
volume, tetragonality, and lattice parameters of PLZT ceramics were 
calculated from the XRD peaks.  It was found that Gd2O3 and Nb2O5 increased 
the unit cell volume of PLZT samples.  The lattice parameters and the 
tetragonality are listed in Table 4.1. 

As shown in Table 4.1, lattice parameters of PLZT samples are slightly 
increased with the dopants (Nb2O5 and Gd2O3).  The tetragonality was only 
slightly different between each composition but the effect of dopants on the 
tetragonality was not seen in these results.  PLZT 4/48/52 ceramics showed 
the highest tetragonality while the smallest values presented in PLZT 5/54/46 
ceramics. 
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Table 4.1 Lattice parameters, tetragonality, and unit cell volume of the sintered 
PLZT samples (calculated from the XRD patterns) 
 
Compositions Dopants c 

(Å) 
a 

(Å) 
c/a Unit cell volume 

(x10-23cm3) 
3/52/48 Undoped 

Gd2O3 
Nb2O5 

4.1303 
4.1592 
4.1592

4.0427 
4.0703 
4.0703

1.0217 
1.0218 
1.0218 

6.7503 
6.8907 
6.8907 

4/48/52 Undoped 
Gd2O3 
Nb2O5 

4.1339 
4.1592 
4.1702

4.0359 
4.0634 
4.0738

1.0243 
1.0236 
1.0237 

6.7335 
6.8673 
6.9208 

5/54/46 Undoped 
Gd2O3 
Nb2O5 

4.1592 
4.1739 
4.1592

4.0878 
4.1019 
4.0878

1.0175 
1.0176 
1.0175 

6.9501 
7.0228 
6.9501 

 
 
              This result could be explained by considering the PLZT contour map, 
which showed the region between tetragonal and rhombohedral phases.  
PLZT 4/48/52 displayed the highest tetragonality because its location in the 
tetragonal region was far away from phase boundary while that of PLZT 
5/54/46 located closer to the phase boundary as shown in Fig.4.5.  However, 
the XRD patterns of PLZT (3/52/48) and PLZT (4/48/52) showed the small 
amount of rhombohedral phase.  This could be observed from the intensity of 
(002) and (200) peaks which had no significant deference.  Unlike PLZT 
(3/52/48) and PLZT (4/48/52), PLZT (5/54/46) showed the higher intensity of 
(200) peak, which indicated that this composition showed the complete 
tetragonal phase.   
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Fig.4.5 PLZT compositional contour map 
 
4.2 Microstructure Analysis 
 
              SEM micrographs of thermally etched PLZT samples are shown in 
Fig.4.5-4.13.  The average grain sizes determined by the intercept method are 
listed in Table 4.2.  
              It was found that the average grain size was different for each 
composition of PLZT ceramics.  The smallest grain was presented in PLZT 
4/48/52 while it showed the largest grain size in PLZT 3/52/48. The average 
grain size of each composition had the same tendency.  Grain size of PLZT 
samples increased with Nb2O5 and Gd2O3 dopants.  Gd2O3 was found to 
increase grain size of PLZT ceramics more than Nb2O5.  The effect of 
composition and type of dopants on the average grain size is summarized in 
Fig 4.6.  
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Table 4.2 The average grain sizes of PLZT samples depending on 
composition and type of dopants 
 

Compositions Dopants 
(0.5 at%) 

Average grain sizes 
(micron) 

3/52/48 Undoped 
Gd2O3 

Nb2O5 

1.21 
1.44 
1.36 

4/48/52 Undoped 
Gd2O3 

Nb2O5 

0.83 
1.14 
1.02 

5/54/46 Undoped 
Gd2O3 

Nb2O5 

1.07 
1.31 
1.09 

 

 
Fig.4.6 The effect of composition and dopants 

on the average grain size 
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              The SEM micrographs of PLZT samples (Fig.4.5-4.13) showed some 
entrapped porosity.  Microstructures were found to be completely lacked of a 
second phase, which often precipitated along the grain boundaries or at triple 
points between grain.  
 
 
 

 
 

Fig.4.7 SEM micrograph of undoped PLZT 3/52/48 ceramic 
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Fig.4.8 SEM micrograph of 0.5 at% Gd2O3 doped PLZT 3/52/48 ceramic 
 

 
 

Fig.4.9 SEM micrograph of 0.5 at% Nb2O5 doped PLZT 3/52/48 ceramic 
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Fig.4.10 SEM micrograph of undoped PLZT 4/48/52 ceramic 
 

 
 

Fig.4.11 SEM micrograph of 0.5 at% Gd2O3 doped PLZT 4/48/52 ceramic 
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Fig.4.12 SEM micrograph of 0.5 at% Nb2O5 doped PLZT 4/48/52 ceramic 
 

 
 

Fig.4.13 SEM micrograph of undoped PLZT 5/54/46 ceramic 
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Fig.4.14 SEM micrograph of 0.5 at% Gd2O3 doped PLZT 5/54/46 ceramic 
 

 
 

Fig.4.15 SEM micrograph of 0.5 at% Nb2O5 doped PLZT 5/54/46 ceramic 
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4.3 Bulk Density, and Relative Density of sintered samples 
 
              Bulk density and relative density of sintered PLZT samples were 
determined by the Archimedes method (ASTM standard Designation: c 20-
00).  The results are listed in Table 4.3. 
 
Table 4.3 Bulk density and relative density of sintered PLZT samples 
Composition Dopants 

(0.5 at%) 
Bulk Density 

(g/cm3) 
Relative density (%) 

3/52/48 Undoped 
Gd2O3 

Nb2O5 

7.86 
7.72 
7.70 

98.16 
99.16 
99.15 

4/48/52 Undoped 
Gd2O3 

Nb2O5 

7.69 
7.58 
7.54 

97.51 
97.78 
98.05 

5/54/46 Undoped 
Gd2O3 

Nb2O5 

7.69 
7.56 
7.69 

99.87 
99.20 
99.46 

 
              As shown in Table 4.3, bulk density of sintered PLZT samples were 
mainly depended on composition.  PLZT 3/52/48 ceramics exhibited the 
highest bulk density while the lowest density was found at PLZT 4/48/52 
ceramics.  This result agreed with a previous study [Haertling G.H. and Land 
C.E. (1971)](2) in which bulk density decreased linearly with increasing La 
content.  Dopants were found to have only a small effect on bulk density of 
PLZT ceramics.  There is no significant different between the densities of 
undoped and doped samples.   
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4.4 Dielectric and Piezoelectric properties 
 

4.4.1 Dielectric properties 
 
The capacitance (C) and the dissipation factor of all the samples were 

measured by an Impedance Analyzer (Hewlett Packard 4192A LF) at a 
frequency of 100 Hz.  Room temperature dielectric constants of poled PLZT 
ceramics were calculated from the capacitance values and listed in Table 4.4. 
Nb2O5 dopant was found to increase dielectric constant in PLZT ceramics in all 
compositions.  Among the three undoped compositions, PLZT 5/54/46 showed 
the highest dielectric constant, and it became maximum with Nb2O5 doping.  

 
Table 4.4 Room temperature dielectric constant and the dissipation factor of 
the PLZT samples (determined at a frequency of 100 Hz) 
 

Compositions Dopants 
(0.5 at%) 

Dielectric constant Dissipation 
factor 

3/52/48 Undoped 
Gd2O3 

Nb2O5 

1508 
1430 
1590 

0.0157 
0.0261 
0.0179 

4/48/52 Undoped 
Gd2O3 

Nb2O5 

960 
1005 
1190 

0.0114 
0.0310 
0.0258 

5/54/46 Undoped 
Gd2O3 

Nb2O5 

2032 
2125 
2206 

0.0194 
0.0233 
0.0201 
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4.4.2 Piezoelectric properties 
 

The piezoelectric constants (d33) of the poled samples, which were 
measured with a Piezo d-meter (Berlincourt model CADT), were listed in Table 
4.5.  The piezoelectric constant had the same tendency with the dielectric 
constant data.  The dielectric constant (K) and piezoelectric constant (d33) are 
plotted as functions of compositions and dopants in PLZT ceramics as shown 
in Fig.4.16. 

 
Table 4.5 Piezoelectric constant (d33) of the PLZT samples  

Compositions Dopants 
(0.5 at%) 

Piezoelectric constant 
(d33, pC/N) 

3/52/48 Undoped 
Gd2O3 

Nb2O5 

270 
300 
335 

4/48/52 Undoped 
Gd2O3 

Nb2O5 

200 
205 
225 

5/54/46 Undoped 
Gd2O3 

Nb2O5 

392 
416 
422 

 
              From the results obtained, it was found that the dielectric constant (K) 
and piezoelectric constant (d33) were related to each other.  As illustrated in 
Fig.4.16, high dielectric constant samples were also found to have large 
piezoelectric constant.  The maximum dielectric and piezoelectric constants 
were found in Nb2O5 doped PLZT 5/54/46 ceramic.  They were 2206 and 422 
pC/N, respectively.   
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Fig.4.16 The relation between dielectric constant (K) and piezoelectric 
constant (d33) of poled PLZT samples 

 
              In this study, Nb2O5 was considered as a B-site donor which replaced 
Zr4+ or Ti4+ ions.  This type of doping was a soft doping which softened the 
properties of PLZT materials.  It increased the dielectric constant while the 
coercive field was reduced.  Gd2O3 was considered as a B-site accepter 
which was a hard doping.  This type of doping inhibited the domain motion, it 
followed with the increase in coercive field.  Therefore, under the same poling 
conditions, PLZT doped with Nb2O5 which had the lower coercive field 
exhibited better properties than PLZT doped with Gd2O3. 
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4.5 Photovoltage and Photocurrent Measurement 
 
              The plot between the applied voltage and the measured current was 
used to calculate generated photocurrent and photovoltage of the sample 
specimens.   The photovoltage (Eph) was determined from the intercept of the 
horizontal applied voltage axis while the photocurrent (Iph) was determined 
from the intercept of the vertical measured current axis.  Photoconductance 
(Gph) of the sample was calculated using the relation  

 
Photovoltaic properties of all the samples are listed in Table 4.6. 
 

Table 4.6 Photocurrent and photovoltage of PLZT samples  
(Light intensity 2.1 mW/cm2) 
 

Compositions Dopants 
(0.5 at%) 

Iph 
(nA/cm) 

Eph 
(V/cm) 

Gph 

(10-12 A/V) 
3/52/48 Undoped 

Gd2O3 

Nb2O5 

0.55 
0.51 
0.41 

303.37 
313.21 
424.44 

1.81 
1.63 
0.97 

4/48/52 Undoped 
Gd2O3 

Nb2O5 

1.15 
0.57 
0.71 

306.06 
324.69 
454.69 

3.76 
1.76 
1.56 

5/54/46 Undoped 
Gd2O3 

Nb2O5 

0.23 
0.18 
0.19 

373.64 
452.90 
512.32 

0.62 
0.40 
0.37 
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              The above data show that dopants have no positive effect on 
photocurrent.  This can be seen from the decreasing in photocurrent of doped 
PLZT samples in all compositions.  However, PLZT 4/48/52 provided the 
maximum photocurrent while the minimum was presented in PLZT 5/54/46.  
This finding agreed with the previous study by Poosanaas P. and Uchino K 
[Poosanaas P. and Uchino K. (1999)](1). 
              Unlike the photocurrent, dopants showed a significant effect on the 
photovoltage of PLZT ceramics.  It was found that Nb2O3 enhanced 
photovoltage of PLZT ceramics more than Gd2O3. 
 
              Composition of PLZT was also found to play an important role on the 
photovoltage of PLZT.  PLZT 5/54/46 was found to provide the lowest 
photocurrent but the highest photovoltage.  The results of this study supported 
the previous study [Poosanaas P. and Uchino K. (1999)](1).  However, PLZT 
3/52/48, which was reported in many previous studies to have a good 
photostrictive property, did not exhibit either high photocurrent or 
photovoltage as shown in Fig.4.17. 
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Fig.4.17 Iph as a function of Eph of PLZT samples 
 

              As illustrated in Fig.4.17, it is not necessary that high photocurrent 
sample will give high photovoltage.  This can be implied that composition and 
dopants were the main factors that controlled these properties. 
 
              Photoconductance of PLZT samples showed the same trend as 
photocurrent.  This is because the generated current was strongly affected by 
material conductivity (on the other hand, resistivity).  To illustrate the relation 
between photoconductance and photocurrent (equation 4.1), these two values 
are plotted and shown in Fig.4.18.  
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Fig.4.18 Iph as a function of Gph of PLZT samples 
 
 

              Photovoltage and photoconductance were also related through 
equation 4.1.  Photovoltage was inversely proportional to photoconductance 
as shown in Fig.4.19 where photovoltage is plotted as a function of 
photoconductance. 
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Fig.4.19  Eph as a function of Gph of PLZT samples 
 
 

              Considering tetragonality of PLZT samples listed in Table 4.1, it was 
shown that photocurrent and tetragonality increased in the same direction as 
shown in Fig 4.20.  This figure shows that the data are obviously divided into 
three groups.  The composition with high tetragonality provided high 
photocurrent.  This can be concluded that tetragonality of PLZT ceramics had 
some effect on photocurrent. 



 53

 
 

Fig.4.20 Iph as a function of Tetragonality 
 
 

In addition, figure of merit for response speed (d33Iph/C) and magnitude 
of strain (d33 x Eph or Xph) were calculated and displayed in Table 4.7. 
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Table 4.7 the merit of response speed and magnitude of strain  
 
Compositions Dopants 

(0.5 at%) 
Xph (%) d33xIph/C (t-1) 

3/52/48 Undoped 
Gd2O3 

Nb2O5 

0.8191 
0.9396 
1.4219 

4.68x10-07 
5.45x10-07 
4.10x10-07 

4/48/52 Undoped 
Gd2O3 

Nb2O5 

0.6121 
0.6656 
1.0231 

13.18x10-07 
6.14x10-07 
6.16x10-07 

5/54/46 Undoped 
Gd2O3 

Nb2O5 

1.4647 
1.8841 
2.1620 

2.19x10-07 
1.92x10-07 
1.80x10-07 

 
 
              The merit of response speed was obtained for PLZT 4/48/52 ceramic 
due to its high photocurrent, low capacitance and high c/a ratio.  The merit of 
photo-induced strain was found in PLZT 5/54/46 doped with Nb2O5, which 
displayed high values of dielectric constant and photovoltage.  This meant 
that PLZT 4/48/52 is suitable for high responsed speed applications, such as 
vibrators or photophone, while Nb2O5 doped PLZT 5/54/46 ceramics should be 
selected for high photo-induced strain applications.  Because of these two 
merits were presented in different composition, it is interesting to develop 
materials which has optimum properties, fast response and high strain. 
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4.6 Fabrication of photostrictive devices 
 

Sintered samples were cut into 3 mm x 6 mm x 1 mm, the same 
dimensions as for photovoltage and photocurrent measurements.  The 
samples were electroded and poled in silicone oil at 120oC under 2 kV/mm 
electric field for 15 min. 

The poled samples were connected together to fabricate the devices, 
power supply and micro-walker.  Photovoltage and photocurrent of these  
devices were measured by applying voltage between –100 and +100 V and 
detecting the current (electrometer Keithley 617) during illuminating the 
devices.   
 

4.6.1 Photocurrent power supply 
 
Undoped PLZT 4/48/52, which displayed the highest photocurrent, was 

selected to fabricate the photocurrent power supply. 
The poled, rectangular shape samples (3 x 6 x 1 mm.) were connected 

together using parallel circuit to increase the generated current.  The design of 
photocurrent power supply is illustrated in Fig.4.21.   

The circuit consists of six pieces of rectangular shape samples were 
stuck with three thin copper plates by conductive silver glue.  These six pieces 
of samples were divided into 2 parts, the upper and lower part.  Each part 
consisted of three samples.  The negative poles of the samples attached with 
the copper plate number 3 while the positive poles connected with the copper 
plates number 1 and 2.  The equivalent electric circuit of this device is also 
displayed in Fig.4.21. 
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Fig.4.21 The design of photocurrent power supply and its equivalent circuit 
 

              By using the parallel circuit, the photocurrent, which generated in 
each sample when illuminated, will be combined together.  This combination 
can be summarized as follow: 
 

ITotal = I1+I2+I3+I4+I5+I6 
 

              This assumption was proved by directly measured the current 
generated from the device.  The photocurrent of each PLZT 4/48/52 sample is 
1.05, 1.13, 1.04, 1.15, 0.98 and 1.01 nA/cm and the photocurrent of the device 
is 6.16 nA/cm.  This result agreed with the above equation.   
              This design can be expanded to generate more photocurrent by 
increasing the size and the number of PLZT samples.  However, photocurrent 
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supplied by this device showed some electrical lost which may be caused by 
the contact between the samples and the copper plates.   
 

4.6.2 Micro-walker device 
 
Due to its high piezoelectric constant (d33) and photovoltage (Eph), PLZT 

5/54/46 doped with Nb2O5 was selected for a micro-walker device which was 
designed into a simple shape using the poled rectangular-shape samples.  
Samples with similar dimension to 4.6.1 were stucked together into a row as a 
micro-walker’s body using the conductive silver glue.  These connected 
samples were equivalent to a series circuit of which the voltage was combined 
along the electric lead wires as shown in Fig.4.22.  

 

 
 

Fig.4.22 The design of micro-walker’s body 
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              Both ends of the body were joined with two legs and the thin copper 
plate as shown in Fig.4.23.  A thin plastic plate was cut into two small pieces 
(5 x 23 x 2 mm.)  for its legs.  The two small glass plates were attached at both 
ends of the  legs  to act as the nails.  These inclined nails were used to control 
the movement direction of the device to be forwarded. 

 

 
 

Fig.4.23 The design of micro-walker device 
 

              By using the series circuit, the generated photovoltage in each 
sample was supposed to be combined together and displayed into the total 
photovoltage.  The generated photovoltage in each sample was 510.25, 
498.50, 502.36, 495.35 and 512.20 V/cm.  However, the total photovoltage 
directly detected from the stack of samples was 1956.35 V/cm.  This result 
showed high electrical lost due to the contact between each sample. 
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A chopper of light illumination was used to control the movement of this 
device.  While the body of micro-walker was illuminated on, it was expanded 
via the photostrictive mechanism and the front leg was pushed forward.  When 
the incident light was cut off, the body was contracted and the back leg start 
to move.  Due to the small photo-induced strain (in the range of micron), it was 
impossible to observe the movement of the device. However, this micro-walker 
was lie the basic idea on photostrictive mechanism which is small in size and 
weight (1.35 g) and the ability to sense and get actuated itself. 



CHAPTER 5 
CONCLUSIONS 

 
              The goal of this research is to study high induced strain and fast 
response speed PLZT ceramics via composition and dopant type as well as 
fabricate the photostrictive devices from  the suitable PLZT ceramics.   
              The properties of photostrictive PLZT ceramics were investigated 
through the doping effect of Nb2O5 and Gd2O3 on PLZT (3/52/48), (4/48/52) 
and (5/54/46) compositions.  The results can be summarized as follows: 
 

1. The dielectric constant and piezoelectric constant were related to each 
other.  High dielectric constant PLZT ceramic was found to have large 
piezoelectric constant.   

 
2. Nb2O5 dopant at 0.5 at % concentration showed the positive effects on 

the properties of PLZT ceramics.  It increased the dielectric constant, 
piezoelectric constant and enhanced photovoltage 10-40% as 
compared to undoped PLZT ceramics. 

 
3. Undoped PLZT (4/48/52) ceramics providing high photocurrent with low 

dielectric constant made it suitable for high response speed 
applications, such as vibrators or photo-acoustic devices.  Due to this 
reason, it was selected to be fabricated into a photocurrent power 
supply device.  This device was designed into a parallel circuit to 
enhance the generated photocurrent.   The generated photocurrent 
increased with the number of PLZT samples connected in the parallel. 
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4. Nb2O5 doped PLZT (5/54/46) ceramic displayed high dielectric 
constant, piezoelectric constant, and photovoltage which made it 
suitable for high displacement applications, such as photo-driven robot.  
Due to its high induced-strain, it was selected to fabricate as a micro-
walker. PLZT samples were connected together in a series circuit  to 
make them as a micro-walker’s body.  The generated photovoltage 
increased with the number of PLZT samples connected in the series. 

 



CHAPTER 6 
SUGGESTIONS FOR FUTURE WORKS 

 
The photostrictive device will be a prototype for a micro devices which 

is small in size, inexpensive and have the ability to sense and get actuated 
itself.  This research is the result of the coupling of electrical, optical and 
mechanical fields and serves as a useful guideline for new materials, i.e. 
sensors and actuators. 
              Suggestions for future research are listed as follows: 
 
1. PLZT photostrictive ceramics have the ability to transduce Ultraviolet light 

into the electric current.  Therefore, it is promising to develop this material 
as a UV sensor which can sense and detect the intensity of UV light. 

2. Micro-walker driven by the irradiation of light has drawn a considerable 
attention.  However, the limitation of this device is the movement in micron 
range.  It would be worthwhile to enhance the magnitude of strain by 
designing this PLZT ceramics into a unimorp or bimorph shape. 

3. Since the maximum photocurrent and photovoltage were obtained at 
different compositions of PLZT ceramics, the further investigation through 
the compositions and dopants for the optimum high response speed and 
induced strain will be necessary. 

4. The resonance frequency of PLZT (5/54/46) doped with Nb2O5 should be 
examined in order to maximize the displacement 
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