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(57) ABSTRACT 

To provide a multi-layer piezoelectric device having excellent 
durability in which the amount of displacement does not 
change even when the piezoelectric actuator is Subjected to 
continuous operation over a long period of time under a high 
Voltage and a high pressure, the multi-layer piezoelectric 
device comprises a stack formed by stacking piezoelectric 
layers and internal electrodes alternately one on another and 
external electrodes formed on a first side face and on a second 
side face of the stack, wherein one of the adjacent internal 
electrodes is connected to the external electrode formed on 
the first side face and the other internal electrode is connected 
to the external electrode formed on the second side face, while 
content of alkali metal in a range from 5 ppm to 300 ppm is 
contained. 
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MULTI-LAYER PIEZOELECTRIC DEVICE 

TECHNICAL FIELD 

0001. The present invention relates to a multi-layer piezo 
electric device and injection apparatus, for example, fuel 
injection apparatus of automobile engine, liquid injection 
apparatus of inkjet printer or the like or a drive unit used in 
precision positioning device or vibration preventing device 
for an optical apparatus, and to a multi-layer piezoelectric 
device used as a sensor element mounted in combustion pres 
Sure sensor, knocking sensor, acceleration sensor, load sen 
Sor, ultrasound sensor, pressure sensor, yaw rate sensor or the 
like, or used as a circuit component mounted in piezoelectric 
gyro, piezoelectric Switch, piezoelectric transducer, piezo 
electric breaker or the like. 

BACKGROUND ART 

0002 Multi-layer piezoelectric actuators constituted from 
piezoelectric layers and internal electrodes stacked alter 
nately one on another have been known as an example of the 
multi-layer piezoelectric device. The multi-layer piezoelec 
tric actuators can be divided into two categories: fired-at-once 
type and stacked type which has such a constitution as piezo 
electric porcelain and internal electrode sheets are stacked 
one on another alternately. When the requirements to reduce 
the operating Voltage and the manufacturing cost are taken 
into consideration, the multi-layer piezoelectric actuator of 
fired-at-once type is more advantageous for the reason of 
Smaller layer thickness and higher durability. 
0003 FIG. 2 shows a multi-layer piezoelectric device of 
the prior art disclosed in Patent Document 1, which is consti 
tuted from a stack 200, that is formed by stacking piezoelec 
tric layers 21 and internal electrodes 22 alternately one on 
another, and external electrodes 23 formed on a pair of side 
faces that oppose each other. While the stack 200 is formed by 
stacking the piezoelectric layers 21 and the internal elec 
trodes 22 alternately one on another, the internal electrodes 22 
are not formed over the entire principal surfaces of the piezo 
electric layers 21, but have a so-called partial electrode struc 
ture. The piezoelectric layers are stacked in the so-called 
partial electrode structure such that the internal electrode 22 
is placed in every other layerina Staggered manner so as to be 
exposed alternately at the left then at the right on different side 
faces of the stack 200. Inactive layers 24, 24 are stacked on 
both principal surfaces of the stack 200 in the direction of 
stacking. Then the external electrodes 23 are formed so that 
the internal electrodes 22 that are exposed on the pair of 
opposing side faces of the stack 200 are connected to each 
other, thereby connecting the internal electrodes 22 in every 
other layer. 
0004. In case the multi-layer piezoelectric device of the 
prior art is used as a piezoelectric actuator, lead wires are 
soldered onto the external electrodes 23 and operated by 
applying a predetermined Voltage between the external elec 
trodes 23. In recent years, since it is required to make a 
compact multi-layer piezoelectric device capable of achiev 
ing a large amount of displacement under a high pressure, it is 
in practice to carry out continuous operation over a long 
period of time with a higher electric field applied. 
0005. The multi-layer piezoelectric device is manufac 
tured as follows. First, an internal electrode paste is printed in 
the pattern of a predetermined electrode structure as shown in 
FIG. 2 on a ceramic green sheet that contains the material of 
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the piezoelectric layer 21, stacking a plurality of the green 
sheets coated with the internal electrode paste so as to form a 
multi-layer compact and firing the compact thereby to make 
the stack 200. Then the external electrodes 23 are formed on 
a pair of side faces of the stack 200 by firing, thereby to make 
the multi-layer piezoelectric device. 
0006. During manufacture of the stack 200 of the prior art, 
alkali metal may mix into the material. That is, the stock 
material mixed into the green sheet of the piezoelectric layer 
21 and the binder may contain an alkali metal in the form of 
oxide, carbonate or nitrate, or may mix as an inevitable impu 
rity. While a glass powder may be added to the stock material 
of the piezoelectric layer 21 for the purpose of improving the 
ease of sintering thereof, the glass powder often contains 
oxides of alkali metals. Moreover, the alkali metal may also 
mix into the material from crushing balls used in crushing the 
stock material to make the piezoelectric layer 21 or from the 
firing atmosphere through diffusion. 
0007 Halogen elements may also mix into the material. 
That is, the stock material used to make the piezoelectric layer 
21 and the binder may include halogen elements in the form 
of fluoride, chloride, bromide, iodide or astatine compound, 
or mixing therein as an inevitable impurity. Also in the manu 
facturing process, use of water during crushing or storage of 
the stock material used to make the piezoelectric layer 21 over 
a long period of time may lead to mixing of halogen elements 
into the material. Moreover, halogen elements may also mix 
into the material from crushing balls used in crushing the 
stock material of the piezoelectric layer 21 or from the firing 
atmosphere through diffusion. 
0008. The alkali metals and halogen elements may also 
mix into the material in the form of compounds such as NaCl 
from human bodies. 

0009. The internal electrode 22 has been formed from an 
alloy of silver and palladium and, in order to fire the piezo 
electric layers 21 and the internal electrodes 22 at the same 
time, composition of metals contained in the internal elec 
trode 22 has been set to 70% by weight of silver and 30% by 
weight of palladium (refer to, for example, Patent Document 
2). 
0010. The internal electrode is made of metal compound 
that contains silver-palladium alloy instead of pure silver 
because, whena Voltage is applied between the pair of oppos 
ing electrodes that are made of silver without palladium con 
tent, the so-called silver migration occurs in which silver 
atoms migrate from the positive electrode to the negative 
electrode of the pair of the electrodes along the device sur 
face. Silver migration occurs conspicuously particularly in an 
atmosphere of high temperature and high humidity. 
0011. During manufacture of the internal electrodes 22, 
alkali metal may mix into the internal electrodes 22. That is, 
the stock material of the internal electrodes 22 and the binder 
may include alkali metal in the form of oxide, carbonate or 
nitrate, or mix therein as an inevitable impurity. While a glass 
powder may be added to the stock material of the internal 
electrodes 22 for the purpose of improving the ease of sinter 
ing, the glass powder often contains oxides of alkali metals. 
Moreover, alkali metal may also mix into the material from 
crushing balls used in crushing the stock material of the 
internal electrodes 22 or from the firing atmosphere through 
diffusion. 
0012 Halogen elements may also mix into the internal 
electrodes 22. That is, the stock material used to make the 
internal electrodes 22 and the binder may include halogen 
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elements in the form of fluoride, chloride, bromide, iodide or 
astatine compound, or mix into the material as an inevitable 
impurity. Also in the manufacturing process, storage of the 
stock material used of the internal electrodes 22 over a long 
period of time may lead to mixing of halogen elements into 
the material. Moreover, halogen elements may also mix into 
the material from the firing atmosphere through diffusion. 
0013 Both the alkali metals and halogen elements may 
also mix into the material in the form of compounds such as 
NaCl from human bodies. 

0014. During manufacture of the external electrodes 23 of 
the prior art, alkali metal may mix into the external electrodes 
23. That is, the stock material of the external electrodes 23 and 
the binder may include alkali metal in the form of oxide, 
carbonate or nitrate, or mix therein as an inevitable impurity. 
While a glass powder may be added to the stock material of 
the external electrodes 23 for the purpose of improving the 
ease of sintering, the glass powder often contains oxides of 
alkali metals. Moreover, alkali metal may also mix into the 
material from crushing balls used in crushing the stock mate 
rial of the external electrodes 23 or from the firing atmosphere 
through diffusion. 
0015 Halogen elements may also mix into the external 
electrodes 23. That is, the stock material used to make the 
external electrodes 23 and the binder may include halogen 
elements in the form of fluoride, chloride, bromide, iodide or 
astatine compound, or mix into the material as an inevitable 
impurity. Also in the manufacturing process, use of water in 
the mixing and crushing process or storage of the stock mate 
rial used of the external electrodes 23 over a long period of 
time may lead to mixing of halogen elements into the mate 
rial. Moreover, halogen elements may also mix into the mate 
rial from crushing balls used in crushing the stock material of 
the external electrodes 23 or from the firing atmosphere 
through diffusion. 
0016. Both the alkali metals and halogen elements may 
also mix into the material in the form of compounds such as 
NaCl from human bodies. 
0017. When the multi-layer piezoelectric device is manu 
factured by firing the stack constituted from a plurality of the 
green sheets formed from the stock material of the piezoelec 
tric layer 21 and the binder whereon the paste constituted 
from the stock material of the internal electrodes 22 and the 
binder is printed thereon, the alkali metal contained in the 
piezoelectric layer 21 and in the internal electrodes 22 may 
diffuse from a portion of higher concentration of alkali metal 
into a portion of lower concentration. Distance over which the 
diffusion propagates varies depending on the firing tempera 
ture, duration of firing and the ratio of concentrations. The 
halogen element contained in the piezoelectric layer 21 and in 
the internal electrodes 22 may also diffuse from a portion of 
higher concentration of halogen element into a portion of 
lower concentration. Distance over which the diffusion 
propagates varies depending on the firing temperature, dura 
tion of firing and the ratio of concentrations. 
0018. Also when the paste constituted from the stock 
material of the external electrodes 23 and the binder is printed 
and fired on the pair of side faces of the stack 200, alkali 
metals contained in the external electrodes 23 and in the 
piezoelectric layer 21 that is in contact with the external 
electrodes 23 may diffuse from a portion of higher concen 
tration of alkali metal into a portion of lower concentration. 
Distance over which the diffusion propagates varies depend 
ing on the firing temperature, duration of firing and the ratio 
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of concentrations. In addition, alkali metals contained in the 
external electrodes 23 and in the internal electrodes 22 that is 
in contact with the external electrodes 23 may diffuse from a 
portion of higher concentration of alkali metal into a portion 
of lower concentration. Distance over which the diffusion 
propagates varies depending on the firing temperature, dura 
tion of firing and the ratio of concentrations. 
0019. Similarly, halogen element contained in the external 
electrodes 23 and in the piezoelectric layer 21 that is in 
contact with the external electrodes 23 may also diffuse from 
a portion of higher concentration of the halogen element into 
a portion of lower concentration. Distance over which the 
diffusion propagates varies depending on the firing tempera 
ture, duration of firing and the ratio of concentrations. Simi 
larly, halogen element contained in the external electrodes 23 
and in the internal electrode 22 that is in contact with the 
external electrodes 23 may also diffuse from a portion of 
higher concentration of the halogen element into a portion of 
lower concentration. Distance over which the diffusion 
propagates varies depending on the firing temperature, dura 
tion of firing and the ratio of concentrations. 
0020 Alkali metals are very effective in assisting the sin 
tering reaction of ceramics materials, and have long been used 
as the sintering assisting agent. However, excessive amount 
of alkali metal results in dielectric loss of high frequency 
energy. Therefore, it has been a common practice to decrease 
the content of alkali metal in order to decrease the dielectric 
loss in ceramic materials used in IC packages which suffer 
increasing transmission loss of signals when the dielectric 
loss of high frequency energy increases, and capacitors which 
Suffer decreasing Q value and increasing heat generation 
when the dielectric loss of high frequency energy increases. 
In the multi-layer piezoelectric device, in contrast, the device 
is driven with a high DC voltage and operates at a low fre 
quency of 1 kHz or less, unlike the applications described 
above. Therefore, high frequency dielectric characteristic is 
not of high priority for the multi-layer piezoelectric device. 
Since it has been required to form the piezoelectric layer 21 
from a dense sintered material in order to achieve high insu 
lation with regards to high Voltage, alkali metal has been used 
as the sintering assisting agent. 
0021 Composite perovskite type compound containing 
PbTiO, PbzrO, (hereinafter abbreviated as PZT) as the 
main component has been used as ceramic or piezoelectric 
ceramic material. Most of the components of these materials 
are ceramic materials, which are formed by forming the stock 
material or calcined powder into a compact of predetermined 
shape and firing the compact at a high temperature. These 
piezoelectric ceramic materials have been made so as to pro 
vide various properties for Such applications as actuator, 
ceramic filter and piezoelectric buZZer, by adjusting the pro 
portions of the components. For example, a piezoelectric 
actuator consumes less power and generates less heat than the 
conventional electromagnetic actuator of the prior art made 
from a magnetic material with a coil wound around thereof, 
and has excellent properties such as fast response, larger 
amount of displacement, Smaller size and Smaller weight. 
However, PZT ceramics has drawbacks such as low 4-point 
bending strength that is about 100 MPa and susceptibility to 
cracks and breakage during machining. 
(0022. Patent Document 3 discloses PZT piezoelectric 
ceramics that contains 0.01 to 0.3% by weight of Fe, 0.01 to 
0.04% by weight of Al and 0.01 to 0.04% by weight of Si as 
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auxiliary components for the purpose of Suppressing cracks 
and breakage from occurring during machining with a 
grinder. 
0023. With the PZT piezoelectric ceramics disclosed in 
Patent Document 1, Al and Si added as the auxiliary compo 
nents tend to form liquid phase in the sintering process, result 
ing in a glass phase that contains PbO—Al-O-SiO in the 
grain boundary after the sintering process. Accordingly, a 
dense sintered material can be made with crystal grains grown 
therein at a temperature lower than that for sintering a piezo 
electric ceramic material that does not include Such auxiliary 
components. As a result, crack and breakage can be Sup 
pressed from occurring during machining with a grinder and 
the glass phase has higher rupture toughness than the perovs 
kite type compound, thus increasing the rupture toughness of 
the sintered material. 
0024 Multi-layer piezoelectric actuators constituted from 
piezoelectric layers and internal electrodes stacked alter 
nately one on another have been known as an example of the 
multi-layer piezoelectric device. The multi-layer piezoelec 
tric actuators can be divided into two categories: fired-at-once 
type and Stacked type in which piezoelectric porcelain and 
internal electrode sheets are stacked one on another alter 
nately. When the requirements to reduce the operating Voltage 
and the manufacturing cost are taken into consideration, the 
multi-layer piezoelectric actuator of fired-at-once type is 
more advantageous for the reason of Smaller layer thickness 
and higher durability. 

Patent Document 1: Japanese Unexamined Patent Publica 
tion (Kokai) No. 61-133715 
Patent Document 2: Japanese Unexamined Utility Model 
Publication (Kokai) No. 1-130568 
Patent Document 3: Japanese Unexamined Patent Publica 
tion (Kokai) No. 14-220281 
DISCLOSURE OF THE INVENTION 

Problems to be Solved by the Invention 
0025 However, the multi-layer piezoelectric device used 
in an environment of high temperature and high pressure has 
such a problem that, when temperature of the multi-layer 
piezoelectric device rises, two impurities contained in the 
multi-layer piezoelectric device are ionized thereby causing a 
change in the specific resistance of the multi-layer piezoelec 
tric device that in turn changes the amount of displacement. 
0026. Accordingly, when the conventional multi-layer 
piezoelectric device is used in Such an application as fuel 
injection apparatus for automobile engine over a long period 
of time, there is a problem that the amount of displacement 
gradually changes and causes malfunction of the apparatus to 
occur. Therefore, it has been called for to suppress the amount 
of displacement from changing and improve durability dur 
ing continuous operation over a long period of time. 
0027. There has also been such a problem that the amount 
of displacement of a piezoelectric material varies as the tem 
perature changes, and therefore Volumetric expansion of the 
internal electrode occurs when the device temperature rises, 
thus causing the amount of displacement of a piezoelectric 
actuator to change. A change in the amount of displacement 
during operation of the actuator, in turn, causes fluctuation in 
the load on the power source that Supplies the Voltage, thus 
placing a burden on the power source. When the amount of 
displacement undergoes a rapid change, not only the amount 
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of displacement deteriorates rapidly but also the heat gener 
ated by the device exceeds the heat that can be removed by 
dissipation and thermal excursion occurs, thus resulting in 
breakage and failure. 
0028. In recent years, such a practice has been becoming 
common that a piezoelectric actuator is installed in an injec 
tion apparatus and is operated continuously over an extended 
period of time with an electric field of higher intensity being 
applied thereto, in order to obtain a larger displacement under 
a high pressure. However, when a high electric field is applied 
to the piezoelectric actuator, the junction between the internal 
electrode and the external electrode undergoes significant 
localized heating due to pinching of the path of electrical 
conduction. This results in a decrease in the capability of the 
piezoelectric actuator to expand and contract, thus making it 
difficult to operate the injection apparatus based on the piezo 
electric actuator continuously over a long period of time. 
0029. There has been a demand for an internal electrode 
that has lower specific resistance, in order to keep the device 
temperature from rising. However, the silver-palladium alloy 
has specific resistance higher than that of pure silver or pure 
palladium, and the silver-palladium alloy having composition 
of 70% by weight of silver and 30% by weight of palladium 
shows specific resistance 1.5 times that of pure palladium. In 
addition, resistance of an internal electrode made by sintering 
with a lower density becomes even higher. 
0030 The piezoelectric ceramics disclosed in Patent 
Document 3 has a problem of chronic change in the Volumet 
ric specific resistance, which results in low reliability and low 
durability. Reliability and durability are important factors for 
the piezoelectric ceramics used in Such applications as piezo 
electric actuator installed in a vehicle. 
0031. There are also such problems as fall-off of grains 
that results in poor Surface roughness during machining or 
ultrasonic cleaning of the piezoelectric ceramics, and dam 
ages affecting not only the Surface but also the crystal grains 
located inside, thus compromising the durability. 
0032. The present invention has been made to solve the 
problems described above, and has an object of providing a 
multi-layer piezoelectric device having excellent durability in 
which the amount of displacement does not change even 
when the piezoelectric actuator is Subjected to continuous 
operation over a long period of time under a high Voltage and 
a high pressure. 
0033. Another object of the present invention is to provide 
a piezoelectric ceramic material having excellent durability 
that does not experience insulation breakdown even when 
Subjected to continuous operation over a long period of time 
under a high Voltage and a high pressure, and a multi-layer 
piezoelectric device using the same. 

Means for Solving the Problems 
0034. The inventors of the present application conducted a 
research to make a multi-layer piezoelectric device that can 
be used without undergoing a change in the amount of dis 
placement with excellent durability, and obtained the follow 
ing findings. 
0035 First finding is that the amount of displacement 
changes when alkali metal is contained as an impurity in a 
concentration beyond a certain level in the piezoelectric layer 
21 that has a composition where alkali metal is not a main 
component. That is, more alkali metal atoms exist in the form 
of ion in the piezoelectric layer that has a composition where 
alkali metal is not a main component. When a Voltage is 
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applied to the external electrodes of multi-layer piezoelectric 
device made of such a material, and especially the actuator is 
operated with a high DC voltage, the alkali metalions migrate 
between the internal electrodes. Continuous operation over a 
long period of time under this condition is considered to cause 
the specific resistance of the multi-layer piezoelectric device 
to change, thus resulting in decreasing amount of displace 
ment. 

0036 When the alkali metal ions are concentrated locally, 
in particular, localized short-circuiting between the internal 
electrodes may occur, thus interrupting the operation. Possi 
bility of the short-circuiting becomes higher when operated in 
an environment of high temperature and high humidity. 
0037. The problem of alkali metal is not limited to the 
content thereof in the piezoelectric layer. In case alkali metal 
is contained in the internal electrode, when a Voltage is 
applied to the external electrodes of the multi-layer piezo 
electric device, and especially the actuator is operated with a 
high DC voltage, the alkali metalions migrate from the inter 
nal electrode that serves as a positive electrode through the 
piezoelectric layer to the internal electrode that serves as a 
negative electrode. This phenomenon is considered to cause 
the specific resistance of the multi-layer piezoelectric device 
to change, thus resulting in decreasing amount of displace 
ment. Moreover, in case alkali metal is contained in the exter 
nal electrode, when a Voltage is applied to the external elec 
trodes of the multi-layer piezoelectric device, and especially 
the actuator is operated with a high DC voltage, the alkali 
metal ions migrate from the external electrode that serves as 
a positive electrode through the internal electrode that serves 
as a positive electrode or the piezoelectric layer to the internal 
electrode that serves as a negative electrode, thereby to cause 
the specific resistance of the multi-layer piezoelectric device 
to change, thus resulting in decreasing amount of displace 
ment. 

0038. Thus there has been the problem of the migration of 
the alkali metalions in various positions, thereby to cause the 
specific resistance of the multi-layer piezoelectric device to 
change, thus resulting in decreasing amount of displacement. 
While the migration of the alkali metal ions occurs through 
diffusion of the alkali metal ions from a position of higher 
concentration of alkali metal ions to a position of lower con 
centration, a Voltage applied from the outside causes selective 
migration to the negative electrode that has opposite polarity 
to the alkali metalion. 
0039. Second finding is that, in case the piezoelectric layer 
contains halogen element as an impurity, the change in the 
amount of displacement occurs when the halogenatoms exist 
in the form of ion in the piezoelectric layer. That is, when a 
voltage is applied to the external electrodes of the multi-layer 
piezoelectric device, and especially the actuator is operated 
with a high DC Voltage, the halogen elements are ionized and 
metalions migrate as the electrolyte component, thus causing 
the specific resistance of the multi-layer piezoelectric device 
to change, and resulting in decreasing amount of displace 
ment. When this phenomenon becomes conspicuous, migra 
tion of metals contained in the internal electrode and in the 
external electrode is accelerated and localized short-circuit 
ing between the internal electrodes may occur, thus interrupt 
ing the operation. Possibility of the short-circuiting becomes 
higher when operated in an environment of high temperature 
and high humidity. 
0040. The problem described above is not limited to a case 
where halogen element is contained in the piezoelectric layer. 
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When ionized halogen elements such as chlorine combine 
with moisture contained in the atmosphere and generate elec 
trolyte component in the internal electrode and in the external 
electrode, it has an effect similar to that of hydrochloric acid 
to corrode the electrodes and cause spark when a high Voltage 
is applied to the device. The metal that constitutes the elec 
trode may also dissolve in the form of ion into the electrolyte 
component so as to form a precipitate from the metal that 
constitutes the electrode and the halogen element that may 
cause insulation failure and eventually shutting down the 
operation. Furthermore, in case halogen element is contained 
in the internal electrode, when a Voltage is applied to the 
external electrodes of multi-layer piezoelectric device, and 
especially the device is operated with a high DC voltage, the 
halogenions migrate from the internal electrode that serves as 
a negative electrode through the piezoelectric layer to the 
internal electrode that serves as a positive electrode. This 
phenomenon is considered to cause the specific resistance of 
the multi-layer piezoelectric device to change, thus resulting 
in decreasing amount of displacement. Moreover, in case 
halogen element is contained in the external electrode, when 
a Voltage is applied to the external electrodes of multi-layer 
piezoelectric device, and especially the actuator is operated 
with a high DC Voltage, the halogen ions migrate from the 
external electrode that serves as a negative electrode through 
the internal electrode that serves as a negative electrode or the 
piezoelectric layer to the internal electrode that serves as a 
positive electrode, thereby to cause the specific resistance of 
the multi-layer piezoelectric device to change, thus resulting 
in decreasing amount of displacement. 
0041. Thus there has been the problem of the migration of 
the halogen ions in various positions, thereby to cause the 
specific resistance of the multi-layer piezoelectric device to 
change, thus resulting in decreasing amount of displacement, 
or when ionized halogen elements such as chlorine combine 
with moisture contained in the atmosphere and generate elec 
trolyte component, it may cause spark when a high Voltage is 
applied to the device, or the metal that constitutes the elec 
trode may also dissolve in the form of ion into the electrolyte 
component so as to form a precipitate from the metal that 
constitutes the electrode and the halogen element that may 
cause insulation failure and eventually shutting down the 
operation. While the migration of the halogen ions occurs 
through diffusion of the halogen ions from a portion of higher 
concentration of halogen ions to a portion of lower concen 
tration, a Voltage applied from the outside causes selective 
migration to the positive electrode that has opposite polarity 
to the halogen ion. 
0042. When the problem of containing alkali metal and the 
problem of containing halogen element take place simulta 
neously, the effects of both problems appearand, at the same 
time, when moisture deposits on the surface of the multi-layer 
piezoelectric device, ionized alkali metal forms electrolyte 
component that may cause spark under a high Voltage applied 
to the device and a salt to be formed when the electrolyte 
component is dried. As a result, the internal electrode 22 and 
the external electrode 23 are corroded and cause insulation 
failure and eventually shutting down the operation. 
0043 First multi-layer piezoelectric device of the present 
invention comprises a stack formed by Stacking piezoelectric 
layers and internal electrodes alternately one on another and 
external electrodes formed on a first side face and on a second 
side face of the stack, wherein one of the adjacent internal 
electrodes is connected to the external electrode formed on 
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the first side face and the other internal electrode is connected 
to the external electrode formed on the second side face, while 
content of alkali metal in a range from 5 ppm to 300 ppm is 
contained. 
0044. In the first multi-layer piezoelectric device of the 
present invention, the piezoelectric layer may include alkali 
metal in a concentration from 5 ppm to 500 ppm and the 
internal electrode may include alkali metal in a concentration 
from 5 ppm to 500 ppm. Also in the first multi-layer piezo 
electric device of the present invention, the external electrode 
may include alkali metal in a concentration from 5 ppm to 500 
ppm. 
0045. In the first multi-layer piezoelectric device of the 
present invention, the alkali metal may be at least one kind of 
Na and K. 
0046. The first multi-layer piezoelectric device of the 
present invention may further include halogen element in a 
concentration from 5 ppm to 1000 ppm. 
0047. When the concentration of alkali metal contained as 
an impurity in the first multi-layer piezoelectric device of the 
present invention is limited within the range described above, 
presence of alkali metal ions in the piezoelectric layer, in the 
internal electrode and in the external electrode is restricted. 
This makes it possible to maintain the temperature of the 
multi-layer piezoelectric device constant even when the 
piezoelectric actuator is Subjected to continuous operation 
over a long period of time under a high Voltage and a high 
pressure, thus preventing the amount of displacement from 
changing. As a result, the multi-layer piezoelectric device 
having excellent durability and high reliability that can Sup 
press malfunction of the device free and short-circuiting from 
occurring, and an injection apparatus using the same can be 
provided. 
0048 Second multi-layer piezoelectric device of the 
present invention comprises a stack formed by stacking 
piezoelectric layers and internal electrodes alternately one on 
another and external electrodes formed on a first side face and 
on a second side face of the stack, wherein one of the adjacent 
internal electrodes is connected to the external electrode 
formed on the first side face and the other internal electrode is 
connected to the external electrode formed on the second side 
face, while content of halogen element in a range from 5 ppm 
to 1000 ppm is contained. 
0049. In the second multi-layer piezoelectric device of the 
present invention, the piezoelectric layer may include halo 
gen in a concentration from 5 ppm to 1500 ppm and the 
internal electrode may include halogen element in a concen 
tration from 5 ppm to 1500 ppm. 
0050 Also in the second multi-layer piezoelectric device 
of the present invention, the external electrode may include 
halogen element in a concentration from 5 ppm to 1500 ppm. 
0051. Also in the second multi-layer piezoelectric device 
of the present invention, the halogen element may be at least 
one kind of C1 and Br. 

0052. When the concentration of halogen element con 
tained as an impurity in the second multi-layer piezoelectric 
device of the present invention is limited within the range 
described above, ionization of halogen element in the piezo 
electric layer, in the internal electrode and in the external 
electrode is restricted. This makes it possible to maintain the 
temperature of the multi-layer piezoelectric device constant 
even when the piezoelectric actuator is Subjected to continu 
ous operation over a long period of time under a high Voltage 
and a high pressure, thus preventing the amount of displace 
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ment from changing. As a result, the multi-layer piezoelectric 
device having excellent durability and high reliability that can 
Suppress malfunction of the device and short-circuiting from 
occurring, and an injection apparatus using the same can be 
provided. 
0053. The same effect as described above can beachieved 
also in case the alkali metal and halogen element are con 
tained together. 
0054. Third multi-layer piezoelectric device of the present 
invention comprises a stack formed by Stacking piezoelectric 
layers and internal electrodes alternately one on another and 
external electrodes formed on a first side face and on a second 
side face of the stack, wherein one of the adjacent internal 
electrodes is connected to the external electrode formed on 
the first side face and the other internal electrode is connected 
to the external electrode formed on the second side face, while 
the ratio of change in the device dimension after undergoing 
1x10 cycles of continuous operation to the initial device 
dimension is not larger than 1%. 
0055. In the third multi-layer piezoelectric device of the 
present invention, the ratio of change in thickness of the 
internal electrode after undergoing 1x10 cycles of continu 
ous operation to the initial thickness of the internal electrode 
is not larger than 5%. 
0056. The third multi-layer piezoelectric device of the 
present invention does not experience Substantial change in 
the amount of displacement after continuous operation, and 
therefore has excellent durability and is free from malfunc 
tion of the device and thermal excursion. 
0057. In the third multi-layer piezoelectric device of the 
present invention, when the ratio of change in thickness of the 
internal electrode after continuous operation is set within 5%, 
the ratio of change in the device dimension can be kept within 
1%, thus achieving similar effect. 
0058. In the first through third multi-layer piezoelectric 
devices of the present invention, it is preferable to add an 
inorganic component along with the metallic component in 
the internal electrode. This increases the bonding strength 
between the internal electrode and the piezoelectric layer, 
thereby preventing the internal electrode and the piezoelectric 
layer from coming off each other. It is preferable that the 
inorganic component contains perovskite type oxide consist 
ing of PbzrO PbTiO, as the main component. 
0059. In the first through third multi-layer piezoelectric 
devices of the present invention, it is preferable the piezoelec 
tric layer contains perovskite type oxide as the main compo 
nent. 

0060. When the piezoelectric layer contains perovskite 
type oxide consisting of PbzrO PbTiO as the main com 
ponent, the piezoelectric layer and the internal electrode can 
be fired at the same time, and therefore the firing process can 
be reduced in time and specific resistance of the internal 
electrode can be decreased. 
0061 Firing temperature of the stack is preferably in a 
range from 900 to 1000° C. 
0062. When the deviation in the composition of the inter 
nal electrode that is caused by the firing operation is kept 
within 5%, the internal electrode that can deform in confor 
mity with the expansion and contraction during the operation 
of the multi-layer piezoelectric device can be formed, thus 
making it possible to Suppress the internal electrode from 
coming off. 
0063 Fourth multi-layer piezoelectric device of the 
present invention is made by stacking piezoelectric layers and 
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internal electrodes alternately one on another, wherein the 
piezoelectric layer contains PbTiO PbTZrO as the main 
component and contains Si in a concentration of 5 ppm or 
higher and less than 100 ppm. 
(0064. With the piezoelectric layer that contains PbTiO, 
PbTZrO as the main component and contains Siin a concen 
tration of 5 ppm or higher and less than 100 ppm, glass phase 
is not formed in the grainboundary and chronic change in the 
Volumetric specific resistance can be kept Small. In the multi 
layer piezoelectric device where the piezoelectric layers 
described above are used, the external electrodes and the 
internal electrodes do not break even when the piezoelectric 
actuator is Subjected to continuous operation over a long 
period of time under a high Voltage and a high pressure. Thus 
the multi-layer piezoelectric device having excellent durabil 
ity can be provided. 
0065. In the fourth multi-layer piezoelectric device of the 
present invention, it is preferable that Si is segregated in the 
crystal grainboundary, and thickness of the grainboundary is 
not larger than 1 nm. 
0066. In the first through fourth multi-layer piezoelectric 
devices of the present invention, when the metal compound in 
the internal electrode contains group VIII metal and/or group 
Ib metal as the main components, the internal electrode can be 
formed from the metal compound that has high heat resis 
tance and therefore can be fired together with the piezoelec 
tric layer that has a higher firing temperature at the same time. 
0067. In the first through fourth multi-layer piezoelectric 
devices of the present invention, proportion M1 (% by 
weight) of the group VIII metal and proportion M2 (% by 
weight) of the group Ib metal in the internal electrode satisfy 
the relations 0<M1s 15,85sM2<100 and M1+M2=100, so 
that specific resistance of the internal electrode can be kept 
low. As a result, generation of heat from the internal electrode 
can be suppressed even when the multi-layer piezoelectric 
device is operated continuously over a long period of time. 
Moreover, since the temperature of the multi-layer piezoelec 
tric device can be suppressed from increasing, the amount of 
displacement of the device can be stabilized. 
0068. In the first through fourth multi-layer piezoelectric 
devices of the present invention, the group VIII metal is at 
least one kind selected from among Ni, Pt, Pd, Rh, Ir, Ru and 
Os, and the group Ib metal is at least one kind selected from 
among Cu, Ag and Au, and any of alloy and mixed powder 
materials may be used to form the internal electrode. 
0069. Further, when the group VIII metal is at least one 
kind selected from among Pt and Pd, and the group Ib metal 
is at least one kind selected from among Ag and Au, the 
internal electrode having high heat resistance and high oxi 
dation resistance can be formed. 
0070 Further, the group Ib metal may be Cu and the group 
VIII metal maybe Ni. When the group VIII metal is Niand the 
group Ib metal is Cu, stress generated by the displacement 
during operation can be mitigated and the internal electrode 
that is excellent in heat resistance and in heat conductivity can 
be formed. 
0071 Moreover, in the multi-layer piezoelectric device of 
the present invention, it is preferable that the internal elec 
trode includes voids and the voids occupy 5 to 70% of cross 
sectional area of the internal electrode. This decreases the 
restriction exercised by the internal electrode on the defor 
mation of the piezoelectric layer under the effect of electric 
field, thereby increasing the amount of displacement. It also 
provides Such an advantage that stress generated in the inter 
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nal electrode is mitigated by the voids, thereby improving the 
durability of the device. In addition, while heat transfer within 
the device is predominantly carried by the internal electrode, 
existence of the voids in the internal electrode mitigates the 
change in temperature within the device caused by rapid 
changes in the temperature outside of the device, thus making 
the device more resistant to thermal shock. 

EFFECT OF THE INVENTION 

(0072. With the multi-layer piezoelectric device of the 
present invention having the constitution described above, the 
multi-layer piezoelectric device having excellent durability 
that can be operated continuously over a long period of time 
under a high Voltage and a high pressure can be provided. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0073 FIG. 1A is a perspective view showing the constitu 
tion of a multi-layer piezoelectric device of the present inven 
tion. 
0074 FIG. 1B is an exploded perspective view showing a 
part of FIG. 1A. 
0075 FIG. 2 is a perspective view of the multi-layer piezo 
electric device of the prior art. 
0076 FIG. 3 is a perspective view of an injection appara 
tus according to the present invention. 
0077 FIG. 4A is a perspective view showing the constitu 
tion of a multi-layer piezoelectric device according to tenth 
embodiment of the present invention. 
(0078 FIG. 4B is a sectional view taken along lines A-A of 
FIG. 4A. 

DESCRIPTION OF REFERENCE NUMERALS 

0079 1, 11: Piezoelectric material 
0080 1a, 13: Stack 
0081) 2, 12: Internal electrode 
I0082 3: Insulating material 
0083 5: Lead wire 
0084 4, 15: External electrode 
I0085 6, 14: Inactive region 
I0086 7: Electrical conductivity assisting member 
0087 31: Container 
I0088 33: Injection hole 
0089. 35: Valve 
0090 43: Piezoelectric actuator 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

0091. The multi-layer piezoelectric device according to 
the embodiments of the present invention will be described in 
detail below. 
0092 FIG. 1A is a perspective view showing the constitu 
tion of the multi-layer piezoelectric device according to the 
embodiments of the present invention. FIG.1B is an exploded 
perspective view showing a part of FIG. 1A, depicting the 
constitution of Stacking piezoelectric layers 11 and internal 
electrode layers 12. 
0093. In the multi-layer piezoelectric device according to 
the embodiments of the present invention, end of the internal 
electrode 12 is connected to the external electrode 15 in every 
other layer on a pair of side faces of a stack 13 that is consti 
tuted by stacking the piezoelectric layers 11 and the internal 
electrode layers 12 alternately one on another as shown in 
FIGS. 1A and 1B. 
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0094. The stack is formed in such a constitution as (1) one 
of the two adjacent internal electrodes has one end thereof 
that is exposed on one side face where the external electrode 
is formed, with the otherinternal electrode is located inside so 
that the end thereof is not exposed on one side face, and (2) 
one of the two adjacent internal electrodes is located inside so 
that the end thereof is not exposed on the other side face where 
the external electrode is formed, with the other internal elec 
trode having the end thereof being exposed on the other end 
face, while the external electrodes 15 are formed on one side 
face and on the other side face of the stack. With this consti 
tution, the end of the internal electrode 12 is connected to the 
external electrode 15 in every other layer on the side faces 
where the external electrodes are formed. 
0095. On both ends of the stack 13 in the direction of 
stacking, inactive layers are formed whereon only the piezo 
electric layers 11 are formed without the internal electrode 
layers. When the multi-layer piezoelectric device of this 
embodiment is used as the multi-layer piezoelectric actuator, 
lead wires may be connected to the external electrodes 15 by 
soldering, with the lead wires being connected to a power 
Source installed outside. 
0096. In the multi-layer piezoelectric device according to 
the embodiment having the constitution described above, a 
predetermined voltage is applied to the piezoelectric layers 11 
via the internal electrode 12, so that the piezoelectric layers 
11 undergo a displacement by the reverse piezoelectric effect. 
0097. The inactive layers 14, in contrast, does not undergo 
a displacement even when a Voltage is applied, since they are 
a plurality of layers of the piezoelectric layer 11 where the 
internal electrodes 12 are not provided. 
0098. Now embodiments of the present invention will be 
described in detail below. 

First Embodiment 

0099. In the multi-layer piezoelectric device according to 
the first embodiment of the present invention, concentration 
of alkali metal in the piezoelectric layer 11 is in a range from 
5 ppm to 500 ppm. When the concentration of alkali metal is 
lower than 5 ppm, the effect of assisting the sintering reaction 
is significantly low and the piezoelectric layer cannot be 
sintered unless the firing temperature is raised. Therefore, 
Such low concentration of alkali metal is undesirable since the 
metal constituting the internal electrode is melted when form 
ing the stack 13 at a high temperature. When the concentra 
tion is higher than 500 ppm, specific resistance of the device 
changes when the multi-layer piezoelectric device operated 
continuously, thus leading to a change in the amount of dis 
placement and malfunction of the device. 
0100. In order to minimize the change in the amount of 
displacement during continuous operation, concentration of 
alkali metal in the piezoelectric layer 11 is preferably set in a 
range from 5 ppm to 100 ppm. 
0101. In order to further decrease the change in the amount 
of displacement, concentration of alkali metal in the piezo 
electric layer 11 is more preferably set in a range from 5 ppm 
to 50 ppm. 
0102) Now a method for controlling the concentration of 
alkali metal in the piezoelectric layer within the above range 
will be described below. 
0103. In order to control the concentration of alkali metal 
in the piezoelectric layer 11, alkali metal may be added in the 
form of compound Such as oxide, carbonate or nitrate as an 
inevitable impurity to the stock material of the piezoelectric 
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layer 11 and the binder material, but the method is not limited 
to this. In case alkali metal content in the multi-layer piezo 
electric device is controlled to cope with the alkali metal that 
mixes in from the crushing balls used in crushing and mixing 
of the stock material of the piezoelectric layer 11 and the 
impurity that diffuses into the material from the firing atmo 
sphere. Such a manufacturing method may also be employed 
as the manufacturing process is separated from that of other 
product so as to prevent alkali metals from mixing in from the 
other manufacturing process, and controlled quantities of 
alkali metal oxide, alkali metal carbonate or alkali metal 
nitrate are added as inevitable impurities to the stock material. 

Second Embodiment 

0104. The multi-layer piezoelectric device according to 
the second embodiment of the present invention contains 
alkali metal in the internal electrodes 12 in a concentration 
from 5 ppm to 500 ppm. When the concentration of alkali 
metal is lower than 5 ppm, the effect of assisting the sintering 
reaction is significantly low and the internal electrodes 12 
cannot be sintered unless the firing temperature is raised. 
Therefore, such low concentration of alkali metal is undesir 
able. When the concentration is higher than 500 ppm, alkali 
metal ions diffuse from the internal electrodes 12 serving as 
the positive electrode into the piezoelectric layer 11 when a 
high DC voltage is applied to the multi-layer piezoelectric 
device, thereby decreasing the resistance of the piezoelectric 
layer 11. As a result, specific resistance of the device changes 
when the multi-layer piezoelectric device is operated con 
tinuously, thus leading to a change in the amount of displace 
ment and malfunction of the device. 
0105. In order to minimize the change in the amount of 
displacement during continuous operation, concentration of 
alkali metal in the internal electrodes is preferably set in a 
range from 5 ppm to 100 ppm. 
0106. In order to further decrease the change in the amount 
of displacement, concentration of alkali metal in the internal 
electrodes is more preferably set in a range from 5 ppm to 50 
ppm. 
0107 Now a method for controlling the concentration of 
alkali metal in the internal electrodes within the above range 
will be described below. 
0108. In order to control the concentration of alkali metal 
in the internal electrodes 12, alkali metal may be added in the 
form of compound such as oxide, carbonate or nitrate as an 
inevitable impurity to the stock material of the internal elec 
trodes 12 and the binder material, but the method is not 
limited to this. In case alkali metal content in the multi-layer 
piezoelectric device is controlled to cope with the alkali metal 
that mixes in from the crushing balls used in crushing and 
mixing of the stock material of the internal electrodes 12 and 
the impurity that diffuses into the material from the firing 
atmosphere. Such a manufacturing method may also be 
employed as the manufacturing process is separated from that 
of other product so as to prevent alkali metals from mixing in 
from the other manufacturing process, and controlled quan 
tities of alkali metal oxide, alkali metal carbonate or alkali 
metal nitrate are added as inevitable impurities to the stock 
material. 

Third Embodiment 

0109 The multi-layer piezoelectric device according to 
the third embodiment of the present invention contains alkali 
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metal in the external electrodes 15 in a concentration from 5 
ppm to 500 ppm. When the concentration of alkali metal is 
lower than 5 ppm, the effect of assisting the sintering reaction 
is significantly low and the external electrodes 15 cannot be 
sintered unless the firing temperature is raised. Therefore, 
Such low concentration of alkali metal is undesirable since the 
metal constituting the internal electrode 12 is melted when 
fired to such a high temperature. Furthermore, adhesion to the 
piezoelectric layer 11 decreases, and it is not preferred. When 
the concentration is higher than 500 ppm, alkali metal ions 
diffuse from the external electrodes 15 serving as the positive 
electrode into the piezoelectric layer 11 when a high DC 
Voltage is applied to the multi-layer piezoelectric device, 
thereby decreasing the resistance of the piezoelectric layer 
11. As a result, specific resistance of the device changes when 
the multi-layer piezoelectric device operated continuously, 
thus leading to a change in the amount of displacement and 
malfunction of the device. 

0110. In order to minimize the change in the amount of 
displacement during continuous operation, concentration of 
alkali metal in the external electrodes is preferably set in a 
range from 5 ppm to 100 ppm. 
0111. In order to further decrease the change in the amount 
of displacement, concentration of alkali metal in the external 
electrodes is more preferably set in a range from 5 ppm to 50 
ppm. 
0112 Now a method for controlling the concentration of 
alkali metal in the external electrodes within the above range 
will be described below. 

0113. In order to control the concentration of alkali metal 
in the external electrodes 15, alkali metal may be added in the 
form of compound Such as oxide, carbonate or nitrate as an 
inevitable impurity to the stock material of the external elec 
trodes 15 and the binder material, but the method is not 
limited to this. In case alkali metal content in the multi-layer 
piezoelectric device is controlled to cope with the alkali metal 
that mixes in from the crushing balls used in crushing and 
mixing of the stock material of the external electrodes 15 and 
the impurity that diffuses into the material from the firing 
atmosphere, such a manufacturing method may also be 
employed as the manufacturing process is separated from that 
of other product so as to prevent alkali metals from mixing in 
from the other manufacturing process, and controlled quan 
tities of alkali metal oxide, alkali metal carbonate or alkali 
metal nitrate are added as inevitable impurities to the stock 
material. 

Fourth Embodiment 

0114. The multi-layer piezoelectric device according to 
the fourth embodiment of the present invention contains 
alkali metal in the multi-layer piezoelectric device in a con 
centration from 5 ppm to 300 ppm, When the concentration of 
alkali metal is lower than 5 ppm, the effect of assisting the 
sintering reaction is significantly low and the Stack 13 cannot 
be sintered unless the firing temperature is raised. Therefore, 
such low concentration of alkali metal is undesirable. When 
the concentration is higher than 300 ppm, specific resistance 
of the device changes when the multi-layer piezoelectric 
device is operated continuously, thereby causing the amount 
of displacement to change and causing malfunction of the 
device to occur. In order to minimize the change in the amount 
of displacement of the multi-layer piezoelectric device during 
continuous operation, concentration of alkali metal in the 
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multi-layer piezoelectric device is preferably set in a range 
from 5 ppm to 100 ppm, and more preferably in a range from 
5 ppm to 50 ppm. 
0115 Now a method for controlling the concentration of 
alkali metal in the multi-layer piezoelectric device within the 
above range will be described below. 
0116. In order to control the concentration of alkali metal 
in the multi-layer piezoelectric device, alkali metal may be 
added in the form of compound Such as oxide, carbonate or 
nitrate as an inevitable impurity to the stock materials of the 
piezoelectric layers 11, the internal electrode layers 12, the 
external electrodes 15 and the binder material, but the method 
is not limited to this. In case alkali metal content in the 
multi-layer piezoelectric device is controlled to cope with the 
alkali metal that mixes in from the crushing balls used in 
crushing and mixing of the stock material of the piezoelectric 
layer 11 and the impurity that diffuses into the material from 
the firing atmosphere. Such a manufacturing method may also 
be employed as the manufacturing process is separated from 
that of other product so as to prevent alkali metals from 
mixing in from the other manufacturing process, and con 
trolled quantities of alkali metal oxide, alkali metal carbonate 
or alkali metal nitrate that become the inevitable impurities 
are added to the stock material. 

0117. In the first through fourth embodiments, alkali metal 
contents in the piezoelectric layers 11, in the internal elec 
trode layers 12 and in the external electrodes can be measured 
by applying ICP emission spectrochemical analysis to a cut 
surface of the multi-layer piezoelectric device that has been 
processed so as to selectively leave the desired portions to 
remain through etching or the like thereby separating the 
piezoelectric layers, the internal electrode layers and the 
external electrodes. Alkali metal contents in the multi-layer 
piezoelectric device can be measured by applying ICP emis 
sion spectrochemical analysis to a sample of the multi-layer 
piezoelectric device. The method is not limited to the ICP 
emission spectrochemical analysis, and Auger electron spec 
troscopy, EPMA (Electron Probe Micro Analysis) or the like 
may be used as long as the minimum detectable limit is at 
similar level. 

0118. According to the present invention, the alkali metal 
is preferably at least one kind of Na and K. While alkali 
metals include lithium, Sodium, potassium, rubidium, cesium 
and francium, Na and K have higher tendency to ionize and 
migrate and therefore are advantageously used in decreasing 
the device resistance of the multi-layer piezoelectric device 
thereby decreasing the amount of displacement of the multi 
layer piezoelectric device. 

Fifth Embodiment 

0119 The multi-layer piezoelectric device according to 
the fifth embodiment of the present invention contains halo 
gen element in the piezoelectric layer in a concentration from 
5 ppm to 1500 ppm. When the concentration of halogen 
element is lower than 5 ppm, the effect of assisting the sin 
tering reaction it significantly low and the piezoelectric layers 
cannot be sintered unless the firing temperature is raised. 
Therefore, such low concentration of halogen element is 
undesirable since the metal constituting the internal electrode 
is melted when the stack 13 is formed. When the concentra 
tion is higher than 1500 ppm, specific resistance of the device 
changes when the multi-layer piezoelectric device operated 
continuously, thus leading to a change in the amount of dis 
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placement which leads to malfunction of the device or short 
circuiting that interrupts the operation. 
0120 In order to minimize the change in the amount of 
displacement of the device during continuous operation, con 
centration of halogen element in the piezoelectric layers is 
preferably set in a range from 5 ppm to 100 ppm. 
0121. In order to further decrease the change in the amount 
of displacement of the device, concentration of halogen ele 
ment in the piezoelectric layers is more preferably set in a 
range from 5 ppm to 50 ppm. 
0122 Now a method for controlling the concentration of 
halogen element in the piezoelectric layers within the above 
range will be described below. 
0123. In order to control the concentration of halogen 
element in the piezoelectric layers 11, halogen element may 
be added in the form of compound such as fluoride, chloride, 
bromide, iodide or astatine compound as an inevitable impu 
rity to the stock material of the piezoelectric layers 11 and the 
binder material, but the method is not limited to this. In case 
halogen element content in the multi-layer piezoelectric 
device is controlled sodas to cope with the halogen element 
that mixes in from the crushing balls used in crushing and 
mixing of the stock material of the piezoelectric layers 11 and 
the impurity that diffuses into the material from the firing 
atmosphere, such a manufacturing method may also be 
employed as the manufacturing process is separated from that 
of other product so as to prevent halogen element from mix 
ing in from the other manufacturing process, and contents of 
fluoride, chloride, bromide, iodide or astatine compound that 
become the inevitable impurities of halogen component in the 
stock material are controlled, thereby controlling the halogen 
element content. 

Sixth Embodiment 

0.124. The multi-layer piezoelectric device according to 
the sixth embodiment of the present invention contains halo 
gen element in the internal electrodes in a concentration from 
5 ppm to 1500 ppm. When the concentration of halogen 
element is lower than 5 ppm, the effect of assisting the sin 
tering reaction is significantly low and the internal electrodes 
cannot be sintered unless the firing temperature is raised. 
Therefore, such low concentration of halogen element is 
undesirable. When the concentration is higher than 1500 
ppm, halogen ions diffuse from the internal electrodes 12 
serving as the negative electrode into the piezoelectric layer 
11 when a high DC voltage is applied to the multi-layer 
piezoelectric device, thereby decreasing the resistance of the 
piezoelectric layer 11. As a result, specific resistance of the 
device changes, thus leading to a change in the amount of 
displacement and malfunction of the device. 
0.125. In order to minimize the change in the amount of 
displacement during continuous operation, concentration of 
halogen element in the internal electrodes is preferably set in 
a range from 5 ppm to 100 ppm. 
0126. In order to further decrease the change in the amount 
of displacement, concentration of halogen element in the 
internal electrodes is more preferably set in a range from 5 
ppm to 50 ppm. 
0127 Now a method for controlling the concentration of 
halogen element in the internal electrodes within the above 
range will be described below. 
0128. In order to control the concentration of halogen 
element in the internal electrodes 12, halogen element may be 
added in the form of compound such as fluoride, chloride, 
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bromide, iodide or astatine compound as inevitable impurity 
to the stock material of the internal electrodes 12 and the 
binder material, but the method is not limited to this. In case 
halogen element content in the multi-layer piezoelectric 
device is controlled so as to cope with the halogen element 
that mixes in from the crushing balls used in crushing and 
mixing of the stock material of the piezoelectric layers 11 and 
the impurity that diffuses into the material from the firing 
atmosphere. Such a manufacturing method may also be 
employed as the manufacturing process is separated from that 
of other product so as to prevent halogen element from mix 
ing in from the other manufacturing process, and the contents 
of fluoride, chloride, bromide, iodide or astatine compound 
that become the inevitable impurities of the stock material are 
controlled, thereby controlling the halogen element content. 

Seventh Embodiment 

I0129. The multi-layer piezoelectric device according to 
the seventh embodiment of the present invention contains 
alkali metal in the external electrodes in a concentration from 
5 ppm to 500 ppm. When the concentration of alkali metal is 
lower than 5 ppm, the effect of assisting the sintering reaction 
is significantly low and the external electrodes cannot be 
sintered unless the firing temperature is raised. Therefore, 
Such low concentration of alkali metal is undesirable since the 
metal of the internal electrode is melted at such a high tem 
perature when fired. When the concentration is higher than 
500 ppm, halogen ions diffuse from the external electrodes 15 
serving as the negative electrode into the piezoelectric layer 
11 when a high DC voltage is applied to the multi-layer 
piezoelectric device, thereby decreasing the resistance of the 
piezoelectric layer 11. As a result, specific resistance of the 
device changes, thus leading to a change in the amount of 
displacement and malfunction of the device. 
0.130. In order to minimize the change in the amount of 
displacement of the device during continuous operation, con 
centration of halogen element in the external electrodes is 
preferably set in a range from 5 ppm to 100 ppm. 
I0131. In order to further decrease the change in the amount 
of displacement of the device, concentration of halogen ele 
ment in the external electrodes is more preferably set in a 
range from 5 ppm to 50 ppm. 
0.132. Now a method for controlling the concentration of 
halogen element in the external electrodes within the above 
range will be described below. 
I0133. In order to control the concentration of halogen 
element in the external electrodes 15, halogen element may 
be added in the form of compound such as fluoride, chloride, 
bromide, iodide or astatine compound as inevitable impurity 
to the stock material of the external electrodes 15 and the 
binder material, but the method is not limited to this. In case 
halogen element content in the multi-layer piezoelectric 
device is controlled so as to cope with the halogen element 
that mixes in from the crushing balls used in crushing and 
mixing of the stock material of the piezoelectric layers 11 and 
the impurity that diffuses into the material from the firing 
atmosphere. Such a manufacturing method may also be 
employed as the manufacturing process is separated from that 
of other product so as to prevent halogen element from mix 
ing in from the other manufacturing process, and the contents 
of fluoride, chloride, bromide, iodide or astatine compound 
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that become the inevitable impurities of the stock material are 
controlled, thereby controlling the halogen element content. 

Eighth Embodiment 

0134. The multi-layer piezoelectric device according to 
the eighth embodiment of the present invention contains halo 
gen element in the multi-layer piezoelectric device in a con 
centration from 5 ppm to 300 ppm. When the concentration of 
halogen element is lower than 5 ppm, the effect of assisting 
the sintering reaction is significantly low and the stack 13 
cannot be sintered unless the firing temperature is raised. 
Therefore, such low concentration of halogen element is 
undesirable. When the concentration is higher than 300 ppm, 
specific resistance of the device changes when the multi-layer 
piezoelectric device is operated continuously, thereby caus 
ing the amount of displacement to change and malfunction of 
the device to occur. In order to minimize the change in the 
amount of displacement of the multi-layer piezoelectric 
device during continuous operation, concentration of halogen 
element in the multi-layer piezoelectric device is preferably 
set in a range from 5 ppm to 100 ppm, and more preferably set 
in a range from 5 ppm to 50 ppm. 
0135 Now a method for controlling the concentration of 
halogen element in the multi-layer piezoelectric device 
within the above range will be described below. In order to 
control the concentration of halogen element in the multi 
layer piezoelectric device, halogen element may be added in 
the form of compound such as fluoride, chloride, bromide, 
iodide or astatine compound as inevitable impurity to the 
stock materials of the piezoelectric layers 11, the internal 
electrode layers 12, the external electrodes 15 and the binder 
material, but the method is not limited to this. In case halogen 
element content in the multi-layer piezoelectric device is 
controlled to cope with the halogen element that mixes in 
from the crushing balls used in crushing and mixing of the 
stock material of the piezoelectric layers 11 and the impurity 
that diffuses into the material from the firing atmosphere, 
Such a manufacturing method may also be employed as the 
manufacturing process is separated from that of other product 
So as to prevent halogen element from mixing in from the 
other manufacturing process, and the contents of fluoride, 
chloride, bromide, iodide or astatine compound that become 
the inevitable impurities of the stock material are controlled, 
thereby controlling the halogen element content. 
0136. In the fifth through eighth embodiments, halogen 
element contents in the piezoelectric layers, in the internal 
electrode layers and in the external electrodes can be mea 
Sured by ion chromatography with a cut Surface of the multi 
layer piezoelectric device that has been processed so as to 
selectively leave the desired portions to remain through etch 
ing or the like thereby separating the piezoelectric layers, the 
internal electrode layers and the external electrodes. Halogen 
element content in the multi-layer piezoelectric device can be 
measured by applying the ion chromatography method to a 
sample of the multi-layer piezoelectric device. The method is 
not limited to the ion chromatography, and Auger electron 
spectroscopy, EPMA (Electron Probe Micro Analysis) or the 
like may be used as long as the minimum detectable limit is at 
similar level. 
0.137 More preferably, the multi-layer piezoelectric 
device may include alkali metal in a concentration from 5 
ppm to 300 ppm and halogen element in a concentration from 
5 ppm to 1000 ppm. This makes it possible to prevent the 
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metal elements that constitute the electrodes from diffusing in 
Such a process as silver migration, in addition to the effects 
described above. 
0.138 According to the present invention, the halogen ele 
ment is preferably at least one kind of C1 and Br. While 
halogen elements include fluorine, chlorine, bromine, iodine 
and astatine, Cl and Br have higher tendency to ionize and 
migrate and therefore are advantageously used in decreasing 
the device resistance of the multi-layer piezoelectric device 
thereby decreasing the amount of displacement of the multi 
layer piezoelectric device. 
0.139. By controlling the concentrations of alkali metal 
and halogen element in the multi-layer piezoelectric device of 
the present invention within the ranges described above, it is 
made possible to keep the heat generated during the continu 
ous operation constant and control the amount of displace 
ment COnStant. 

0140. In order to suppress the heat generated by the multi 
layer piezoelectric device during operation, it is necessary to 
decrease the induction loss (tan 8) of the piezoelectric layer 
11 and/or device resistance, in addition to controlling the 
impurity concentrations within the ranges described above. 

Ninth Embodiment 

0.141. In the multi-layer piezoelectric device according to 
the ninth embodiment of the present invention, the ratio of 
change in the dimension of the multi-layer piezoelectric 
device after continuous operation to the initial device dimen 
sion is set within 1%. This is because the ratio of change in the 
dimension of the multi-layer piezoelectric device after con 
tinuous operation higher than 11 leads to a great change in the 
dimension of the multi-layer piezoelectric device which may 
cause destruction of the multi-layer piezoelectric device due 
to thermal excursion. 
0142. The ratio of change in device dimension after con 
tinuous operation to the initial dimension refers to the ratio of 
change in the dimension of the multi-layer piezoelectric 
device in the stacking direction, after about 1x10 cycles of 
continuous operation under an AC Voltage applied to the 
multi-layer piezoelectric device, to the initial device dimen 
sion of the multi-layer piezoelectric device before the con 
tinuous operation. 
0143. In the multi-layer piezoelectric device of the present 
invention, the ratio of change in thickness of the internal 
electrode 12 after continuous operation of the multi-layer 
piezoelectric device to the initial thickness is set within 5%. 
This is because, when the ratio of change in thickness of the 
internal electrode 12 after continuous operation of the multi 
layer piezoelectric device to the initial thickness is higher 
than 5%, significant deterioration of the multi-layer piezo 
electric device that is represented by the change in the amount 
of displacement of the multi-layer piezoelectric device 
occurs, thus resulting in a significant deterioration of durabil 
ity of the multi-layer piezoelectric device. 
0144. The ratio of change in thickness of the internal elec 
trode after continuous operation to the initial thickness refers 
to the ratio of change in the thickness of the internal electrode 
in the stacking direction of the multi-layer piezoelectric 
device, after about 1x10 cycles of continuous operation 
under an AC Voltage applied to the multi-layer piezoelectric 
device, to the initial thickness of the internal electrode before 
the continuous operation. In case five or more internal elec 
trodes 12 are provided in the multi-layer piezoelectric device, 
thickness is measured by means of SEM for the internal 
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electrodes 12 making contact with the inactive layers 14 (at 
two positions), the internal electrode 12 located at interme 
diate position in the stacking direction of the multi-layer 
piezoelectric device (at one position) and any of the internal 
electrodes 12 located at intermediate position between the 
intermediately positioned internal electrodes 12 and the inac 
tive layer 14 (at one position), and the mean value of these 
measurements is taken as the thickness of the internal elec 
trode. In case less than five internal electrodes 12 are provided 
in the multi-layer piezoelectric device, thickness is measured 
on every internal electrode 12, and the mean value of these 
measurements is taken as the thickness of the internal elec 
trode. 
0145. In the multi-layer piezoelectric device according to 
the ninth embodiment of the present invention, it is necessary 
to prevent volumetric expansion of the internal electrodes 12 
from occurring due to oxidation, in order to Suppress the 
device dimension and thickness of the internal electrodes 12 
from changing after continuous operation. Volumetric expan 
sion of the internal electrodes 12 can be suppressed as fol 
lows. 
0146 In the prior art, such means have been employed as 
to keep the device temperature constant during continuous 
operation or finely adjust the applied Voltage in accordance to 
the device temperature, in order to Suppress the device dimen 
sion and thickness of the internal electrodes from changing 
after continuous operation. Specifically, the operating Voltage 
has controlled while monitoring the device temperature, or a 
heat sink has been installed in order to dissipate heat and 
control the temperature around the device. 
0147 In the ninth embodiment, in contrast, the device 
temperature is controlled during continuous operation by 
Suppressing the heat generation from the device at the Source 
during operation. In order to control the device temperature 
during operation, it is necessary to decrease the induction loss 
(tan 8) of the piezoelectric layer 11 and/or decrease device 
resistance 
0148. In case the piezoelectric layer 11 is constituted from 
perovskite type oxide such as PbzrO PbTiO as the main 
component, induction loss (tan Ö) of the piezoelectric layer 11 
may be reduced by firing the stack 13 in an atmosphere of 
excessive oxygen, or cooling down at a slow rate from the 
peak temperature of firing the Stack 13. Specifically, cooling 
rate may be set to 600° C. per hour or less, or preferably 300° 
C. per hour or less. Value of induction loss (tan Ö) may be less 
than 1.5%, or preferably 0.5% or less. 
0149. In order to decrease the device resistance, a dense 
structure may be formed with a path for electrical conductiv 
ity secured therein, in addition to using a material of a com 
position having lower specific resistance for the internal elec 
trode 12. 

0150 Moreover, since it is desirable that the amount of 
displacement of the material constituting the piezoelectric 
layer 11 is constant regardless of the operating temperature, a 
piezoelectric material that undergoes Smaller change in the 
amount of displacement as the temperature varies during 
continuous operation. 
0151. In order to dissipate heat efficiently from the device 

to the outside, it is preferable to form the internal electrode 12 
through which heat is transmitted from a material having 
composition of excellent heat conductivity. 
0152 Moreover, it is desirable that the metal compound 
that constitutes the internal electrode 12 contains group VIII 
metal and/or group Ib metal as the main component. Since the 
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metals of these groups have high heat resistance, the internal 
electrode 12 can be fired together with the piezoelectric layer 
11 that has high firing temperature at the same time. 
0153. It is also preferable that the metal compound that 
constitutes the internal electrode 12 has proportion M1 (% by 
weight) of the group VIII metal and proportion M2 (% by 
weight) of the group Ib metal that satisfy the relations 
0<M1s 15, 85sM2<100 and M1+M2=100. This is because 
proportion of group VIII metal higher than 15% by weight 
leads to high specific resistance of the internal electrode 12 
which causes the internal electrode 12 to generate heat when 
the multi-layer piezoelectric device is operated continuously. 
In order to Suppress the group Ib metal contained in the 
internal electrode 12 from migrating into the piezoelectric 
layer 11, proportion of group VIII metal is preferably in a 
range from 0.001% by weight to 15% by weight. In order to 
improve the durability of the multi-layer piezoelectric device, 
the proportion is preferably in a range from 0.1% by weight to 
10% by weight. When higher heat conductivity and higher 
durability are required, the proportion is preferably in a range 
from 0.5% by weight to 9.5% by weight. In order to improve 
durability further, the proportion is preferably in a range from 
2% by weight to 8% by weight. 
0154) When the proportion of Ib metal is less than 85% by 
weight, the internal electrode 12 has high specific resistance 
that causes the internal electrode 12 to generate heat when the 
multi-layer piezoelectric device is operated continuously. In 
order to Suppress the group Ib metal contained in the internal 
electrode 12 from migrating into the piezoelectric layer 11, 
proportion of group Ib metal is preferably in a range from 
85% by weight to 99.999% by weight. In order to improve the 
durability of the multi-layer piezoelectric device, the propor 
tion is preferably in a range from 90% by weight to 99.9% by 
weight. When higher durability is required, the proportion is 
preferably in a range from 90.5% by weight to 99.5% by 
weight. In order to improve durability further higher, the 
proportion is preferably in a range from 92% by weight to 
98% by weight. 
0155 The group VIII metal and the group Ib metal in the 
internal electrode 12 can be identified by analytical method 
such as EPMA (Electron Probe Micro Analysis). 
0156 Metal elements contained in the internal electrode 
12 of the present invention are preferably the group VIII metal 
that is at least one kind selected from among Ni, Pt, Pd, Rh, Ir, 
Ru and OS, and the group Ib metal that is at least one kind 
selected from among Cu, Ag and Au, since Such a metal 
composition is advantageous in Volume production when the 
alloy powder synthesizing technology available today is 
employed. 
(O157. Further, it is preferable that the group VIII metal 
contained in the internal electrode 12 is at least one kind 
selected from among Pt and Pd, and the group Ib metal is at 
least one kind selected from among Ag and Au. This compo 
sitions makes it possible to form the internal electrode 12 
having high heat resistance and low specific resistance. 
0158. Further, it is preferable that the group VIII metal 
contained in the internal electrode 12 is Ni and the group Ib 
metal is Cu. This compositions makes it possible to form the 
internal electrode 12 having higher durability and excellent 
heat conductivity. 
0159 Further it is preferable to add an inorganic compo 
nent along with the metallic component in the internal elec 
trode 12. This increases the bonding strength between the 
internal electrode 12 and the piezoelectric layer 11. It is 
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preferable that the inorganic component contains perovskite 
type oxide consisting of PbzrO PbTiO as the main com 
ponent. 
0160. It is further preferable that the piezoelectric layer 11 
contains perovskite type oxide as the main component. This is 
because the piezoelectric layer 11 formed from perovskite 
type oxide Such as barium titanate (BaTiO) has high piezo 
electric strain constant d which enables it to increase the 
amount of displacement. This constitution also enables the 
piezoelectric layer 11 and the internal electrode 12 to be fired 
at the same time. It is also preferable that the piezoelectric 
layer 11 contains perovskite type oxide consisting of 
PbZrO, PbTiO, that has a relatively high value of piezo 
electric strain constant d as the main component. 
0161 The firing temperature is preferably in a range from 
900 to 1000° C. When the firing temperature is lower than 
900° C., the firing process does not fully proceed, and it 
becomes difficult to make dense piezoelectric layer 11. When 
the firing temperature is higher than 1000°C., larger stress is 
generated due to the difference in contraction between the 
internal electrode 12 and the piezoelectric layer 11 when 
fired, thus resulting in cracks occurring during continuous 
operation of the multi-layer piezoelectric device. 
0162 The deviation in the composition of the internal 
electrode 12that is caused by the firing operation is preferably 
not larger than 5%. This is because a deviation larger than 5% 
in the composition of the internal electrode 12 caused by the 
firing operation causes a greater amount of the metallic com 
ponent contained in the internal electrode 12 to diffuse into 
the piezoelectric layer 11, thus making it impossible for the 
internal electrode 12 to deform in conformity with the expan 
sion and contraction of the multi-layer piezoelectric device 
during operation. 
0163 The deviation in the composition of the internal 
electrode 12 refers to the variation in the composition of the 
internal electrode 12 caused by evaporation of the elements 
that constitute the internal electrode 12 due to firing or diffu 
sion thereof into the piezoelectric layer 11. 
0164. In the multi-layer piezoelectric device of the present 
invention, the internal electrode 12 of which end is exposed 
on the side face of the multi-layer piezoelectric device and the 
internal electrode 12 of which end is not exposed are stacked 
alternately, while a groove is formed in the piezoelectric layer 
located between the internal electrode 12 of which end is not 
exposed and the external electrode 15. The groove is prefer 
ably filled with an insulating material having Young's modu 
lus lower than that of the piezoelectric layer 11. In the multi 
layer piezoelectric device having the groove filled with an 
insulating material having low Young's modulus, stress 
caused by the displacement during operation can be miti 
gated, thus enabling it to Suppress heat generation from the 
internal electrode 12 even when operated continuously. 
0.165. The multi-layer piezoelectric devices of the first 
through ninth embodiments are manufactured as described 
below. 
0166 First, a calcined powder of a piezoelectric ceramic 
material constituted from perovskite type oxide consisting of 
PbZrO PbTiO, or the like, a binder made of an organic 
polymer Such as acrylic resin or butyral resin and a plasticizer 
such as DOP (dioctyl phthalate) or DBP (dibutyl phthalate) 
are mixed to form a slurry which is formed into a ceramic 
green sheet that would become the piezoelectric layer 11 by a 
known method such as doctor blade process or calender roll 
process or other tape molding method. 
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0167. Then a metal powder such as silver-palladium that 
constitutes the internal electrode, a binder and a plasticizer 
are mixed to prepare an electrically conductive paste which is 
applied onto the top surface of the ceramic green sheet by 
screen printing or the like to a thickness of 1 to 40 um. 
0168 A plurality of the green sheets having the electri 
cally conductive paste printed thereon are stacked one on 
another, with the stack being heated at a predetermined tem 
perature to remove the binder. The stack is then fired at a 
temperature in a range from 900 to 1200°C. thereby to make 
the stack 13. Firing temperature is preferably in a range from 
900 to 1 OOOO C. 
0169. The method of making the stack 13 is not limited to 
that described above, and any manufacturing method may be 
employed as long as the stack 13 can be made in Such a 
constitution as a plurality of the piezoelectric layers 11 exter 
nal electrode forming surface of the column-like stack 13, and 
is bonded by baking at a temperature that is higher than the 
softening point of the glass and is not higher than the melting 
point (965°C.) of silver and is not higher than % of the firing 
temperature (C.) In this process, the binder contained in the 
sheet that is formed from the electrically conductive silver 
glass paste is evaporated and removed, so that the external 
electrode 15 is formed from a porous electrical conductor 
having three-dimensional mesh structure. 
0170 The temperature at which the electrically conduc 
tive silver-glass paste is bonded by baking is preferably in a 
range from 550 to 700° C. for the purpose of effectively 
forming a neck, joining the silver content that is contained in 
the electrically conductive silver-glass paste and the internal 
electrode 12 through diffusion bonding, effectively causing 
the voids in the external electrode 15 to remain and partially 
joining the external electrode 15 and the side face of the 
column-like stack 13. Softening point of the glass component 
contained in the electrically conductive silver-glass paste is 
preferably in a range from 500 to 700° C. 
0171 When the baking temperature is higher than 700°C., 
sintering of the silver powder of the electrically conductive 
silver-glass paste would proceed excessively. Such that the 
porous electrical conductor of three-dimensional mesh struc 
ture cannot be effectively formed and the external electrodes 
15 become too dense. As a result, the value ofYoung's modu 
lus of the external electrode 15 becomes too high to effec 
tively absorb the stress generated during operation, eventu 
ally leading to breakage of the external electrode 15. Baking 
is preferably carried out at a temperature that is not higher 
than 1.2 times the softening point of the glass. 
(0172. When the baking temperature is lower than 550°C., 
on the other hand, the end of the internal electrode 12 and the 
external electrode 15 cannot be joined sufficiently through 
diffusion, and therefore the neck cannot be formed thus 
resulting in spark occurring between the internal electrode 12 
and the external electrode 15 during operation. 
0173 Thickness of the sheet formed from the electrically 
conductive silver-glass paste is preferably smaller than the 
thickness of the piezoelectric layer 11. More preferably, the 
thickness is 50 um or less in order to accommodate the con 
traction and expansion of the actuator. 
0.174. Then the stack 13 having the external electrodes 15 
formed thereon is immersed in a silicone rubber solution 
while deaerating the silicone rubber solution by evacuation, 
so as to fill the groove of the stack 13 with the silicone rubber. 
Then the stack 13 is pulled out of the silicone rubber solution 
and is coated with the silicone rubber on the side faces 



US 2008/0303385 A1 

thereof. Then the silicon rubber that fills the groove and 
covers the side faces of the column-like stack 13 is hardened, 
thereby completing the multi-layer piezoelectric device of the 
present invention. 
0175. Then lead wires are connected to the external elec 
trodes 15 and a DC voltage of 0.1 to 3 kV/mm is applied 
between the pair of external electrodes 15 via the lead wires 
So as to apply polarization treatment to the stack 13, thereby 
to complete the multi-layer piezoelectric actuator that 
employs the multi-layer piezoelectric device of the present 
invention. When the lead wires are connected to an external 
Voltage source and the Voltage is Supplied via the lead wires 
and the external electrodes 15 to the internal electrodes 12, the 
piezoelectric layers 11 undergo a significant amount of dis 
placement by the reverse piezoelectric effect, so as to drive, 
for example, an automobile fuel injection valve that Supplies 
fuel to an engine. 
0176 An electrical conductivity assisting member formed 
from an electrically conductive adhesive, containing a metal 
mesh and a plurality of the internal electrodes 12 are stacked 
alternately one on another. 
0177. Then the internal electrode 12 of which end is 
exposed on the side face of the multi-layer piezoelectric 
device and the internal electrode 12 of which end is not 
exposed are formed alternately, while the groove is formed in 
the piezoelectric layer located between the internal electrode 
12 of which end is not exposed and the external electrode 15, 
with the groove filled with an insulating material Such as resin 
or rubber having Young's modulus lower than that of the 
piezoelectric layer 11. The groove is formed on the side face 
of the stack 13 by means of a dicing apparatus or the like. 
0.178 The electrically conductive material that constitutes 
the external electrode 15 is preferably silver that has a low 
value of Young's modulus or an alloy based on silver, in 
consideration of the capability to sufficiently absorb the stress 
generated by the expansion and contraction of the actuator. 
0179 Then an electrically conductive silver-glass paste is 
prepared by adding a binder to a glass powder, and the mix 
ture is formed into a sheet that is dried to remove solvent 
while controlling the density of the green sheet in a range 
from 6 to 9 g/cm. The sheet is transferred onto the or a 
mesh-like metal sheet embedded therein, may be provided on 
the external surface of the external electrode 15. By providing 
the electrical conductivity assisting member on the external 
surface of the external electrode 15, it is made possible to 
cause a large current to flow in the electrical conductivity 
assisting member even when the device is operated at a high 
speed by Supplying a large current to the actuator So as to 
decrease the current flowing in the external electrodes 15, 
thereby preventing the external electrodes 15 from breaking 
due to localized heat generation and greatly improving dura 
bility. Moreover, by embedding the metal mesh or a mesh-like 
metal sheet in the electrically conductive adhesive, it is made 
possible to prevent the electrically conductive adhesive from 
cracking due to expansion and contraction of the stack during 
operation. 
0180. The metal mesh refers to a structure of entwined 
metal wires, and the mesh-like metal sheet refers to a metal 
sheet with a number of holes punched therethrough. 
0181. It is preferable that the electrically conductive adhe 
sive that constitutes the electrical conductivity assisting 
member is polyimide resin containing silver powder dis 
persed therein. When polyimide resin that has high heat resis 
tance and contains silverpowder which has low specific resis 

Dec. 11, 2008 

tance dispersed therein is used as the electrically conductive 
adhesive, such an electrical conductivity assisting member 
can beformed that maintains low resistance and high bonding 
strength even when the Stack is operated at a high tempera 
ture. More preferably, the electrically conductive particles are 
non-spherical particles having such shapes as flakes oracicu 
lar particles. When the electrically conductive particles are 
non-spherical particles Such as flakes oracicular particles, the 
electrically conductive particles can be firmly entwined with 
each other, thereby increasing the shear strength of the elec 
trically conductive adhesive. 
0182. The multi-layer piezoelectric device of the present 
invention is not limited to the constitutions described above, 
and various modifications may be made without deviating 
from the spirit of the present invention. 
0183) While an example where the external electrodes 15 
are formed on the opposing side faces of the stack 13 has been 
described above, a pair of external electrodes may be formed, 
for example, on adjacent side faces according to the present 
invention. 

Tenth Embodiment 

0.184 FIG. 4A is a perspective view showing the multi 
layer piezoelectric device (multi-layer piezoelectric actuator) 
according to the tenth embodiment of the present invention. 
FIG. 4B is a sectional view taken along lines A-A of FIG. 4A. 
0185. The multi-layer piezoelectric actuator according to 
the tenth embodiment comprises a column-like stack1a hav 
ing rectangular prism shape formed by Stacking a plurality of 
piezoelectric layers 1 and a plurality of internal electrodes 2 
alternately one on another, wherein the ends of every other 
internal electrodes 2 are covered by an insulating material 3 
on the side face of the Stack 1a, and an external electrode 4 
formed from a porous electrical conductor made of an elec 
trically conductive material containing silver as the main 
material and glass having three-dimensional mesh structure is 
joined with the end of the internal electrode 2 that is not 
covered by the insulating material 3, while lead wires 5 are 
connected to the external electrodes 4, as shown in FIG. 4. 
Reference numeral 6 denotes an inactive layer. 
0186. The piezoelectric layer 1 is formed from PZT-based 
piezoelectric ceramic material which will be described in 
detail later. The piezoelectric ceramic material preferably has 
a high value of piezoelectric strain constant d that represents 
the piezoelectric characteristic thereof. 
0187. Thickness of the piezoelectric layer 1, namely the 
distance between the internal electrodes 2, is preferably in a 
range from 50 to 250 um. This makes it possible to make the 
actuator of Smaller size and low profile, and prevent insula 
tion breakdown of the piezoelectric layer 1 from occurring, 
even when a larger number of layers are stacked so as to 
achieve a greater amount of displacement of the multi-layer 
piezoelectric actuator by applying a Voltage. 
0188 While the internal electrodes 2 are provided 
between the piezoelectric layers 1, metal compound of the 
internal electrodes 2 is constituted from group VIII metal and 
group Ib metal of the periodic table. The group VIII metal is 
at least one kind selected from among Pt and Pd, and the 
group Ib metal is at least one kind selected from among Ag 
and Au. For example, Ag—Pd alloy may be used. 
(0189 When proportion M1 (% by weight) of the group 
VIII metal and proportion M2 (% by weight) of the group Ib 
metal satisfy the relations 0<M1<15 and 85.<M2<100, low 
cost multi-layer piezoelectric device can be provided since 
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the use of the expensive group Ib metal can be reduced. When 
the content of group Ib metal is reduced, melting point of the 
alloy becomes lower and only such a kind of porcelain that 
can be sintered at a low temperature of 1000°C. or less can be 
used. It becomes easier for the crystal grains of the porcelain 
to grow when the porcelain contains 5 ppm or higher and less 
than 100 ppm of Si content, allowing it to sinter at a lower 
temperature. Si content within this range does not adversely 
affect the piezoelectric characteristic. 
0190. Formed on the side face of the column-like stack 1 a 
in every other layer are grooves measuring 30 to 500 um in 
depth and 30 to 200 um in width in the stacking direction. The 
grooves are filled with glass, epoxy resin, polyimide resin, 
polyamide-imide resin, silicone rubber or the like that has 
Young's modulus lower than that of the piezoelectric layer 1 
So as to form an insulating material 3. The insulating material 
3 is preferably a material having a low value of elastic coef 
ficient, particularly silicone rubber or the like, that can deform 
in conformity with the displacement of the stack 1a, in order 
to make a firm joint with the column-like stack 1a. 
0191 The external electrodes 4 are connected to the two 
opposing side faces of the column-like Stack 1a, and the 
external electrodes 4 are electrically connected to the internal 
electrodes 2 that are stacked in every other layer. The external 
electrodes 4 serve to Supply the Voltage that is required in 
common to cause the piezoelectric layers 1 to undergo dis 
placement by the reverse piezoelectric effect, to the internal 
electrodes 2 that are connected thereto. 

0192 Connected to the external electrode 4 are lead wires 
5 by soldering. The lead wires 5 serve to connect the external 
electrode 4 to an outside power Supply. 
0193 According to the present invention, the piezoelectric 
ceramic material that constitutes the piezoelectric layers 1 is 
formed from PbTiO, PbzrO as the main component, and 
contains 5 ppm or higher and less than 100 ppm of Si content. 
Si has an effect of improving the strength of the porcelain. 
When the Si content is within the range described above, 
segregation of Si occurs in the grain boundary So as to 
increase the bonding strength between crystal grains, thereby 
Suppressing fall-off of grains during machining or ultrasonic 
cleaning. With regards to the mechanism of deterioration of 
specific resistance, it has known that deterioration of the 
crystal grain boundary induced by DC electric field corre 
sponds to the deterioration of porcelain. In piezoelectric 
ceramic material, crystal grain boundary has higher resistiv 
ity than the inner portion of grain has. When a DC electric 
field is applied, strong electric field is generated in the crystal 
grain boundary due to Maxwell-Wagner type polarization. It 
is Supposed that this electric field causes local insulation 
breakdown that results in deterioration of specific resistance 
of the porcelain. Based on the above discussion, Si content of 
100 ppm or higher leads to the formation of glass phase in the 
grain boundary which increases the resistivity in the grain 
boundary, thus causing strong electric field in the crystal grain 
boundary that results in local insulation breakdown and there 
fore leads to deterioration of specific resistance of the porce 
lain. When Si content is less than 100 ppm, no clear glass 
phase is generated in the grain boundary and Si exists in the 
form of SiO, about the size of single molecule. This results in 
lower resistivity in the grain boundary which makes local 
insulation breakdown less likely to occur. When Si content is 
less than 5 ppm, since the effect of improving the bonding 
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strength between the crystal grains becomes weaker, fall-off 
of grains is likely to occur during machining or ultrasonic 
cleaning. 
0194 The piezoelectric ceramic material of the present 
invention is a sintered material that is constituted Substan 
tially from perovskite type compound except for the compo 
nent constituted from Si. The phrase “constituted substan 
tially from perovskite type compound' means that the 
material is made up of perovskite type compound except for 
impurities, with no other components intentionally added. 
The impurities (Si excluded) may be contained in a concen 
tration less than 100 ppm. 
0.195 According to the present invention, it is preferable 
that Si is segregated in the crystal grain boundary and thick 
ness of the crystal grain boundary is 1 nm or less. When Si 
content is less than 100 ppm, Si is segregated in the crystal 
grainboundary and thickness of the crystal grainboundary is 
1 nm or less. This makes it possible to decrease the chronic 
change in the specific resistance while increasing the strength 
of the porcelain while having no influence on the character 
istics such as piezoelectric strain constant. This is because, 
while solid solution of Si in the crystal grains significantly 
decreases the piezoelectric characteristics, segregation in the 
crystal grain boundary mitigates the influence on the piezo 
electric characteristics. When thickness of the crystal grain 
boundary is larger than 1 nm, clear glass phase is formed in 
the crystal grain boundary. Presence of the glass phase in the 
crystal grain boundary increases the resistivity of the grain 
boundary and therefore makes microscopic insulation break 
down likely to occur in the crystal grainboundary. Therefore, 
it is preferable that Si exists in the crystal grain boundary in 
the form of individual molecules rather than glass phase. 
0196. In order to increase the mechanical strength, it is 
preferable that mean crystal grain size A of the piezoelectric 
ceramic material is in a range from 0.5 to 5 um and standard 
deviation B of the grain sizes satisfies the condition that B/A 
is not larger than 0.5, mean Void size C of the piezoelectric 
ceramic material is in a range from 0.5 to 5 um and standard 
deviation D of the Void sizes satisfies the condition that D/C 
is not larger than 0.25, while the void ratio is 5% or less. When 
these conditions are satisfied, the material becomes stronger 
to impact applied from the outside and to fatigue. Destruction 
of piezoelectric ceramic material due to rapid increase of 
leakage current known as the avalanche destruction is caused 
by structural defects such as cracks or voids. When the por 
celain has uniform microstructure, it makes an actuator, for 
example, that has high reliability because chronic change in 
the Volumetric specific resistance is made Smaller during 
continuous operation. 
0.197 When the grain size increases, the porcelaintends to 
have lower strength to breakage. When the mean crystal grain 
size A of the piezoelectric ceramic material exceeds 5um, it 
becomes more likely to break due to impact applied from the 
outside or fatigue and deteriorate in specific resistance, thus 
resulting in lower reliability. It is difficult, on the other hand, 
to control the mean crystal grain size A of the porcelain below 
0.5um, because of the problems related to the manufacturing 
process such as preparation of stock material having Smaller 
particle size and the firing temperature. Accordingly, that 
mean crystal grain size of the porcelain is preferably in a 
range from 1 to 3 Jum. 
0198 When the ratio B/A of standard deviation B to the 
mean crystal grain size A of the porcelain is larger than 0.5. 
the porcelain cannot have uniform microstructure due to large 
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defects and large crystal grains contained therein. Thus it 
becomes more likely to break due to impact applied from the 
outside or fatigue and deteriorate in specific resistance, thus 
resulting in lower reliability. 
0199 Since mean crystal grain size of the porcelain is in a 
range from 0.5 to 5um, mean Void size C in the porcelain is 
also in a range from 0.5 to 5 Lum. As the defects become 
smaller, the material becomes less likely to break due to 
impact applied from the outside or fatigue and deteriorate in 
specific resistance, thus resulting in higher reliability. When 
the mean Void size exceeds 5 um, it becomes more likely to 
break due to impact applied from the outside or fatigue and 
deteriorate in specific resistance, thus resulting in lower reli 
ability. It is difficult, on the other hand, to control the mean 
void size below 0.5um, because of the problems related to the 
manufacturing process Such as preparation of stock material 
having Smaller particle size and the firing temperature. 
0200. When the ratio D/C of standard deviation D to the 
mean void size C of the porcelain is larger than 0.25, the 
porcelain contains large defects formed therein, and therefore 
it becomes more likely to break due to impact applied from 
the outside or fatigue and deteriorate in specific resistance, 
thus resulting in lower reliability. When the void ratio exceeds 
5%, the porcelain becomes more likely to break due to impact 
applied from the outside or fatigue and deteriorate in specific 
resistance, thus resulting in lower reliability. It is desirable 
that there exist no voids to obtain better characteristics and 
reliability, although it is difficult to achieve in the practical 
manufacturing process. 
0201 A method for manufacturing the multi-layer piezo 
electric device according to the present invention will be 
described below. First, column-like stack 1a is fabricated. 
Stock material of PZT is prepared by mixing predetermined 
quantities of high purity powders of PbO, ZrO, TiO, ZnO, 
NbOs, WO, BaCO, SrCO.YbO, and SiO in wet process 
by means of ball mill or the like for 10 to 24 hours. Then after 
dewatering and drying the mixture, the mixture is calcined at 
a temperature in a range from 800 to 900° C. for a period of 1 
to 3 hours. The calcined material is then crushed in wet 
process by means of ball mill or the like so as to achieve a 
particle size distribution of Dso in a range of 0.5-0.2 Lum and 
Do less than 0.8 um. The calcined powder of piezoelectric 
ceramic material such as the crushed PZT or the like, a binder 
made of an organic polymer Such as acrylic resin or butyral 
resin and a plasticizer such as DBP (dibutyl phthalate) or 
DOP (dioctyl phthalate) are mixed to form a slurry which is 
formed into a ceramic green sheet that would become the 
piezoelectric layer 1 by a known method such as doctor blade 
process or calender roll process or other tape molding 
method. 
0202 Then an Ag Pd or Pt powder, a binder and a plas 

ticizer are mixed to prepare an electrically conductive paste 
which is applied onto the top surface of the ceramic green 
sheet by Screen printing or the like to a thickness of 1 to 40 um. 
0203 A plurality of the green sheets having the electri 
cally conductive paste printed thereon are stacked one on 
another, with the stack being heated at a predetermined tem 
perature to remove the binder. Then the stack is fired at a 
temperature in a range from 900 to 1200°C. thereby to make 
the column-like Stack 1a. 

0204 The method of making the column-like stack 1a is 
not limited to that described above, and any manufacturing 
method may be employed as long as the column-like Stack 1 a 
can be made in Such a constitution as a plurality of the piezo 
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electric layers and a plurality of the internal electrodes are 
stacked alternately one on another. 
0205 Then a groove is formed on the side face of the 
column-like stack1a in every other layer by means of a dicing 
apparatus or the like. 
0206 Next the electrically conductive silver-glass paste is 
bonded by baking at a temperature in a range from 550 to 700° 
C. so as to form the external electrode 4. 
0207. Then the column-like stack 1a having the external 
electrodes 4 formed thereon is immersed in a silicone rubber 
solution while deaerating the silicone rubber solution by 
evacuation, so as to fill the groove of the column-like Stack1a 
with the silicone rubber. Then the column-like stack 1a is 
pulled out of the silicone rubber solution and is coated with 
the silicone rubber on the side faces thereof. Then the silicon 
rubber that fills the groove and covers the side faces of the 
column-like stack 1a is hardened. 
0208. Then lead wires 5 are connected to the external 
electrodes 4, thereby completing the multi-layer piezoelectric 
device of the present invention. 
(0209 DC voltage of 0.1 to 3 kV/mm is applied between 
the pair of external electrodes 4 via the lead wires 5 so as to 
apply polarization treatment to the column-like Stack 1a, 
thereby to complete the multi-layer piezoelectric actuator. 
When the lead wires 5 are connected to an external voltage 
source and the voltage is supplied via the lead wires 5 and the 
external electrodes 4 to the internal electrodes 2, the piezo 
electric layers 1 undergo a significant amount of displace 
ment by the reverse piezoelectric effect, so as to drive, for 
example, an automobile fuel injection valve that Supplies fuel 
to an engine. 
0210. In the first through tenth embodiments described 
above, it is preferable that the internal electrode 2 includes 
voids and the voids occupy 5 to 70% of cross sectional area of 
the internal electrode 2 (this ratio will hereinafter be referred 
to as the void ratio). 
0211. By using the internal electrodes 2 that include voids 
to constitute the multi-layer piezoelectric device, it is made 
possible to obtain the multi-layer piezoelectric device having 
high durability. When the void ratio in the internal electrodes 
2 is less than 5%, greater restrictive force is exerted on the 
displacement of the piezoelectric layer, with smaller effect of 
the presence of the voids. When the void ratio in the internal 
electrodes 2 is more than 70%, electrical conductivity of the 
internal electrodes 2 decreases and the strength decreases, 
which is not desirable. In order to improve the durability of 
the device, void ratio in the internal electrodes 2 is preferably 
from 7 to 70%. Void ratio in the internal electrodes 2 is more 
preferably from 10 to 60%, which enables it to maintain a 
large amount of displacement and achieve high durability. 
0212. The void ratio in the internal electrodes 2 refers to 
the ratio of area occupied by the voids to the total cross 
sectional area of the internal electrode 2, as described above, 
and can be determined as follows. 
0213. In a longitudinal section of the multi-layer piezo 
electric device cut along a direction parallel to the stacking 
direction, total cross sectional area of the internal electrode 2 
exposed in the longitudinal section and the area occupied by 
the Voids are measured, for example, under a microscope. 
From these areas, void ratio in the internal electrode 2 is 
calculated as (area occupied by Voids/total cross sectional 
area)x100. 
0214. The internal electrode 2 that includes the voids can 
be manufactured as follows. 
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0215. First, a metal powder that constitutes the internal 
electrode 2 is prepared from two or more kinds of materials 
having different melting points so that Voids are formed in the 
internal electrode 2 after firing. An alloy may be used as the 
metallic material depending on the purpose. 
0216. The metal powder that constitutes the internal elec 
trode 2 is calcined at a temperature that is not lower than that 
of the metal having the lowest melting point and is not higher 
than that of the metal having the highest melting point among 
the metal powder that constitutes the internal electrode 2. 
When calcined at Such a temperature, metal or alloy among 
the metal powder that constitutes the internal electrode 2 that 
has been melted moves between metal particles that have not 
been melted due to capillary effect thus leaving voids behind. 
This method allows it to set the void ratio in the internal 
electrode 2 to a desired level by adjusting the mixing propor 
tions and temperature of the metal powder that constitutes the 
internal electrode 2. 

0217. The voids in the internal electrode 2 may also be 
formed by making use of Small clearance that is formed 
between the metal powder particles when controlling the 
electrically conductive paste used in forming the internal 
electrode 2, or by making use of clearance that is formed as 
the binder contained in the electrically conductive paste is 
burned out. 

0218. Alternatively, the voids in the internal electrode 2 
may also be formed by adding a material, that has low wet 
tability with regards to the materials that constitute the inter 
nal electrode 2, to the electrically conductive paste used in 
forming the internal electrode 2, or by coating the green sheet 
of the piezoelectric material, whereon the electrically con 
ductive paste of the internal electrode 2 is to be printed, with 
a material that has low wettability with regards to the mate 
rials that constitute the internal electrode 2. For the material 
that has low wettability with regards to the materials that 
constitute the internal electrode 2, for example, BN can be 
used. 

0219. The first through tenth embodiments have been 
described above, exemplifying the multi-layer piezoelectric 
devices having specific constitutions. According to the 
present invention, various multi-layer piezoelectric devices 
can be constituted by combining various components 
described above. For example, the device having the consti 
tution shown in FIGS. 4A, 4B and the piezoelectric layers, the 
internal electrodes or the external electrodes described in the 
first to ninth embodiment may be combined, or the device 
having the constitution shown in FIG. 1A and the piezoelec 
tric ceramic material described in the tenth embodiment may 
be combined. 

Eleventh Embodiment 

0220 FIG.3 shows an injection apparatus according to the 
eleventh embodiment of the present invention, where a con 
tainer 31 has an injection hole 33 formed at one end thereof, 
and a needle valve 35 that can open and close the injection 
hole 33 is housed in the container 31. 

0221) The injection hole 33 is provided with a fuel passage 
37 in communication therewith. The fuel passage 37 is con 
nected to a fuel source that is provided outside of the appa 
ratus, so as to receive Supply of fuel at a high pressure that 
remains always constant. When the needle valve 35 opens the 
injection hole 33, the fuel that fills the fuel passage 37 is 

Dec. 11, 2008 

injected at a predetermined level of high pressure into a fuel 
chamber of an internal combustion engine that is not shown in 
the drawings. 
0222. The needle valve 35 has an enlarged top portion of a 
larger diameter so as to serve as a piston 41 that makes sliding 
motion in a cylinder 39 that is formed in the container 31. The 
piezoelectric actuator 43 is housed in the container 31. 
0223. With the injection apparatus as described above, 
when the piezoelectric actuator 43 is caused to expand by a 
Voltage applied thereto, the piston 41 is pressed so that the 
needle valve 35 plugs the injection hole 33 and shuts off the 
fuel supply. When the voltage is removed, the piezoelectric 
actuator 43 contracts and a Belleville spring 45 presses back 
the piston 41 so that the injection hole 33 communicates with 
the fuel passage 37 thereby allowing the fuel to be injected. 
0224. The present invention relates to the multi-layer 
piezoelectric device and the injection apparatus, but is not 
limited to the embodiments described above. For example, 
the present invention can be applied to a fuel injection appa 
ratus of automobile engine, liquid ejectingapparatus of inkjet 
printer or the like or a drive unit used in precision positioning 
device or vibration preventing device for an optical apparatus, 
or to sensor devices such as a sensor element mounted in 
combustion pressure sensor, knocking sensor, acceleration 
sensor, load sensor, ultrasound sensor, pressure sensor, yaw 
rate sensor or the like, or used as a circuit component mounted 
in piezoelectric gyro, piezoelectric Switch, piezoelectric 
transducer, piezoelectric breaker or the like, and is also appli 
cable to other purposes, as long as the piezoelectric charac 
teristic is utilized. 

EXAMPLES 

Example 1 

0225. A multi-layer piezoelectric actuator comprising the 
multi-layer piezoelectric device of the present invention was 
fabricated as described below. 
0226 First, a calcined powder of a piezoelectric ceramic 
material constituted from lead titanate Zirconate (PbZrO 
PbTiO) as the main component, a binder and a plasticizer 
were mixed to form a slurry which was formed into ceramic 
green sheets that would become the piezoelectric layer 11 
having thickness of 150 um by the doctor blade process. 
0227. An electrically conductive paste, prepared by add 
ing a binder to the silver-palladium alloy made with an arbi 
trary composition, was applied to one side of the ceramic 
green sheet by Screen printing method to a thickness of 3 Jum. 
Then 300 pieces of the ceramic green sheets were stacked and 
fired at a temperature of 1000° C. KCO or NaCO powder 
was added to the stock materials of the piezoelectric layers 
11, the internal electrodes 12 and the external electrodes 13. 
0228. Alkali metal contained in the multi-layer piezoelec 

tric device thus made from the sintering material, in the piezo 
electric layers, in the internal electrodes and in the external 
electrodes was detected by ICP analysis. 
0229. Then a groove measuring 50 um in depth and 50 um 
in width was formed at the end of the internal electrode 
located on the side face of the stack in every other layer, by 
means of a dicing apparatus. 
0230. Then 90% by volume of silver powder of flake-like 
particles having mean particle size of 2 um and 10% by 
Volume of amorphous glass powder having softening point of 
640° C. containing silicon as the main component having 
mean particle size of 2 um were mixed, and 8 weight parts of 
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this mixture was added to 100 weight parts in total of binder, 
the silver powder and the glass powder, so as to prepare the TABLE 1-continued 
electrically conductive silver-glass paste by fully mixing the 
powders. The electrically conductive silver-glass paste thus i. 5. s 
prepared was screen printed onto a release film. After drying, 
the paste film was peeled off the release film to obtain a sheet Ratio (%) of change in 
of electrically conductive silver-glass paste. Density of the amount of displacement 

Amount of displacement after continuous operation green sheet as measured by Archimedes method was 6.5 2 (Lm) after continuous to initial displacement = 
g/cm. No operation (1 x 10') = B |(A - B). A x 100 
0231. The sheet of the silver-glass paste was transferred 
onto the external electrode surface of the stack and was baked : 450 0.0 
at 650° C. for 30 minutes, thereby forming the external elec- s 44.9 0.2 
trode from the porous electrically conductive material having -4 44.8 0.4 
three-dimensional mesh structure. Measurement of void ratio -S 44.6 O.9 
of the external electrode by means of image analysis appara- -6 44.6 O.9 
tus on a photograph of a cut Surface of the external electrode -7 44.5 1.1 

O -8 44.4 1.3 
showed a void ratio of 40%. * 1-9 44.0 2.2 
0232. Then lead wires were connected to the external elec- -10 45.0 O.O 
trodes, and DC electric field of 3 kV/mm was applied between -11 44.9 O.2 
the positive and negative external electrodes via the lead wires -12 44.8 0.4 
So as to apply polarization treatment for 15 minutes, thereby : t 
to complete the multi-layer piezoelectric actuator using the 5 445 11 
multi-layer piezoelectric device as shown in FIG. 1. -16 44.4 1.3 
0233. When a DC voltage of 170 V was applied to the * 1-17 44.0 2.2 
multi-layer piezoelectric device, it underwent a displacement 
of 45 um in the direction of stacking. Operation test was *Out of the scope of the present invention. 
conducted on this multi-layer piezoelectric device by apply- TABLE 2 
ing an AC voltage varying between 0 V and +170 V at fre- Alkali metal content Kind of 
quency of 150 Hz at room temperature. in internal alkali Amount of initial 
0234 Change in the amount of displacement (Lm) of the No electrode (ppm) metal displacement (Lm) = A 

9 multi-layer piezoelectric device after undergoing 1x10 *1-18 2 Na Piezoelectric 
cycles of operation was measured, and was compared with the material could 
displacement of the multi-layer piezoelectric device in the not be sintered. 
initial state before starting the continuous operation, so as to -19 5 Na 45.0 
calculate the variation (%) of the amount of displacement and 3. N s 
deterioration of the multi-layer piezoelectric device. The -22 70 Na 45.0 
results are shown in Tables 1 through 4. Table 1 shows the -23 100 Na 45.0 
amounts of displacement with various kinds of alkali metal -24 250 Na 45.0 

-2S 500 Na 45.0 
contained in the multi-layer piezoelectric device, Table 2 *1-26 750 Na 45.0 
shows the amounts of displacement with various kinds of -27 5 K 45.0 
alkali metal contained in the piezoelectric layers, Table 3 -28 30 K 45.0 
shows the amounts of displacement with various kinds of 3. 5. s 
alkali metal contained in the internal electrode, and Table 4 si 100 K 450 
shows the amounts of displacement with various kinds of -32 250 K 45.0 
alkali metal contained in the external electrode. -33 500 K 45.0 

TABLE 1. ** 1-34 750 K 45.0 

Alkali metal content Kind of Ratio (%) of change in amount 
in piezoelectric alkali Amount of initial Amount of of displacement after 

No layer (ppm) metal displacement (Lm) = A displacement (Lm) continuous operation to 
after continuous initial displacement = (A - 

* 1-1 2 Na Piezoelectric No operation (1 x 10') = B B)/A x 100 
material could 
not be sintered. *1-18 

-2 5 Na 45.0 1-19 4S.O O.O 
-3 30 Na 45.0 1-2O 44.9 O.2 
-4 50 Na 45.0 1-21 44.8 0.4 
-S 70 Na 45.0 1-22 44.6 O.9 
-6 100 Na 45.0 1-23 44.6 O.9 
-7 250 Na 45.0 1-24 445 1.1 
-8 500 Na 45.0 1-2S 44.4 1.3 

* 1-9 750 Na 45.0 *1-26 44.0 2.2 
-10 5 K 45.0 1-27 4S.O O.O 
-11 30 K 45.0 1-28 44.9 O.2 
-12 50 K 45.0 1-29 44.8 0.4 
-13 70 K 45.0 1-3O 44.6 O.9 
-14 100 K 45.0 1-31 44.6 O.9 
-15 250 K 45.0 1-32 445 1.1 
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1-33 44.4 1.3 

*1-34 44.0 2.2 

TABLE 3 

Alkali metal 
content in Kind of 
external alkali Amount of initial 

No. electrode (ppm) metal displacement (Lm) = A 

* 1-35 2 Na Piezoelectric 
material could 
not be sintered. 

-36 5 Na 45.0 
-37 30 Na 45.0 
-38 50 Na 45.0 
-39 70 Na 45.0 
-40 1OO Na 45.0 
-41 250 Na 45.0 
-42 500 Na 45.0 

*1-43 750 Na 45.0 
-44 5 K 45.0 
-45 30 K 45.0 
-46 50 K 45.0 
-47 70 K 45.0 
-48 1OO K 45.0 
-49 250 K 45.0 
-SO 500 K 45.0 

*1-51 750 K 45.0 

Ratio (%) of change in amount 
Amount of of displacement after 

displacement (Lm) continuous operation to 
after continuous initial displacement = (A - 

No operation (1 x 10') = B B)/A x 100 

*1-35 
-36 4S.O O.O 
-37 44.9 O.2 
-38 44.8 0.4 
-39 44.6 O.9 
-40 44.6 O.9 
-41 445 1.1 
-42 44.4 1.3 

*1-43 44.0 2.2 
-44 4S.O O.O 
-45 44.9 O.2 
-46 44.8 0.4 
-47 44.6 O.9 
-48 44.6 O.9 
-49 445 1.1 
-SO 44.4 1.3 

*1-51 44.0 2.2 

TABLE 4 

Alkali metal 
content in Kind of alkali Amount of initial 

No. device (ppm) metal displacement (Lm) = A 

*1-52 2 Na Piezoelectric 
material could 
not be sintered. 

1-53 5 Na 4S.O 
1-54 30 Na 4S.O 
1-55 50 Na 4S.O 
1-S6 70 Na 4S.O 
1-57 1OO Na 4S.O 
1-58 2OO Na 4S.O 
1-59 3OO Na 4S.O 

*1-60 500 Na 4S.O 
1-61 5 K 4S.O 
1-62 30 K 4S.O 
1-63 50 K 4S.O 
1-64 70 K 4S.O 

TABLE 2-continued 
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TABLE 4-continued 

1-6S 100 K 4S.O 
1-66 2OO K 4S.O 
1-67 3OO K 4S.O 

*1-68 500 K 4S.O 

Ratio (%) of change in 
Amount of amount of displacement 

displacement (Lm) after continuous operation 
after continuous to initial displacement = 

No operation (1 x 10') = B |(A - B). A x 100 

*1-52 
-53 45.0 O.O 
-54 44.9 O.2 
-55 44.8 0.4 
-56 44.6 O.9 
-57 44.6 O.9 
-58 44.5 1.1 
-59 44.4 1.3 

*1-60 44.0 2.2 
-61 45.0 O.O 
-62 44.9 O.2 
-63 44.8 0.4 
-64 44.6 O.9 
-65 44.6 O.9 
-66 44.5 1.1 
-67 44.4 1.3 

*1-68 44.0 2.2 

*Out of the scope of the present invention. 

0235. From the tables, it can be seen that the ratio of 
change in displacement (%) rapidly increases and deteriora 
tion proceeds when alkali metal content in the multi-layer 
piezoelectric device exceeds 300 ppm. When the alkali metal 
content is less than 5 ppm, piezoelectric layer could not be 
sintered and function of the piezoelectric layer could not be 
achieved. Accordingly, a piezoelectric actuator having excel 
lent durability and high reliability that does not cause mal 
function of the device can be provided as the amount of 
displacement does not Substantially change even when the 
multi-layer piezoelectric device is operated overalong period 
of time, by controlling the alkali metal content in the multi 
layer piezoelectric device in a range from 5 ppm to 300 ppm. 
0236. This applies similarly to the contents of alkali metal 
in the piezoelectric layers, in the internal electrodes and in the 
external electrodes. 

Example 2 

0237 Experiments were conducted similarly to Example 
1, except for adding titanium chloride to the piezoelectric 
layers and adding AgCl to the Stock materials of the internal 
electrodes and the external electrodes. Halogen element con 
tents in the piezoelectric layers, the internal electrodes and the 
external electrodes of the multi-layer piezoelectric device 
thus obtained were detected by ion chromatography. Results 
of the experiments are shown in Tables 5 through 8. 

TABLE 5 

Halogen element 
content in Kind of 

piezoelectric halogen Amount of initial 
No. layer (ppm) element displacement (Lm) = A 

* 2-1 2 C Piezoelectric 
material could 
not be sintered. 

2-2 5 C 45.O 
2-3 2O C 45.O 
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TABLE 5-continued TABLE 6-continued 

2-4 50 C 45.0 Ratio (%) of change in 
2-5 70 C 45.0 Amount of amount of displacement 
2-6 100 C 45.0 displacement (Lm) after continuous operation 
2-7 500 C 45.0 after continuous to initial displacement = 
2-8 1SOO C 45.0 No operation (1 x 10') = B |(A - B). A x 100 

* 2-9 2OOO C 45.0 
2-10 5 Br 45.0 *2-18 

2-19 45.0 O.O 
2-11 2O Br 45.0 2-20 44.9 O.2 
2-12 50 Br 45.0 2-21 44.8 0.4 
2-13 70 Br 45.0 2-22 44.6 O.9 
2-14 100 Br 45.0 2-23 44.6 O.9 
2-15 500 Br 45.0 2-24 44.5 1.1 
2-16 1SOO Br 45.0 2-25 44.4 1.3 

* 2-17 2OOO Br 45.0 *2-26 44.0 2.2 
2-27 45.0 O.O 

Ratio (%) of change in 2-28 44.9 O.2 
Amount of amount of displacement 2-29 44.8 0.4 

displacement (Lm) after continuous operation 2-30 44.6 O.9 
after continuous to initial displacement = i 

No operation (1 x 10') = B |(A - B). A x 100 2-33 444 13 
*2-34 44.0 2.2 

* 2-1 

2-2 45.0 O.O *Out of the scope of the present invention. 
2-3 44.9 O.2 

2-4 44.8 0.4 
2-5 44.6 O.9 TABLE 7 

2-6 44.6 O.9 Hal t Kind of 
alogen elemen O 

2-7 44.5 1.1 content in external halogen Amount of initial 
2-8 44.4 1.3 No electrode (ppm) element displacement (Lm) = A 

* 2-9 44.0 2.2 
2-10 45.0 O.O * 2-35 2 C Piezoelectric 
2-11 44.9 O.2 material could not 

be sintered. 
2-12 44.8 0.4 2-36 5 C 4S.O 
2-13 44.6 O.9 2-37 2O C 4S.O 
2-14 44.6 O.9 2-38 50 C 4S.O 
2-15 44.5 1.1 2-39 70 C 4S.O 
2-16 44.4 1.3 2-40 100 C 4S.O 

* 2-17 44.0 2.2 2-41 500 C 4S.O 
2-42 1SOO C 4S.O 

*2-43 2OOO C 4S.O 
*Out of the scope of the present invention. 2-44 5 Br 4S.O 

2-45 2O Br 4S.O 
2-46 50 Br 4S.O 

TABLE 6 2-47 70 Br 4S.O 
2-48 100 Br 4S.O 

Halogen element 2-49 500 Br 4S.O 
content in Kind of 2-SO 1SOO Br 4S.O 

internal electrode halogen Amount of initial * 2-51 2OOO Br 4S.O 
No (ppm) element displacement (Lm) = A 

Ratio (%) of change in 
*2-18 2 C Piezoelectric Amount of amount of displacement 

material could not displacement (Lm) after continuous operation 
be sintered. after continuous to initial displacement = 

2-19 5 C 45.0 No operation (1 x 10') = B |(A - B). A x 100 
2-2O 2O C 45.0 
2-21 50 C 45.0 * 2-35 
2-22 70 C 45.0 2-36 45.0 O.O 
2-23 100 C 45.0 2-37 44.9 O.2 
2-24 500 C 45.0 2-38 44.8 0.4 
2-2S 1SOO C 45.0 2-39 44.6 O.9 

*2-26 2OOO C 45.0 2-40 44.6 O.9 
2-27 5 Br 45.0 2-41 44.5 1.1 
2-28 2O Br 45.0 2-42 44.4 1.3 
2-29 50 Br 45.0 *2-43 44.0 2.2 
2-30 70 Br 45.0 2-44 45.0 O.O 
2-31 100 Br 45.0 2-45 44.9 O.2 
2-32 500 Br 45.0 2-46 44.8 0.4 
2-33 1SOO Br 45.0 2-47 44.6 O.9 

*2-34 2OOO Br 45.0 2-48 44.6 O.9 
2-49 44.5 1.1 
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TABLE 7-continued 

2-50 44.4 1.3 
* 2-51 44.0 2.2 

TABLE 8 

Halogen element Kind of 
content in halogen Amount of initial 

No device (ppm) element displacement (Im) = A 

*2-52 2 C Piezoelectric 
layer could not be 

sintered. 
2-53 5 Cl 45.0 
2-54 20 Cl 45.0 
2-55 50 C 45. O 
2-56 70 Cl 45. O 
2-57 1 OO C 45.O 
2-58 500 C 45.O 
2-59 1000 C 45.0 

*2-60 1500 C 45.0 
2-61 5 Br 45.0 
2-62 20 Br 45.0 
2-63 50 Br 45.0 
2-64 70 Br 45.0 
2-65 100 Br 45.0 
2-66 500 Br 45.0 
2-67 1000 Br 45.0 

*2-68 1500 Br 45.0 

Ratio (%) of change in 
Amount of amount of displacement 

displacement (Lm) after continuous operation 
after continuous to initial displacement = 

No operation (1 x 10') = B |(A - B)/A x 100 

*2-52 - - 

2-53 45.0 O.O 
2-54 44.9 0.2 
2-55 44.8 0.4 
2-56 44.6 0.9 
2-57 44.6 0.9 
2-58 44.5 1.1 
2-59 44.4 1.3 

*2-60 44.0 2.2 
2-61 45.0 O.O 
2-62 44.9 0.2 
2-63 44.8 0.4 
2-64 44.6 0.9 
2-65 44.6 0.9 
2-66 44.5 1.1 
2-67 44.4 1.3 

*2-68 44.0 2.2 

0238 From the tables, it can be seen that the ratio of 
change in displacement (%) rapidly increases and deteriora 
tion proceeds when halogen element content in the multi 
layer piezoelectric device exceeds 1000 ppm. When the halo 
gen element content is less than 5 ppm, piezoelectric layer 
could not be sintered and function of the piezoelectric layer 
could not be achieved. Accordingly, a piezoelectric actuator 
having excellent durability and high reliability that does not 
cause malfunction of the device can be provided as the 
amount of displacement does not substantially change even 
when the multi-layer piezoelectric device is operated over a 
long period of time, by controlling the alkali metal content in 
the multi-layer piezoelectric device in a range from 5 ppm to 
300 ppm. 
0239. This applies similarly to the contents of halogen 
element in the piezoelectric layers, in the internal electrodes 
and in the external electrodes. 
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Example 3 

0240. In Example 3, experiments were conducted simi 
larly to Example 1, by using multi-layer piezoelectric device 
having different compositions of the internal electrode. The 
results are shown in Table 9. 

TABLE 9 

Pd content Pt content Ag content Ratio (%) of change 
in metal of in metal of in metal of in amount of 
internal internal internal displacement after 
electrode electrode electrode continuous operation 
(% by (% by (% by to initial 

No weight) weight) weight) displacement 

3-1 O O 100 Destroyed due to 
migration. 

3-2 O.OO1 O 99.999 0.7 
3-3 O.O1 O 99.99 0.7 
3-4 0.1 O 99.9 0.4 
3-5 0.5 O 99.5 0.2 
3-6 1. O 99 0.2 
3-7 2 O 98 O 
3-8 4. 1 95 O 
3-9 5 O 95 O 
3-10 8 O 92 O 
3-11 9 O 91 0.2 
3-12 9.5 O 90.5 0.2 
3-13 10 O 90 0.4 
3-14 15 O 85 0.7 
3-15 20 O 8O 0.9 
3-16 30 O 70 O.9 

Ratio (%) of change in amount 
of displacement after 

continuous operation to initial 
Other metal of 
internal electrode (% 

No by weight) displacement 

3-17 Cu 100% 0.2 
3-18 CuSO.99% 0.1 
3-19 Ni 100% 0.4 

0241 The above table shows that the multi-layer piezo 
electric device was destroyed due to silver migration dis 
abling continuous operation when the internal electrodes of 
No. 3-1 were formed from 100% silver. Metal compounds in 
the internal electrodes 12 of Nos. 3-15 and 3-16 contained 
more than 15% by weight of group VIII metal and less than 
85% by weight of group Ib metal, thus resulting in increasing 
deterioration during continuous operation and decreasing 
durability of the multi-layer piezoelectric actuator. 
0242 Metal compounds in the internal electrodes 12 of 
Nos. 3-2 through 3-14 were controlled so that proportion M1 
(% by weight) of the group VIII metal and proportion M2 (% 
by weight) of the group Ib metal satisfy the relations 
0sM1s 15,85sM2s 100 and M1+M2=100. This enabled it 
to decrease the specific resistance of the internal electrode and 
Suppress heat from being generated from the internal elec 
trode even when operated continuously, thus achieving the 
multi-layer piezoelectric actuator having the amount of dis 
placement of the device being stabilized. 
0243 The present invention is not limited to the Examples 
described above, and various modifications may be made 
within the scope of the present invention. 

Examples 4 to 6 

0244. In Examples 4 through 6, multi-layer piezoelectric 
actuators comprising the multi-layer piezoelectric device 
were made as described below. 
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0245 First, a calcined powder of a piezoelectric ceramic 
material constituted from lead titanate Zirconate (PbZrO 
PbTiO) as the main component, a binder and a plasticizer 
were mixed to form a slurry which was formed into ceramic 
green sheets that would become the piezoelectric layer 11 
having thickness of 150 um by the doctor blade process. 
0246. An electrically conductive paste, prepared by add 
ing a binder to the silver-palladium alloy made with an arbi 
trary composition, was applied to one side of the ceramic 
green sheet by screen printing method to a thickness of 3 Jum. 
Then 300 pieces of the ceramic green sheets were stacked and 
fired at a temperature of 1000° C. 
0247 Then a groove measuring 50 um in depth and 50 um 
in width was formed at the end of the internal electrode 
located on the side face of the stack in every other layer, by 
means of a dicing apparatus. 
0248. Then 90% by volume of silver powder of flake-like 
particles having mean particle size of 2 um and 10% by 
Volume of amorphous glass powder having softening point of 
640° C. containing silicon as the main component having 
mean particle size of 2 um were mixed, and 8 weight parts of 
this mixture was added to 100 weight parts in total of binder, 
the silver powder and the glass powder, so as to prepare the 
electrically conductive silver-glass paste by fully mixing the 
powders. The electrically conductive silver-glass paste thus 
prepared was screen printed onto a release film. After drying, 
the paste film was peeled off the release film to obtain a sheet 
of electrically conductive silver-glass paste. Density of the 
green sheet as measured by Archimedes method was 6.5 
g/cm. 
0249. The sheet of the silver-glass paste was transferred 
onto the external electrode 15 surface of the stack 13 and was 
baked at 650° C. for 30 minutes, thereby forming the external 
electrode 15 from the porous electrically conductive material 
having three-dimensional mesh structure. Measurement of 
void ratio of the external electrode 15 by means of image 
analysis apparatus on a photograph of a cut Surface of the 
external electrode 15 showed a void ratio of 40%. 
0250. Then lead wires were connected to the external elec 
trodes 15, and DC electric field of 3 kV/mm was applied 
between the positive and negative external electrodes 15 via 
the lead wires so as to apply polarization treatment for 15 
minutes, thereby to complete the multi-layer piezoelectric 
actuator using the multi-layer piezoelectric device as shown 
in FIG. 1. 

Example 4 
0251. The multi-layer piezoelectric actuator of the present 
invention was made by the manufacturing method wherein 
device resistance and induction loss (tan Ö) of the piezoelec 
tric layer 11 were controlled. Changes in the device dimen 
sion and temperature before and after continuous operation of 
the multi-layer piezoelectric actuator were measured, and the 
relation thereof with the change in the amount of displace 
ment before and after continuous operation of the multi-layer 
piezoelectric actuator was investigated. 
0252. As Comparative Example, sample was made of 
which change in device dimension before and after continu 
ous operation of the multi-layer piezoelectric actuator 
exceeded 1%. 
0253) When a DC voltage of 170 V was applied to the 
multi-layer piezoelectric actuator made as described above, 
all the multi-layer piezoelectric actuators underwent dis 
placement of 45 um in the direction of Stacking. Operation 
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test was conducted on the multi-layer piezoelectric actuators 
by applying an AC voltage varying between 0 V and +170 V 
at frequency of 150 Hz at room temperature to carry out 
continuous operation of 1x10 cycles. The results are shown 
in Table 10. 

TABLE 10 

Resistance of internal 
electrode normalized to Amount of initial 

No. resistance of 100% silver displacement (Lm) = A 

4-1 2 45.0 
4-2 3 45.0 
4-3 4 45.0 
4-4 5 45.0 
4-5 8 45.0 
4-6 10 45.0 
4-7 5 45.0 
*4-8 10 45.0 

Change (%) in 
device Change (%) in Amount of 

temperature device dimension displacement (Lm) of 
after continuous after continuous device after 
operation (1 x operation (1 x continuous operation 

No. 10 cycles) 10 cycles) (1 x 10 cycles) = B 

4-1 O.O O.O 45.0 
4-2 O.S O.1 44.9 
4-3 O.9 O.2 44.8 
4-4 1.4 O.3 44.7 
4-5 2.3 O.S 44.5 
4-6 3.2 0.7 44.1 
4-7 4.5 1.0 43.5 
*4-8 9.O 2.0 Destroyed by thermal 

excursion. 

0254. From Table 10, it can be seen that change in device 
dimension of sample No. 4-8 made as Comparative Example 
before and after continuous operation exceeded 1, and there 
fore the amount of displacement after continuous operation 
significantly decreased. Furthermore, since local heat genera 
tion occurred in the junction between the internal electrode 12 
and the external electrode 15, the multi-layer piezoelectric 
actuator was destroyed by thermal excursion. 
0255 Samples Nos. 4-1 through 4-7 made in Examples of 
the present invention were multi-layer piezoelectric actuators 
made to control the change in device dimension before and 
after continuous operation within 1%. Thus these multi-layer 
piezoelectric actuators exhibited effective amount of dis 
placement that is required thereof, without significant 
decrease in the amount of displacement after continuous 
operation of 1x10 cycles. The multi-layer piezoelectric 
actuators also showed excellent durability without undergo 
ing thermal excursion and malfunction. 

Example 5 

0256 The multi-layer piezoelectric actuator of the present 
invention was made by the manufacturing method described 
above wherein device resistance and induction loss (tan 8) of 
the piezoelectric layer 11 were controlled. Changes in thick 
ness of the internal electrode 12 and in device temperature 
before and after continuous operation of the multi-layer 
piezoelectric actuator were measured, and the relation thereof 
with degree of deterioration represented by the change in the 
amount of displacement before and after continuous opera 
tion of the multi-layer piezoelectric actuator was investigated. 
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0257 The degree of deterioration is defined as the ratio of 
the amount of displacement after a predetermined number of 
cycles (the amount of displacement after continuous opera 
tion) of the multi-layer piezoelectric actuator to the amount of 
displacement before continuous operation (the amount of 
displacement in the initial state). This value enables it to 
examine the progress of deterioration that is caused by con 
tinuous operation of the multi-layer piezoelectric actuator. 
0258 As Comparative Example, sample was made of 
which change in thickness of the internal electrode 12 before 
and after continuous operation of the multi-layer piezoelec 
tric actuator exceeded 5%. 
0259. When a DC voltage of 170 V was applied to the 
multi-layer piezoelectric actuators made as described above, 
all the multi-layer piezoelectric actuators underwent dis 
placement of 45 um in the direction of Stacking. Operation 
test was conducted on the multi-layer piezoelectric actuators 
by applying an AC voltage varying between 0 V and +170 V 
at frequency of 150 Hz at room temperature to carry out 
continuous operation of 1x10 cycles. The results are shown 
in Table 11. 

TABLE 11 

Change (%) in 
Resistance of device 

internal Induction temperature 
electrode loss tan 8 before and after 

normalized to (%) of the Amount of continuous 
resistance of piezoelectric initial operation (1 x 

No 100% silver material displacement = A 10 cycles) 

S-1 2 O.S 4S.O O.O 
S-2 3 O.S 4S.O O.S 
S-3 4 O.S 4S.O O.9 
5-4 5 O.S 4S.O 1.4 
5-5 8 O.S 4S.O 2.3 
S-6 10 O.S 4S.O 3.2 
5-7 5 1.5 4S.O 4.5 

*5-8 8 1.5 4S.O 5.4 
*5-9 10 2.5 4S.O 9.0 

Change (%) in Ratio (%) of change in 
thickness of amount of displacement 

internal Amount of after continuous 
electrode before displacement operation to the 

and after (Lm) after initial state = (A - 
continuous continuous B)/A x 100| = 

operation (1 x operation (1 x Degree of 
No. 10 cycles) 10 cycles) = B deterioration (%) 

S-1 O.O 4S.O O 
S-2 O.S 44.9 O.2 
S-3 1.O 44.8 0.4 
5-4 1.5 44.7 0.7 
5-5 2.5 445 1.1 
S-6 3.5 44.1 2.0 
5-7 S.O 43.5 3.3 
*5-8 6.O 41.4 8.O 
*5-9 1O.O Destroyed by 

thermal 
excursion. 

0260 From Table 11, it can be seen that change in thick 
ness of the internal electrode 12 of samples Nos. 5-8 and 5-9 
made as Comparative Example before and after continuous 
operation exceeded 5%, and therefore the amount of displace 
ment after continuous operation significantly decreased, 
while the degree of deterioration increased. In sample No. 
5-9, oxidation swelling was accelerated by significant heat 
generation from the internal electrode 12, resulting in thermal 
excursion that destroyed the multi-layer piezoelectric actua 
tOr. 
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0261 Samples Nos. 5-1 through 5-7 made in Examples of 
the present invention were multi-layer piezoelectric actuators 
that were constituted to control the change in thickness of the 
internal electrode 12 before and after continuous operation 
within 5%. Thus these multi-layer piezoelectric actuators 
exhibited effective amount of displacement that is required 
thereof, without significant decrease in the amount of dis 
placement after continuous operation of 1x10 cycles. The 
multi-layer piezoelectric actuators also showed excellent 
durability without undergoing thermal excursion and mal 
function. 

Example 6 

0262 Maximum change in the amount of displacement of 
the multi-layer piezoelectric actuators having the internal 
electrodes 12 formed in different compositions, that were 
made by the manufacturing method described above, was 
measured during continuous operation, and relationship 
between the composition of the internal electrode 12 and the 
degree of deterioration of the multi-layer piezoelectric actua 
tors after continuous operation was examined. 
0263. When a DC voltage of 170 V was applied to the 
multi-layer piezoelectric actuators made as described above, 
all the multi-layer piezoelectric actuators underwent dis 
placement of 45 um in the direction of Stacking. Operation 
test was conducted on the multi-layer piezoelectric actuators 
by applying an AC Voltage varying between 0 V and V at 
frequency of 150 Hz at room temperature to carry out con 
tinuous operation of 1x10 cycles. The results are shown in 
Table 12. 

TABLE 12 

Pod content in Pt content in Ag content in 
metal of metal of metal of 
internal internal internal 
electrode electrode electrode 

No (% by weight) (% by weight) (% by weight) 

6-1 O O 1OO 
6-2 O.OO1 O 99.999 
6-3 O.O1 O 99.99 
6-4 O.1 O 99.9 
6-5 O.S O 99.5 
6-6 1 O 99 
6-7 2 O 98 
6-8 4 1 95 
6-9 5 O 95 
6-10 8 O 92 
6-11 9 O 91 
6-12 9.5 O 9 O.S 
6-13 10 O 90 
6-14 15 O 85 
6-15 O O O 
6-16 O O O 
6-17 O O O 
6-18 2O O 8O 
6-19 30 O 70 

Cu content Ni content Ratio (%) of change in 
in metal of in metal of amount of displacement 
internal internal after continuous operation 
electrode electrode to the initial state = 
(% by (% by Degree of deterioration 

No weight) weight) (%) 

6-1 O O Destroyed due to 
migration. 

6-2 O O O.70 
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TABLE 12-continued 

6-3 O O O.70 
6-4 O O O40 
6-5 O O O.20 
6-6 O O O.20 
6-7 O O O.OO 
6-8 O O O.OO 
6-9 O O O.OO 
6-10 O O O.OO 
6-11 O O O.20 
6-12 O O O.20 
6-13 O O O40 
6-14 O O O.70 
6-15 99.9 O.1 O.OO 
6-16 1OO O O.20 
6-17 O 100 O40 
6-18 O O 1.10 
6-19 O O 1.10 

0264. Table 12 shows that the multi-layer piezoelectric 
actuator of sample No. 6-1 was damaged by silver migration 
that occurred because the internal electrode 12 was formed 
from 100% silver, thus making it difficult to carry out the 
continuous operation. 
0265 Metal compounds in the internal electrodes 12 of 
samples Nos. 6-18 and 6-19 contained more than 15% by 
weight of group VIII metal and less than 85% by weight of 
group Ib metal, resulting in increasing deterioration during 
continuous operation and decreasing durability of the multi 
layer piezoelectric actuator. 
0266 Metal compounds in the internal electrodes 12 of 
samples Nos. 6-2 through 6-15 were controlled so that pro 
portion M1 (% by weight) of the group VIII metal and pro 
portion M2 (% by weight) of the group Ib metal satisfy the 
relations 0<M1s 15, 85sM2<100 and M1+M2=100. This 
enabled it to decrease the specific resistance of the internal 
electrode 12 and Suppress heat from being generated from the 
internal electrode 12 even when operated continuously, thus 
achieving the multi-layer piezoelectric actuator having the 
amount of displacement of the device being stabilized after 
continuous operation. 
0267 In samples Nos. 6-15 through 6-17, the internal 
electrodes 12 were formed by using Nias the group VIII metal 
and Cu as the group Ib metal as the main component, and 
therefore specific resistance of the internal electrode 12 could 
be kept low so as to suppress heat from being generated from 
the internal electrode 12 even when operated continuously, 
thus achieving the multi-layer piezoelectric actuator having 
the amount of displacement of the device being stabilized 
after continuous operation. 
0268. The present invention is not limited to the Examples 
described above, and various modifications may be made 
within the scope of the present invention. 

Example 7 

0269 Predetermined quantities of stock materials are 
weighed so as make a sintered material having composition of 
Pb, Ba,(Zn/Nbs),(Yb2Nb,2),(Cola.Nbs).(FesWa) 
Nb ZrosTiosal. Os (X, a, b, c, d and e are values 
Smaller than 1), and predetermined quantity of SiO is 
weighed. While the stock material contains SiO, as the impu 
rity, materials that include as less impurity as possible are 
used. After mixing the materials in wet process in a ball mill 
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for 18 hours, the mixture is calcined at 900° C. for 2 hours. 
The calcined material is then crushed in wet process by means 
of ball mill or the like. 

0270. The crushed material was mixed with an organic 
binder and a plasticizer to form a slurry which was formed 
into green sheets having thickness of 150 um by the slip 
casting process. An electrically conductive paste formed from 
90% by weight of Ag and 10% by weight of Pd was applied to 
the green sheet by Screen printing method to a thickness of 4 
um and dried. Then 20 pieces (200 pieces when measuring 
piezoelectric strain constant d) of the green sheets having 
the electrode films formed thereon were stacked, and 10 
pieces of green sheets without electrically conductive paste 
formed thereon were stacked on both ends of the stack in the 
stacking direction. 
0271 The stack was pressurized while heating to 100° C. 
So as to consolidate the stack, and was cut into 10 mm square 
shape. The Stack thus cut into the predetermined dimensions 
iwa heated to 800° C. for 10 hours to remove the binder, then 
fired at 1000° C. thereby to make the column-like stack indi 
cated as 1a. Grooves measuring 100 um in depth and 50 um in 
width in the stacking direction were formed on one side face 
of the multi-layer piezoelectric device in one layer and on the 
other face of the multi-layer piezoelectric device in the next 
layer and so on, in a staggered configuration, and the grooves 
were filled with silicone rubber as an insulator. 

0272. Then an electrically conductive thermosetting mate 
rial was formed in a band shape as the external electrode on 
the other end of the electrode that is not insulated, and was 
subjected to heat treatment at 200° C. Lead wires were con 
nected to the positive external electrode and the negative 
external electrode. After coating the circumferential surface 
of the multi-layer piezoelectric device with silicon rubber by 
dipping, a Voltage of 1 kV was applied so as to apply polar 
ization treatment to the multi-layer piezoelectric device as a 
whole, thereby making the multi-layer piezoelectric device of 
the present invention as shown in FIG. 4. Amount of displace 
ment of the multi-layer piezoelectric device under voltage 
from 0 to 200 V and piezoelectric strain constant d were 
measured. The amount of displacement was measured by 
securing the sample, that was lined with an aluminum foil on 
the top Surface thereof, on a vibration-proof bench, applying 
voltages from 0 to 200 V to the sample, and averaging the 
values measured at the center and three points along the 
periphery of the device by a laser displacement meter. Piezo 
electric strain constant d was calculated from the number of 
stacked layers in 200, displacement AL and applied Voltage 
V=200 V using the equation d =AL/n-V. 
0273 Si content was quantitatively determined by ICP 
mass spectroscopy with capability of measuring on ppm 
order. Thickness of the grain boundary layer was determined 
from TEM image. 
0274 Tendency of grains to fall off was determined by 
applying ultrasonic cleaning to the device in pure water for 
minutes and observing the Surface with a metallurgical micro 
scope thereafter. 
0275 Chronic change in the insulation resistance was 
determined by measuring the time before the leakage current 
increases reaching insulation breakdown in HALT test 
(Highly Accelerated Life Testing). The test was conducted in 
ambient temperature of 300° C. with electric field of 2 
kV/mm. 
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0276. The results are shown in Table 13. 

TABLE 13 

Composition 

1 - a - 
b - c. - 

Sample 1 - x X 8. b C d e d - e 
No. (mol) (mol) (mol) (mol) (mol) (mol) (mol) (mol) 

* 7-1 O.95 O.OS 0.08 O.O4 O.04 O.O3 O.OOS O.805 
7-2 O.95 O.OS 0.08 O.O4 O.04 O.O3 O.OOS O.805 
7-3 O.95 O.OS 0.08 O.O4 O.04 O.O3 O.OOS O.805 
7-4 O.95 O.OS 0.08 O.O4 O.04 O.O3 O.OOS O.805 
7-5 O.95 O.OS 0.08 O.O4 O.04 O.O3 O.OOS O.805 
7-6 O.95 O.OS 0.08 O.O4 O.04 O.O3 O.OOS O.805 
7-7 O.95 O.OS 0.08 O.O4 O.04 O.O3 O.OOS O.805 

* 7-8 O.95 O.OS 0.08 O.O4 O.04 O.O3 O.OOS O.805 
* 7-9 O.95 O.OS 0.08 O.O4 O.04 O.O3 O.OOS O.805 
*7-10 O.955 0.045 0.085 0.04 O.OS O.O2S O.OOS 0.795 
* 7-11 O.955 0.045 0.085 0.04 O.OS O.O2S O.OOS 0.795 
7-12 0.955 0.045 0.085 0.04 O.OS O.O2S O.OOS 0.795 
7-13 O.955 0.045 0.085 0.04 O.OS O.O2S O.OOS 0.795 
7-14 O.955 0.045 0.085 0.04 O.OS O.O2S O.OOS 0.795 

*7-1S O.955 0.045 0.085 0.04 O.OS O.O2S O.OOS 0.795 

Time 
before Thickness 

Si insulation Grain of grain 
content breakdown fall-off boundary 

No. (ppm) d33 (pm/V) (Hr) resistance layer (nm) 

* 7-1 150 802 63 C3 1.1 
7-2 90 810 110 C3 O.8 
7-3 70 814 114 C O 
7-4 50 806 123 C3 O 
7-5 30 812 130 C3 O 
7-6 10 8O1 126 C3 O 
7-7 5 793 129 C3 O 

* 7-8 3 790 124 X O 
* 7-9 O 790 118 X O 
* 7-10 200 760 32 C3 1.4 
* 7-11 100 755 56 C3 1.1 
7-12 90 758 102 C3 0.4 
7-13 50 753 100 C3 O 
7-14 10 740 106 C3 O 

* 7-15 O 734 103 X O 

0277 As can be seen from Table 13, thickness of the grain 
boundary layer exceeded 1 nm and insulation breakdown 
occurred earlier in samples Nos. 7-1, 7-10 and 7-11 where 
100 ppm or more Si content was contained. In samples Nos. 
7-8, and 7-15 where Si content was less than 5 ppm, grain 
fall-off resistance was low and fall-off of grains was observed 
after machining or ultrasonic cleaning. It can be seen that 
thickness of the grain boundary layer becomes 1 nm or less 
and the Volumetric specific resistance did not change over a 
long period of time and insulation breakdown is not less likely 
to occur even whena Voltage is applied, in case Sicontent was 
in a range from 5 ppm to 100 ppm, which was within the scope 
of the present invention. 
0278. In the manufacturing method described above, pre 
determined amount of SiO, is added because it makes it easier 
to control the composition. However, a starting material that 
includes much Si content as impurity may be used without 
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intentionally adding SiO, if Si content in the piezoelectric 
ceramic material after sintering can be controlled in a range 
from 5 ppm or more and less than 100 ppm. 

INDUSTRIAL APPLICABILITY 

0279. The multi-layer piezoelectric device of the present 
invention can be used and has excellent durability in continu 
ous operation over a long period of time under a high Voltage 
and a high pressure, as described so far, and provides very 
high value of industrial utility for applications in harsh oper 
ating environment such as fuel injection apparatus for auto 
mobile. 

1-29. (canceled) 
30. A multi-layer piezoelectric device comprising: a stack 

formed by stacking piezoelectric layers and internal elec 
trodes alternately one on another, and external electrodes 
formed on a first side face and on a second side face of the 
Stack, 

wherein one of the adjacent internal electrodes is con 
nected to the external electrode formed on the first side 
face and the other internal electrode being connected to 
the external electrode formed on the second side face; 

wherein a ratio of change in the device dimension after 
undergoing 1x10 cycles of continuous operation to the 
initial device dimension is not larger than 1%. 

31. The multi-layer piezoelectric device according to claim 
30: 

wherein a ratio of change in thickness of the internal elec 
trode after undergoing 1x10 cycles of continuous 
operation to the initial thickness of the internal electrode 
is not larger than 5%. 

32. The multi-layer piezoelectric device according to claim 
30; wherein an inorganic component is added along with the 
metallic component in the internal electrode. 

33. The multi-layer piezoelectric device according to claim 
30; wherein firing temperature of the stack is not less than 900 
nor more than 1000° C. 

34. The multi-layer piezoelectric device according to claim 
30; wherein a deviation in the composition of the internal 
electrode that is caused by the firing is not more than 5%. 

35. The multi-layer piezoelectric device according to claim 
30; wherein the internal electrode includes voids and the 
voids occupy 5 to 70% of cross sectional area of the internal 
electrode. 

36. The multi-layer piezoelectric device according to claim 
30: 

wherein a groove is formed between the end of the other 
internal electrode and the external electrode on the first 
side face, with the groove being filled with an insulating 
material and a groove is formed between the end of the 
one internal electrode and the external electrode on the 
second side face, with the groove being filled with an 
insulating material, the insulating material having 
Young's modulus lower than that of the piezoelectric 
layer. 


