Pl EZCELECTRI ¢ ELECTROSTRI CTl VE ACTUATOR HAVI NG AT LEAST ONE

Pl EZOELECTRI ¢/ ELECTROSTRI CTIVE FI LM : The - gqmt Ez i on
rel ates 'to ‘a bi-nmorph or uni-norph type piezoelectric or Q rlctlve
actuatdr. used as or for.a displacenent-controll able el enent ,

el ement notor, an ink jet ejector, areldy-a switching el erre rrera
shutter, a pri nt head, a punp, a fan or -blower, and ot her corrpo

devices. The term "actuator” wused herein is a nenber capable of

transduci ng or converting an electric energy into a nechanical force,

di spl acement or strain. . Recently, an el ement whose
di spl acenent caB3 h ;m(%c ntrol | egé}n‘ nglgtﬂlgﬁi mﬁ&o&n% eaS| ngly
needed in the Lo o e e S-S e e—e—t Srachi ni ng

oper ations, for GX4ple il PHlARhRetc ARG oTTvE FIL

Thé present invention relates to a bi-morph or
uni-morph type piézo‘electric or electrostrictive .actuator
used as or for a displaéement-édntrollable element, a solid
element motor, an ink jet ejector, a relay, a switching
element, a camera shutter, a print head, a pump, a fan or
blower, and other components or devices. The term "actuator"
used herein is a member capable of transducing or converting
an elecfric energy into a mechanica.fi. force, displacement or-

strain.

Recently, an element whose displacemeni:_ can be
controlled has been widely used and i.ncteasingly needed_ in
the fields of optics and precision positioning or machin_ing
operations, for example, for adjusting or chan_ging an
optical path length .or the position of a ‘member or component
of a device, on the order of fractions of a micron (um). To
meet this need, there have been proposed and déveloped
various piezoelectric or electrostrj.cti\;e- actuators
utilizing a piezoelectric or electrostrictive material -_such
as a ferroelec¢tric material, which exhibits the reverse or

converse piezoelectric effect or the electrostrictive



optical path length or the'position of a nmenber or conponent of a device,
on the order of fractions of a mcron ([err]m. To neet this need, there
have been proposed and devel oped various piezoelectric or

el ectrdstrictive actuators wutilizing a piezoelectric or electrostrictive
material such as a ferroelectric material, -whi ch exhibits the reverse or
converse piezoelectric effect or the electrostrictive

- 2- effect, in which the application of a voltage or electric field to
such a plezoelectrlc or electrostrictive nmateri al %Tuces a neghanlca
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to the strain perpendicu directron o
- actuator is structurally classified into a mono-morph type,

a uni-morph type, a bifmqrph type and a lamination type. The
mono-morph, uni-morph and Dbi-morph types provide a
relatively large amount of bending or flexural displacement
or deflection or distortion owing to the transverse mode of
" converse piezoelectric- oxr electrostrictive effect, namely,
due to the strain perpendicular to the direction of the
electric field produced upon application of a voltage, but
these types suffer from inherent problems such as a small
magnitude of a force generated, a loﬁ response speed, a low
level of electro-mechanical conversion efficiency, and a low
degree of operating reliability due to the use of an
adhesive for “bonding the componént: layers. On the other
hand, the lamination type utilizes the longitudinal mode of
converse piezoelectric or electrostrictive effect, namely,
the strain parallel to the direction of the electric field,
and therefore assures a large magnifude of the generated
force, a high response sgeed, and a high_ level of
electro-meéhanical conversisﬁ efficiency. - However, the
'lamination.type suffers from an ‘inherent problem that the

amount of displacement produced‘is relatively small.'-
The conventional piezoelectric/electrostrictive

actuator of the uni-morph or bi-morph type also suffers from



electric field produced upon application of a voltage, but these types
suffer frominherent problens such as a small magnitude of a force
generated, a | ow response speed, a low |evel of electronechanical
conversion efficiency, and a | ow degree_of operating reliability due to
the use of an adhesive for bonding the éoﬁponent | ayers. On the other
hand, the |amination type utilizes the |ongitudinal node of converse

pi ezoel ectric or electrostrictive effect, nanely, the strain paraIIeI to
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ype suffer rom an |nheren pro | emt hat anount “of di'sp acenent

produced i g oﬁnﬁ:’o@lteh‘(:el ¥heBRk! -or plates o€ cHONRUaA such as a

pi ezoel ectriclelectrostrictive actuator of the uni-norph or bi-norph type

al so suf f ey drillectric/electrostrictive element. - 3- a relatively’
| ow operating reliability, which arises from the use of a bonding agent

for bonding together Thwe, cothenentcoinsEitsianalpl at edeabellleetadtuat ooxrsuch
as a _ ’ - _
electrostrictive actuators have drawbacks as well as
advantages, and suffer from some problems that should be

solved.

_The present iﬁvenﬁion aims to solve these problems,
- for example to provide a pigzoelectric/electrostrictive
acﬁuator of uni-morph or bi-morph type which_does not use a
~ bonding adhesive. or cement —The actuator may give .a sufficient
amount of displacemént by application of a relatively low
voltage, with an improved response to the applied voltage.
‘Another aavantage thainable with the invention:'
.is to provide such an éétuatdr wherein’
piezoelectric/electrostrictive actuator units are formed
wiﬁh'high integration density on a substrate or support.
There 1is provided, according ¢to the
principle of the .present invention, a
piezoelectric/electrostrictive actuator coﬁprising a ceramic
substrate, and at least one piezoelectric/e1éct:ostrictive
actuétor unit formed on at least a portion of at least one
surface of o the substrate. Each

piezoelectric/electrostrictive actuator unit comprises a



piezoelgctriclelecfrostrictive el ement . Thus, t he
conventi onal pi ezoel ectric or el ectrostrictive actuators have
drawbacks as well as advant ages, and suffer from sone problens that

sheul d be sol ved. The present invention ainms to solve

t hese probl ens, for exanple to provide- a

pi ezoel ectric/electrostrictive actuator of uni-norph or bi-norph type
whi ch does not use a bondi ng adhesive or cenent The actuator nay give a
sufficient amount of displacenent hy application of iggglatkvel .l ow

vol tage, Wizstarelegkoedel £idPonst PIeERELSFHILE] Kl € rostrictive

~ Anot her advantage obtainable with the jnventip IS {0 brovigde.:su an
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Wi t igh integration densi.ty on a substrate or support. . There

is prOV|d§5;e&%@%ﬁ&%ﬁ?ﬁﬁ§aﬁé§’ principle of the present invention, a
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- and at | east one piézoel ric strictive . actuator unit forned on
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rate. pi ezoel ectric/ électrostrictive actuator unit.
conpri ses gckuator unit consists of a laminar structure as described
above provides a large amount of displacement by application
of a relative low véltage applied thereto, with a high
response to the appliéd vol%age. Further,. the laminar
pieioelectric/electrostrictive actuator units may be formed
with improved integration density on the substrate. Although
" the piezoelectric/electrostrictive actuator of the present
invehtion which includes the laminated films integrally
formed on the  substrate is more or less similar in-
construction to the conventional bulk type laminar actuator,
the present actuator is capable of undergoing a sufficient
amount of flexural or bending displacement or distortion
owing to the transversé mode of converse piezoelectric or
electrostrictive effect produced upon application of an
electric field, and generating an accordingly large force,
while assuring improved operating response.

Further, the laminar structure including the
electrode films and piezoelectric/electrostrictive film are
integrally laminated on the substrate, withoﬁt: a bonding
adhesive as conventionally used for bonding thin component
sheets of the known actuator of the uni-morph or bi—morph-

type. Consequently, the present



-4 first electrode film a piezoelectric or electrostrictive filmand.
a second electrode filmwhich are lamnated in the order of description.
The piezoel ectric/electrostrictive actuator of this invention wherein each
pi ezoel ectric/electrostrictive actuator unit consists of a |am nar
structure as described above provides 2 Targe anmount of displacenent by
application of a relative |ow voltage applied thereto, with a high
response to the applied voltage. Further, the | am nar
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actuator, resent actuator 1s capable of undergoing a sufficient

-~ amount  of lexumpa gﬁnéeagiagigggplacenpnt or distortion owng to the
transverse node of converse piezoel ectric or

The ‘laminar structure according to the present
invention permits the piez;electric/electrostrictive
actuator units to be easily formed with a relativély-high
density on the same surface of thp substrate.

According to a finding. of the applicants, for
obtaining a large amount of flexural or bending displacement
and the.accordingly large magnitude of the force generated,
the thickness of the present actuator is preferably 300 um.
or less, and more preférably 150 ym or less, and the bending
strength of the ceramic substrate is preferably at least

1200 kgf/cm?, and more preferably at least 1500 kgf/cm?.

The above and optional objects, features and
advantages of . the' present invention will be betfer
understood by reading the following.detailed description of
preséntly preferred embodiments of the invention, when
considered in conﬁéction with the accompanying drawings, in
;rhich Fig. .1 through Fig. 7 are frggmentary perspective
views illustrating different forms | of the
piezoelectric/é1ectrostrictive actuator of the preseht

invention.



el ectrostrictive effect produced upon application of an electric field,
and generating an accordingly large force, while assuring inproved
operating response. Further, the lam nar structure including the
el ectrode filns and piezoelectric/electrestrictive filmare integrally

| am nated on the substrate, w thout a bonding adhesive as conventionally
used for bonding thin conponent sheets of the known actuator of the

uni - mor ph or bi-norph type. , Consequent |y, t he
pr esent ' -5- _
pi ezoel ectric/electrostrictive actuat or has | nproved operating

reliability for a pr@efegedmer £odsef tserignd the tHesl atenehowno e

produced by the actuator is subject to a mninmum anount of drift. .
" The | am narexsmple wie tdec idizog lectidie presdectrostedcitdve aptuaikbs oft he
pi ezoel ectric/electrostrictive actuator units to be easily formed with a

rel ativel y thiggh densipnesemt he sane iswehddeongf the subherstia . a
According to a finding of the applicants, for obtaining a |arge amount of

fl exural oPiszetlertyigiedaatuastrictive actuator unit is formed .on

- one of opposite major surfaces of a generally elongate

rectangular | ceramic substrate. 2. The

piezoelectric/electrostrictive actuator unit is a llaminar

structure consisting -of a first .electrode film 4, a

piezoelectric/electrostrictive £ilm 6 and a second electrode

£ilm 8, which are inﬁegrally formed on the substrate in the

ordef of description. The: first and second .electrode films

4,_8 have respectivé terminal portions 4a, 8a which extend.

beyond the . appropridte . end face of the

piezoelectric/electrostrictive film 6. The terminal portion

8a covers a part of the end face of the film 6. In operation -

of the actuator, a voltage is applied between the first and

second electrode films 4, 8 through the terminal portions

4a, 8a. |

Fig. 2 shows ‘an _example of - the

piezoelectric/electrostrictive actuator in which two

piezoelectric/electrostrictive actuator units are provided

) on the respéctive opposite major surfaces of the substrate

2. Each portion consists of the first and second electfode

)?ilms 4, 8 and the piezoelectric/electrostrictive film 6

- sandwiched by the two films 4, 6. The:

piezoelectric/electrostrictive actuator units (4, 6, 8) are



and the accordingly |arge nmagnitude of the force generated, the thickness
of the present actuator is preferably 300 [err]m or |less, and nore
preferably 150 [err]mor |ess, and the bending strength of the ceramc
substrate is preferably at |east 1200 Kgf/cn[err], and nore preferably at
| east 1500 kgf/cnferr]. ~The above and optional objects,
features and advantages of the present invention will be better
under st ood by reading the followi ng detailed description of presently

preferred enbodi ne of, the invention en considered in c egtion with
t he acconp%g;g‘?‘r'\ u{ﬁn% ng 2T chwﬁ'rb%? hrotgh-F o argggr;%err%nt ary
' of

perspectiv V. Il lustrating di fferent forns t he
piezoelect€¥%7tﬁ%£??ostrictive actuator - of the present invention
- 6- Ref£¢d | NdikEbRbnt0 Fdimsl: 4H€7 enkS NAUARY which

includes a plurality of piezoelec;ric/électrostrictive
actuator units on the substrate 2 are illustrated in Figs. 3
‘through 7, respectively. The piezoelectric/electrostrictive
actuator units (4, 6, 8) are arranged in the direction which
is either perpendicular or‘paral}el to the major surfaces of
the substrate 2, i.e., the plaﬁé of the substrate.

In the examples of Figs. 3, 4 and 5, the plurality
of piezoelectric/electrqstrictive actuator units (4, 6, 8)
are formed in parallel with each other on the same major
surface o0of the elongate substrate 2, such that the
piezoelectric/electrostrictive actuator units (4, 6, 8) are
spaced from each other in the longitudinal direction of the
substrate 2. In the actuator of Figs. 3 and 4, the
piezoeléctric/electrostrictive aétuator units (4, 6, 8) are
separated from each other by rectangular slots 10 formed in
respective portions of the ceramic substrate 2, .each located
between the adjacent piezoelectric/electrostrictive actuator
units. The actuator of Fig. 3 has insulating films 14 which
cover a TrTear part of the exposed end face of the
piezoelectric/electrostriétive £film 6, for electrically
insulating the first and éecond electfode films'4, 8. in the
actuator of Fig. 5, the ceramic subétrate 2 has a plurality
of elongate rectangular holes 12 formed therethrough at a

suitable pitch in the longitudinal direction, so as to



exanpl e of the piezoelectric or el ectrostrictive actuator of - the

present - I nventi on, wherei n a

pi ezoel ectric/electrostrictive actuator unit is forned on one of opposite
maj or *surfaces of a generally elongate rectangul ar ceramc

substrate 2. - The piezoelect8it/electrostrictive actuator unit

is alamnar structure consisting -of a first electrode film4, a
pi ezoel ectric/electrostrictive filme6 and a second electrode film8, which
are integrally formed on the suhstrate in the_ order of description. The

first andieEippdacPdyradd&Eys 9fPeam BOHARN  23pePhi $8heAf i pBP®Pons
4a, 8a which extend, b d t he. | at d f
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vol tage i$app and” “second electro

t hrough tge ternkm% por t¢ 4a, ctrode - Hi9m 2 4 showgpe an
exanpl e of the piezoe ectric?e ectrostrictive actuator in whi ch

two piezgebgeblibetel8pbioetrbstt ¥t {6EUAIAANIMINI §S adiRd Pr @tiededsegbndhe
respective opposite major surfaces of the substrate 2. Each portion

consi sts elettgofibr gilmng.second el ectrode filns 4, 8 and the

pi ezoel éctric/electrostrictive film®6 sandw ched by t he t wo

filnms 4, 6 Ifhthe example of Fig. 6, the two piezoelectric/
electfostrictive actuator units are superposed on each other
on the same ‘major surface of the ceramic substrate 2. More
specifically, the first piezoelectric/électrostrictive
actuator unit (4, 6, 8) is formed on the substraté:z, and
the second piezoelectfié/electrostrictivé actuator unit (4,
6, 8) is formed on the first piezoelectric/electrostrictive
actuator unit, such that the two first electrode films 4, 4,.
sandwich the two pieioe1edtric/e1ectrostridtive films 6, 6
and the single common second electrode film 8, which
séparates the two films 6, 6 from each other. The two
piezoelectric/electrostrictive actuator units and the
substraté constitute an integrally formed lamination.

The piezoelectric/elecﬁrostrictive actuétor
illustrated in PFig. 7 uses a réiatively- large ceramic
substrate 2, on which .a pluralitf of
piezoelectric/electrostrictive actuator. units (4, 6, 8) are
formed in two rows parallel to the length of thé substrate,
such that the piezoelectric/electrostrictive actuator units
of each fow are disposed at desired spacing distances. Each

piezoelectric/electrostrictive actuator unit is a laminar



piezbelectric/electrostrictive actuator units (4, 6, 8) are
-7- structurally integrated with the substrate 2, by heat treatnent.
Five different forns of +the actuator which includes a plurality of
pi ezoel ectric/electrostrictive actuator units on the substrate 2 are
illustrated in Figs. 3 through 7, respext+vely. The
pi ezoel ectric/electrostrictive actuator units (4, 6, 8) are arranged in
the direction which is either perpendicular or parallel to the nmajor
surfaces of the substrate 2, i.e., the plane of the substrate, )
In the exasprestwrfe Copsisting of the thirst \and isgcond electrode films
pi ezoel ectric/electraostrictive actuator units (4, 6, 8) .are fgrggd I n
parall el whth dachaddherths t Riezoederidc/d@atrostdictiyeel ohydfe ©
substrate 2, such that, the.  piezoelectric/electrqstrictive gctugor units
(4, 6, 8) SpRAWiched  Peh %@bhtb?he%wpn Fﬁ§°%5ﬁgﬁtu5? > direction Y the
substrate 5. In.th& %gtuator of Figs. 3 and 4, the _
pi ezoel ect PEPEHRRY BRPYF et i ve act uator units (4, 6, 8) are separated from
each other by reCtanfﬂlgﬁefiggénngfEﬁgggié£be1ectric/electrostrictive
actuators as illustrated above, a voltage is applied between
the first and second electrode films 4, 8, so that the
piezoelectric/electrostrictive £film 6 is exposed' to an
electric - field. As a - result, the
piezoelectric/electrostrictive f£film 6 is subject to strains
~“due to the transverse mode of converse pi_e‘zoelectric or
electrostrictive effect produced by the electric field,
whereby- the film 6 wundergoes a flexural or bending
displacement and produces a force in the direction
perpendicular to the plane of the ceramic substrate 2.
In the piezoelectric/electrostrictiVe actuator
. constructed "according to the present invention, the
electrode films 4, 8 and the piezoelectric/electrostrictive
film 6 are formed of suitable electrode and piezoelectric or
. electrostrictive materials, so as to provide a laminar
étructure of the piezoelectric/electrostrictive actuator
unit, which is integrated, by heat freatment, with the
ceramic substfate 2 that functions as ‘an oscillating or
otherwise operating plate. Namely, the

piezoélectric/electrostrictive actuator unit is bonded to

the ceramic substrate in the fabrication process, without



respective portions of the ceramc substrate 2, each |ocated between the

adj acent” pi ezoelectric/electrostrictive actuator wunits. The actuator of

Fig. 3 has insulating films 14 which cover a rear part of the exposed end

face of the piezoelectric/electrostrictive filme6, for electrically

insulating the first and second el ectr Tilns 4, 8. In the actuator of

Fig. 5, the ceramc substrate 2 has a plurality of elongate rectangul ar

hol es 12 forned theret hrough at a suitable pitch in the |ongitudinal

direction, . @t: a '
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substrate Zapbheneib HRESEEs dof PLECPHEEE cdobgatapstrictive actuator

unit each consisting el ectrode film 4,

the piezoelectric/ etﬁggigﬂi‘,l ctivhe filgrst angdlet&beodéecomidinel ecq)ode
film 8. In the exarrple of Fig. 6, the two piezoel ectric/

el ectr ost rpiervelactubtpelatttSstrtcsiper fddimd 60nandcisecondr electimisane
maj or surface of the ceram c substrate 2. Mire

film 8 are formed on the ‘ceramic substrate 2, by a method
selected from the wvarious known f£film forming techniques,
which include thick-film forming processes such as screen
printing, coating processes ;sucp as dipping , spinning or
spraying, and . thin-film fc;rming processes such .és
sputtering, ion-plating, wvacuum vapor deposition, CVD and
plé.ting-. Although the method of forming these films 4, 6, 8
.is not limited to those i_r;dicated above, the screen print:'!.ng
anci dipping methods are preferred for forminé the
: piezoelectrié:/-electrosi:rictive film 6, since these methods
may use a paste or slurry whose major comporient consists of
a piezoelectric or electrostrictive material, so as to give -
i:he film 6 the properties de-sire_d for the actuator. The
films 4, 6, 8 may be usually patterned in a screen printing
or photolithographic process. However, the films may be.
formed to desired shapes .by removing unneceSsary portions of
the applied masses of the electrodé and piezoelectric or
electrostrictive materials, by laser machining, or slicing
or other mechanical machining process. In particular, it is
desirable to concurrently machine the ceramic éu.bstrate and
the initially applied f£films into desired shapes, by the
laser or mechanical machining process. - This process

facilitates the patterning of the



specifically, the first pi ezoel ectric/electrostrictive actuator
(4, 6, 8) is forned on the substrate 2, and the second

pi ezoel ectric/electrostrictive actuator unit (4, 6, 8) is forned ont
first piezoelectric/electrostrictive actuator unit, such that the two
first electrode filns 4, 4, sandw ch-tfid two

pi ezoel ectriclelectrostrictive films 6, 6 and the single comobn second

unit

he

el ectrode film8, which separates the two filnms 6, 6 fromeach other. The
two piezoelectric/electrostrictive  actuator units and  the
substrat e @ieroeleckris/edeskrastyicsived | a@FRakePHn. units that thare

“pi ezoel ectric/electrostrictive act.uat or LIIustraHFd uses

relativelyﬁ
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d#gd#ﬂgs, butzmﬁy be suitably determined dePending! LpchUitfe
of t fiirst and second el ecirode filns '

application of the relevant actuator. For example, the

actuator has a polygonal shape such as trianglé, square,

pentagon or hexagon, a generally round shape such as circle,

ellipse or annulus, or any speaial shapes, which include a
comb-~like or lattice-like cellular configuration, and a
combination of the two or more shapes indicated above. The
principle of the present invention can be 'advantageous]..y
embodied: - as an  actuator having two or more
piezoelectric/electrostrictive actuator units formed on the
same surface of the substrate, as illustrated in Figs. 3-7.
In particular, the comb-like arrangements of the
pPiezoelectric/electrostrictive actuator units as shown in
Figs. 3-5 are advantageous for increased intégration
densitﬁ, an& improved displacement and . force
characteristics.

Where the actuator has a relatively large number
of piezoelectric/électrostrictive actuator units on the same
substrate, the spacing pitch of the
piezoelectric/electrostrictive actuétor units.is_preferably
3000 um 6r less, more preferably 1000 uym or less, and most

preferably 500 um or 1less, so that the actuator has a

i Ve actuator



4, 8 and the piezoelectric/electrostrictive film 6 sandw ched
between- the two electrode films 4, 8, as described above.
I n operation of the piezoelectric/electrostrictive actuators as
il lustrated above, a voltage is applied between the first and second
electrode filns 4, 8, so that the pireidelectric/electrostrictive film®6 is
exposed to an electric field. As a result, t he
pi ezoel ectric/electrostrictive film®6 is subject.-to strains due to the
transverse node of converse piezoelectric or ele trostrictivg ef f ect

rg
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pi ezoel ecttic or “"el€ctrostrictive materials, so as to provide™ a ani nar

structur ecfcglb P ereehsql rifd el gelscibelaCt | ¥8odet Uahady Wi t, Whel iS

i nt egr at e y heat treatnent, with the ceramc substrate 2 that functions
as an oscCijdAlitieated Ol heWrFerent SBEpS! if:  inteBratfon witiNamhey,

the piezoelectric/electrostrictive actuator -unit is bonded to
substrate 2 after each of these films is formed, or
alternatively c;oncurrently heat-treated in one step for
integration Qith the substrate after at least two or all of
the films are formed into .a laminar structure on the
substrate 2. However, the heat—treatmgnt' is not .essential,
when the film 8 is formed by ion-plating, sputtering, vacuum
vapor deposition, CVD or plating. ~The heat-treatment
témperature for integration of the films 4, 6, 8 with the
ceramic substraté 2 is generally. within a range between
800°C and 1460°C, preferably within a range between 1100°C
‘and 1400°C. To avoid a change in the composition of the
piezoelectric/electrostrictive material during
heat-treatment. of the film 6, it is desirable to control the
heat~treatment atmosphere, by héating with the evaporation
source of the piezoelectric/electrostrictive material. Since
the first electrode film 4 is generally f.ormed directly on
the ceramic substrate 2, the bonding stafe between the first
electrode film 4 and the substrate 2 may be im;proved under
. some conditions, by interposing an intermediate film between
the first electfode film and the substrate. 'fhe "bonding

state" 1is interpreted to mean the bonding strength or



the ceram c substrate in the fabrication process, w thout

- 10 - - using a bonding adhesive. There will be described the
fabrication process of the present actuator. Initially, the
first~ electrode film 4, piezoel %tr_i c/electrostrictive film6 and
second electrode film8 are forned on"the cerami c substrate 2, by a nethod
sel ected fromthe various known filmform ng techni ques, which include
thick-filmform ng processes.such as screen printing, coating processes

such as di pping o SPiAi PeOldi fHIRANY: indRle (didFHidiEntf G REerRRACESSES
such as ‘sputtering, ion-plating, vacuum vapor deposition, CVD and

pl ating. @,%Jg,qigta,,;@ec e brefi i rifitea flaleese films 4, 6, 8 is not linited

to those indicated above, the screen printing and dipping nethods are
preferred for formimg cdfnidpi campdsition/ Bbecthesceramice stibstrétesi nce

these nethods may use a paste or slurry whose mgj or conponent consiSts of

a pi ezoel et g dve elestthenst anct oxkdentaar i al , nep-azide dginsulattiadilom 6 t he

properties desired for the actuator. The . _
dielectric material, which has a‘high value of mechanical
strength and which can be heat-treated. Preferably, the
major component of the ceramic comppsitio’n consists of at
least one material selected from among aluminum oxide,
magnesium oxide, zirconium o%ide, aluminum nitride a'nd.
silicon nitride. For the substrate to exhibit excellent
characteristics with a relatively small thickness, it is
desirable that the ceramic composition for the substrate
contains aluminum oxide or zirconium oxide as a major
component. Further, the content of silicon oxide or dioxide
(sio, si0O,) contained in +the ceramic composition is
preferably no more than 10% by weight, and more preferably
no more than 3% -by weight. The upper limit of the silicon
oxidé. or dioxide is important £for - preventing reaci.:io.n
thereof with the piezoelectric or electrostrictive material
during the heat-treatment process, which reaction influences
the characteristics of the actuator produced.

Acc‘;ording to a findiné of the appl-ic;ants., to
assure a high leirel of operating response and.- a large amount
of flexural or bending displacement or distortion, the
thickness of the ceramic substrate 2 is preferably no more

than 100 um, more preferably no more than 50 um, and most

preferably no more than 30 um, and the Young's modulus of,'



filmse 4, 6, 8 may be usually patterned in a screen printing or

phot ol i t hographi ¢ process. However, the filns may be. forned to desired
shapes by renovi ng unnecessary portions of the applied nasses of the

el ectrode and piezoelectric or electrostrictive materials, by |aser

machi ning, or slicing or other nechahFB%F‘nachining process. In
particular, it is desirable to concurrently machine the ceranic substrate
and the initially applied filnms into desired shapes, by the I|aser or

mechani cal théra g&%#xijgte p.{é) Cge%%fer;imf bé‘:rv?ece§sl.§ @?i ld"t qggzscmczt raons?t Hh?’t i ve

patterning pr ezoel'ectri C e

act uat or it 8¢t DAl ARE r Wi ' it [,0N, d@N3i {60 2

substr at e.u’Q i.a Ea/c%ﬁeaégngﬁgﬁctéﬁ%%]ﬁﬂe s%‘g%)éergo%go%f ?'gurgstglt/o}%“ of

the actuat@rgaseonetidé kgLsht 0 those illustrated in the draw ngs, but may
be suitably determ ned dependi ng upon the application of the rel evant

actuator. For exanplehetditeerdhed©Orfdiastite S NOHA suliita eI Ch i@y be

triangle, square, pentagon or hexagon, a generallyround shape such as

circle, efiredcbeforanthesfibmsany 6pedi akesifapeed o the ibstrate,
or alternatively at least one of the films ﬁay be formed on
-ﬁhe.green sheet before the green sheet is éo-fired with the
films. However, the films are desirably applied to the
sintered ceramic substrate 2, so as to minimize the
undesirable warpage or ‘bucking, and dimensional error of the
substrate.

Like the piezoelectric/electrostrictive actuator
as a whoie, the ceramic substrate 2 may have a suitable
'shape or configuration, depending upon the application of
the actuator. For example, the substrate 2 has a polygonal
shape such as triangle or square, a generally round shape
such ‘as circle, ellipse aﬁd annulus, or any special shapes
which include a comb-like or 1lattice-like shape, and a
combination of the two or more shapes'indicated above.

The electrode films 4, 8 used for the- present
piezoelectric/electrostrictive actuator may be formed of any |
electrically conductive material which can withstand a
high-temperature oxidizing. heat-treatment atmosphere; For
instance, the films 4, 8 may be formed of a single metal, an
alioy' of metals, a mixture of 'a metal -or alloy and an
electrically insulating ceramic, or an electrically

conductive ceramicf However, it is preferred that the



conb-like or lattice-like cellular configuration, and a conbination of the
two or nore shapes indicated above. The principle of the present invention
can be advant ageously enbodi ed as an act uat or havi ng t wo or
nore ‘piezoelectric/electrostrictive uator units formed on the sane
surface of the substrate, as illustratetd in Figs. 3-7. In particular,

t he conb-1i ke arrangenents of the piezoelectric/electrostrictive
actuator units as shown in Figs. 3-5 are advantageous for increased

I ntegrati densi t [ ' ‘

Chﬁ% act erﬁ(")j';‘??fcg‘?ée xXaterﬂP %%é%%é%&%‘ﬁ%ﬁﬁ%ﬁﬂ%ﬁ? Ioaf; g:{ece

nu er 0 Z tLi ectr | : . .

Ciboer  hoBLE-RELEE! BRGLRUCH MR 1 enachuthy, Wchs " sl

pi ezoel echyi T4l @t bPSirhiogiMe ¥t Uah 04118Vt Sukh Risef &I Bkdy-paB0E i r | m or

| ess, nore preferably 1000 [err]mor less, and nost preferably 500 [err]m
or less, sméPat sliledcplatdhunsalloy or platinum-palladium alloy. - 12
- consi derabl y hi gh i ntegration density of t he
The ceramic material to be added to a metal or alloy to
provide the above-indicated .mixture for the electrode fi].ins
4, 8 is preferably the same as the ceramic material for the
ceramic substrate 2 or the piezoe‘lectric or electrostrictive
ceramic .material used for thé piezoelectric/elecﬁrostr_ictive
film 6. Where the ceramic material used for the ceramic
substrate 2 is used as. an additive to the material for the
: elec':_tfode films 4, 8, the content of the ceramic material is
preferably within a rénge of ‘5-30% by volume. Where the
piezoelectric .or electrostrictive -ceramic material .is used
for the films 4, 8, the content of the ceramic material is
preferably within a range of _5-20%" by volume. It is
particularly desirable to use a mixture of thé ceramic
material for the substrate 2 and the ceramic material for
the piezoelectric/.electrostrictive film 6, as a ceramic
additive to be added to the material for the electrode films
4, 8. The use of this ceramic mixture attains the same
functions as attained by the intermediate film interposed
between- the sub.strate 2 and the electrode film 4, as
described above.
While the first and second electrode films 4, 8 of

each piezoelectric/electrostrictive actuator, unit are

suitably selected depending upon the application of the



pi ezoel ectric/electrostrictive actuator units. The el ectrode and
pi ezoel ectric/electrostrictive filns 4, 6, 8 formed on the ceramc
substrate 2 by the selected nethod as described above may be
either heat-treated in different stepséor integration with the - substrate
2 after each of these filns is forned, H “alternatively concurrently _
heat-treated in one step for integration with the substrate after at |east
two or all of the filns are formed into a | am nar structure on the

substrate 2. However,. th -LLe ' bhirplis gbedr film
8is forrreﬁcf)‘fla%%ﬁ! pH iﬁ%?gg{ﬁﬁ%%erg%g‘gé,m:\r}agiﬁ%(&\?g%g?ldlggolsﬁt|on, éc?/%'olr :

plating. The,fealehifal oy LANDSF ST Prnd 6 ahan Sfuahe films 4

6, 8 with Céram c substrate I's generally within a range between

800[ err] C and 1400[ e¢ht Goi P16 PE@EE Ve pelédtirostalgeivet pebn 61aS¢@r£¢£ and
1400[err] C. To avoid a change in the conposition of the

pi ezoel ect ghe/ phregbh®s acittaitve may betfoiméd of anylpierpelmetiric ear nent
of the film®6, it is desirable to control the heat-treatnent atnosphere,
by heati ngedethrbberteapveamaterisdumbdcll preduces strain due to the

pi ezoel ectric/electrostrictive material. Since the first electrode film4
i s gener al rpvevseepidepetecyrba effiecteptnthesabectrpstypicthveneffiefl  state
between the first electrode film4 and the substrate,2 may be i nproved
under son@scorfdell onknann i niBr pokhg HFE nt erTRKi aPéeFPPﬁ'Fﬁg'F\?rEen or

electrostrictive material may be a crystalliné_ or
non-crystalline material, a sémi-conductor material, or a
dielectric or ferroel_ectric ceramic mé.tgrial. Ftirther, the
piezoelectric or electrostrictive material may either
require é treétment for inii:ial p_olarization or poling, or
: ma& not require such a poldrization treatment. |
The " major component of the
piezoelectric/electrostrictive composition used preferably
consis_ts of lead .zirconium titanate (PZT) , lead magnesium
niobate (PMN), lead nickel niobate (PNN); lead manganese
niobate, lead antimony stanﬁate, lead titanate, barium
titanﬁte, 1ea<i niobate, barium niobé.te, or a mixture
thereof. Fufther, a matérial (such as PLZT) containing an
oxide or cdmpdund of lanthanum (La), barium (Ba), niobium
(Nb), 2inc (2Zn), nickel (Ni) and/or manganese (Mn) may be
added to the piezoelectric or electrostrictive compoéition
whose major component consisfs of P2T.
In view of  the construction of the
piezoelectric/electrostrictive. actuator according to the

present invention, the piezoelectric constant |d;,| of the



the first electrode filmand the substrate. The "bonding state" is
interpreted to nmean the bondi ng strength or

- 13 -  adhesion and the difference in the coefficient of thernal
expansion at the bonding interface. The ceram c conposition for
the ceranic substrate 2 may be either 1dn-oxi de or a non-oxide insulating
or dielectric material, which has a high value of nechanical strength and
whi ch can be heat-treated. Preferably, the nmjor conmponent of the
ceram c conposition consists of at | east oneﬁggterial sel ect ed_from anong

al uni num dR3ERE1aleiFRA | £AY okNBe PI8ZPELRFLRLE4PHECEEPRRT HERT VPt 1 4@ &nd

W th a ol IdRETF |5t rereoes Fo1fat By FasRe Fhse PRELEGPTN aY °°
composi {1 el 1HE SHORH X cA KR JMTANG e Fng | LagobT g e
Lhan 1006 P aERgE T of LR B R e 1y, B R e ©
upper i mignof #3960 Sid 1 G preferably no more than 100 um, more

preferably no more than 50 um, and most preferably_no more

than 30 um, for reducing ﬁhe required level of a voltage to

be applied to the'film 6 through the films 4, 8.

While the presently preferred embodiments of the
priezoelectric/electrostrictive actuator of this invention
have been described in detail by referénce to the drawings,

it is to be understood that the invention is not limited to

the details of the illustrated embodiments.



oxide or dioxide is inportant for preventing reaction thereof with the
.pi ezoelectric or electrostrictive material during the heat-treatnent

process, which reaction influences the characteristics W
pr oduced. According to a finding of the applica
hi gh | evel of operating response and a large anmount of flgma!ﬂ”mum«ﬂm”ml

di spl acenent or distortion, the thickness of the ceramc
preferably no nore than 100 [err]m nore preferably no nore than L5o" s
[err]m and noggapMsef erably no nore than 30 [err]m and the Young's
nmodul us of - 14 - the substrate is
preferably between 1.5 x 10[err] kg/cnferr] and 4.5 X 10[err] kg/cnferr],
and nore preferably between 2.0 x 10[err]. kg/cnferr] and 4.0 x 10 [err]
kg/cmerr]. The e griezivedechanic/led ecdnarstr istister @csuatwery be
fired before the filns 4, 6, 8 are formed on the substrate, _ or
al t er nat i \aamprdtsingasta ogerafiiche sbistratey H X.or @ ot t Heagtee®nCheet
before the green sheet is co-fired with the films. However, the filns are
desi r abl y mmﬂqe@@qtgqq{@lectrostrlctlve actuator unit formed on at
least a portion of at least one surface of the substrate,
each of said at least one piezoelectric/electrostrictive
actuator unit comprising a £first electrode fihn (4), a
piezoelectric/electrostrictive -« film (6) and a second
electrode film (8) which are laminated 'in the order of

description, wi_thout_ a bonding adhesive.

2. A piezoelectric/electrostrictive actuator
according to claim 1, wherein said ceramic substrate (2) has
a Young's modulus within a rangé between 1.5 x 10¢ kg/cm?

and 4.5 x 10°% ‘kg/cm?.

3. A piezoelectric/electrostrictive actuator
according to claim 1 or 2, which has_ a thickness of 300 um
or less, and wherein said ceramic substrate (2) has a

bending strength of at least 1200 kgf/cm?2.

4. A piezoelectric/electrostrictive actuator
according to any one io'f : é;na_i'm_s 1-3, wherein said ceramic
substrate (2) is forméd of a major component which consists

of at least one material _selected from the group consisting



sintered ceram c substrate 2, so as to mnimze the undesirable warpage or
bucki ng,” and di nensional error of the substrate. LCike the

pi ezoel ectric/electrostrictive actuator as a whol e, themmnrmlﬂlmt“““mf
2 may have a suitable shape or conflgibatlon dependi ng

application of the actuator. For exanpl’e, the substrate 2 hds & pbl ygonal
shape such as triangle or square, 'a generally round shape such as circle,
el l'ipse and annul us, or any special shapes which include a conb-like or

lattice-lidge Sﬁ'ﬁﬂﬁ‘lmﬁﬁ‘d 8x188TDi AN 1% t Bxid®, Or ziPE8nshAPESXiAdi, cat ed
above. The el ectrode films 4, 8 used for the pr esent

pi ezoel ectarllﬁ[{lq{\ﬁptdlq;&tlrdectah\de sg_q_tlwphllf&-y_dlée formed of any electrically
~conductive material which can withstand a high-tenperature oxidizing
~heat-treatnent atnosphere. For instance, the filns 4, 8 may be forned of
a single netal, an alloy of nmetals, a mxture of a nmetal or alloy and an
el ectrically |nsulat|ngS céranmmpehactrnmieleﬂtnnsﬁnmﬂﬁnwe aotdiacoxyv e

ceram c. However, it is preferred that the
- 15 - accordlng to any one of claims 1-4, wherein said ceramic

substrate (2) consists of a ceramic sheet containing no ‘more

than 10% by weight of silicon oxide. ,

6.. A piezoelectric/electrostrictive actuator
according to any one of claims 1-5, wherein said at least
one piezoelectric/electrostrictive actuator unit consists of
a plurality of pilezoelectric/electrostrictive actuator units
(4, 6, 8) which are formed on said ceramic substrate (2)
such that said piézoeléctric/electroétrictiée actuator units
are arranged in a direction perpendicular or paréllel to a

plane of said substrate.

7. A piezoelectric/electrostrictive actuator
according to any one of claims 1-6, wherein said ceramic -

substrate (2) has a thickness of nb more than 100 um.

8. A"piezoelectric/electrostrictive actuator
according to any one of claims 1-7, wherein said
piezoelectric/electrostrictive film (6) has a thickness of

no more than 100 um.



el ectrode material has a major conponent which consists of a noble netal
having a high nmelting point, such as platinum palladiumor rhodium or an
al oy such as silver-palladium alloy, silver-platinum jmmumulﬂuuu"lm
plati num pal | adium alloy. The ceram c npgerial to be adgeeitiel 4 I
alloy to provide the above-indicated mxture for the electrode fi'ink 4, 8
is preferably the sanme as the ceramic material for the ceramc substrate 2
or the piezoelegctric or elegtr rictiv ram ¢ . i for the-

pi ezoel ectric/ 'ectrostrict?Vggﬁ%PFan.%ﬁﬁgﬁg gkglggkg%ﬁ?tég? rial used for
the ceramc s -3 1WSEe Ik ; Lqal® for the

el ectrode fiIr;§¥§é€£6%€i§iﬁ%ﬁ%e%fQ§P%?ﬁgqgg#gﬁsghﬁa%%%fgﬁhﬁggapreferably
within a range gf H-cd¥%nit \LAbeFrat\@gre tdimpodieddoalagelrs Eodr '
el ectrostrictive ceramic material is used for the filns 4, 8, the content
of the ceram c foxrindmidlat I easteiotrealpiy 26ieikict rd d/a1¢e talosErid@¥ikye vol une.

It is particularly desirable to use a mxture of the ceramc material for
t he substrat e acnttdre wdrtamompndisdmigala ffdrstt kdectrode £ilm (4),

pi ezoel ectric/electrostrictive film®6, as a ceramic additive to be added
to the materi ala frirezaed esitgdia/sdectiroat rictige Hidnudd Jofandhias sesoadi ¢

m xture attains the sane functions as attained by the internediate film

i nterposed beteARGEradfe LHuFs(Ba SupPegidposede i tthdde offidens4, as

descri bed above. ) . . .
. and heat treating the assembly to integrate said

substrate and said layers into a laminate.



Wil e the first and second electrode filnms 4, 8 of each

pi ezoel éctric/electrostrictive "~ actuator, unit are suitably selected
dependi ng upon the application of ‘the - -
16 - - actuator, the thickness, of eaghiglectrode filmis generally no
nore than 15 [err]m and preferably no nore than 5 [err]m The

pi ezoel ectric/electrostrictive film6-used for the present actuator may
be f or med REEZOBLESITRISH|FIROTROSTRICANYE ACTUATOR HAVANGeri al whi ch produces
strain dugd g b6 g oI HARIRG EiEeTROEAR T CATVEN #1ReCt rost ri cti ve
effect, - 1 the—art= he—prezoerectric or

el ectrostrictive material may P&s IRichryStal l'ine or non-crystalline
material, a semi-conductor materia>og dielectric or ferroelectric
ceram ¢ gt er phbzo€lethreic/ehectpoetviteivei c ackuatdrct Apsipdingve a
material may either require a treatment for initial polarization or

pol i ng, orcermmicnot regestrateich algdl.ari zaA®dn tr 84t nentleast one The

maj or . conponent, of . .the piezoelectric/glectrostrictive
conposi ti @iqm;_e'gtéf:@r/mtrostrlctlve actuator unit formed oh at

least a portion of at least one surface of the substrate, -

each piezoelectric/electrostrictive actuator unit having a
- first electrode film (4), a pie‘zoelectric/electrostrictive
£ilm (6) and a second electrode film (8) which are laminated
in thé order of description, with the
piezoelectric/electrosﬁrictive ‘actuator unit formed .on the

- substrate by heat treatment.

FIGURE 1



consists of lead zirconiumtitanate (PZT), |ead nmagnesi um niobate (PWN),

| ead ni ckel niobate (PNN), |ead manganese niobate, |ead antinony
stannate, lead titanate, barium titanate, |ead niobate, barium niobate,
or a mxture thereof. Further, a material (such as PLZT) containing an

oxi de or conpound of |anthanum (La), bari.um (Ba), niobium (Nb), Zinc (Zn),
ni ckel " (Ni) and/or manganese (M) may bel/%dded to the piezoelectric or

el ectrostrictive conposition whose najor component consists of PZT.

In view of the construction of t he

pi ezoel ectric/electrostrictive actuat copding to the present
I nvention, the piezoelectric constant ffr e7r], of the
- 17 - material used for the piezoelectric/etectrostrictive film6 is

desirably at least 50 x 10[err][C/N] and nore desirably at |east 100 x 10
[err][C/N], for assuring excellent %§erating 80haracteristics of the
actuator. Further, the thickness of Ythe filmg is preferably no nore than

100 [err]m nore preferably nofnorelthan 50 [a&rr]m and nost pref@gably no
nore than 30 pm for reducing t ¥’Lg/
14
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be applied to the film6 through the films 4, 8. Wil e the
presentl'y preferred enbodi mnents of the piezoelectric/electrostrictive

actuator of this invention

have been described in detail by reference to

the drawings, it is to be understood that the inventionis not limted to

the details of the illustrated

- 18 - CLAI MS:

actuator conprising a ceranmc
pi ezoel ectric/electrostrictive
of at |east one surface of the
pi ezoel ectric/electrostrictive

enbodi nent s.

2/ p|ezoelectrlc/electrostrlctlve
substrate (2), and at |east one
actuator unit formed on at |east a portion
substrate, each of said at |east one
actuator unit conprising a first el ectrode

film(4), a piezoelectric/electrostrictive film (6) . and a second
el ectrode film (8) which are lam nated in-the order of description,
w t hout a bondi ng adhesj ve.

FIG.3
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2. A piezoelectric/electrostrictive actuator according to claim1l1, wherein
said ceram c substrate (2) has a Young's nodulus within a range between
1.5 x 10[err] kg/cnferr] and 4.5 x 10[err] kg/cnferr]. 3.
A piezoelectric/electrostrictive actuator ~ according to claim1 or 2, which
has a thickness of 300 [err]m or Iess,3?5d wherein said ceramc substrate
(2) has a bending strength of at |east 00 kgf/cnferr].

4. A piezoelectricl/electrostrictive actuator according to any one of
clainms 1-3, wherein said ceramc substrate (2) is forned of a mgjor
conponent which consists of at IeF/@e ter| aI sel ected fromthe group
consi sting - of al um num oxi de,
nmagnesi um oxi de, zirconium oxide, alum num ni tr| de and silicon nitride.

5. A piezoelectric/electrostricti ve a%)t uat or accor digg to any one of
clainms 1-4, wherein said ceramc -
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substrate (2) consists of a ceram c sheet containing no more t han 10% by
wei ght o6f sil.icon oxide. 6. A '

pi ezoel ectric/electrostrictive actuator according to any one of clains
1-5, wherein said at |east one piezoelectric/electrostrictive actuator
unit consists of a plurality of piezoelectric/electrostrictive actuator
units (4, 6, 8) which are fornmed on saftddcerani c substrate (2) such that
sai d piezoelectric/electrostrictive actuator units are arranged in a
direction perpendicular or parallel to a plane of said substrate.

7. A piezoelectric/electrostrictive actuator according to any.one of
clains 1-6, wherein said ceramc substrate (2) has a thickness of no nore
than 100 [err]m .. 8. A piezoelectric/electrostrictive
actuator according to any one of clains 1-7, wherein said

pi ezoel ectric/electrostrictive film(6) has a thickness of no nore than

100 Perr]m . /:i/CB.lé;
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- 20- 9. A nmet hod of maeking a piezoelectric/ electrostrictive
actuat orf conprising assenbling on .a ceranic substrate (2) conponent |ayers
for formng at |east one piezoelectric/electrostrictive actuator unit
conpri'sing a first electrode film(4), a piezoelectric/electrostrictive
film(6) and a second electrode film (8) superinposed in that order, and

heat treating the assenbly to integrate5gaid substrate and said | ayers
into a | am nate.
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