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PIEZOELECTRIC DEVICE

0s BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a plezoelectric

device for converting an lnput mechanical gquantity into

'an output electrical quantity, and vice versa.

0 .2, Dascription of the Related Art

' As generally known in the art, piezoelectric

devices are typically used to convert an input mechanicai

stress into an output electric charge (voltage) and also

to convert an input electric voltage inte an output

15 mguhanical distortien.

In the latter case, the device

15 somatimes called as an alectrostrictive device.

The tarm "plezoelectric device" as used herain is to be

interpreted in its bxecadest sense, as encompassing an

electrostrictive device as well.

Similarly, the term

20 "plezoelectric material" as used herein is to be

interprated in its broadest sense ag encompassing an

electrostrictive material as well.

When the output of

the plezoelectric device is a mechanical distortion,

such distortion can be used to genefate mechanical force, .

3 digplacement or vibration,

“‘—‘——~——“__h___‘_chventionally, piezoelect:ic devices have been
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used for various purposes. For example, in the field of
optics or precision engineering, there is a progregsive
demand for actuators capable of adjusting lengths and/or

positions of the optical path on s sub-micron order, or

 for sensors capable of detecting a f£ine maechanical

displacement, There have been various proposals
directed to such demands in cenjunction with application
of plaezoelactric devices., Specifically, there is known
‘unimerph- or bimorph-type plezoelectric device whieh
.undergoes bending or flexural deformation upon
‘application of an input electyrical voltage, and which
can be used for ink djet pr;nting heads. acoustic
radiators (i.e., loudspeakers and.the like), vibrators,
eﬁc. The unimorph~ or bimorph-type plezoeleotriea davice
can also-be ugsed to convert a bending or flexural
deformation into an sleetrical voltage, e.g., a8 a
microphone or sensor. With réference, for example, to
‘ink jet printing heads ineluding a unimorph- or bimorph-
type piezoelectric device, in view of customers' or end
users' requirement for a high-quality and high-speed
printing performance, it is highly desirable to realisze
a high density piezoélectric device having a minimized
size, which operates at a low driving voltage and vet
provides a satisfactory response characteristic and an
operational reliability.

For realizing the above-mentioned desired
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properties of the piezoelectric device, because the
substrate in the zegion of each piezocelectric transducer
functions as a diaphragm, it has been generaliy. | |
considered necessary for the entire substrate to have

a reduced thickness, In many instanges, howevei, the
reduced thickness of the substrate as a whole cannot be
achieved without lowering the mechanical strength of the
substrate. Thus, in order to simultaneously satisfy the

seemingly incompatible requirements for the reduced

,thickness and a satisfactory mechanical strength of the

substrate, U.8. Patent No. 5,210,455 assigned to the
assignee of this application discloses an improved
plezoelectric device which includes a locally thin-.
walled substrate and piezoelectric transducers formed
on, and integrated with the thin~walled regions ofithe .
substrate. | |

As particularly disclosed in U.S. Patent
No. 5,210,455, the locally thin-walled substrate may be

formed by laminating & relatively thick green sheet of

a first ceramic layer having window-like ocpenings
therein, and a relatively thin green sheet of a second

ceramic layer without such openings. After integrating
the two ceramic layers by firing to form the substrate,

the openings in the first ceramic layer cooperate with

the second ceramic layer to define cavities having thin-

walled bottom walls which are constituted by the second
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céraﬁ;c layer, Furthermore, the piezoelectric
transducers may each include a firet electrode }ayer,

a plezoelectric layer and a second elesctrode layer which
are sequentially laminated with each'other. The

85  plezoelectric transducers are arranged on those outer
surface regions of the substrate opposite to the
relevant cavities, and are integrated with the substrate
by firing.

! . The plezagelectric davice according to the zbove-

1o mentioned proposal proved to ba highly advdntageous in

‘that the locally thin~walled regions of the substrate
opposite to the respective plezoeleotric transducera
make it possible to acbieve.a'satisréctory operation of
the transducexs, and further in.that the remaining,

13 relatively thick reglon of the substrate serves to
realize a sufficient mechaniecal strength of the
substrate as a whole.

' Nevertheless, it would be highly desirable to

provide a further improved piezoelectric devics which is
fm superioz in the'opezatianal characteristics, and.which

yet retains the above-mentioned advantages. Having thus

conducted thorough sxperiments and investigations based

on the piezoelectric device disciosed in U,s. Patent

No. 5,210,455, the inventors reached a recognition that

% a eignificant improvement can be achieved by carefully

taking into consideration the physical and/or chemical
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i nput nechani cal quantity#into an output electrical quantity, and vice
versa. 2. Description of the Related Art As generally known in the
art, piezoelectric devices are typically used to convert an I nput
nechanlcal stress into

properties, structure and behavior of the substrate and
the piezoelectric transducers at or near the thin valled
:egiohs of the substrate. | |
Pirst of all, in the plezoelectric device
8 according to the inventors' earlier proposal, the
gubstrate and the piezoelectric transducer are genetally
composed of materials which are different in the chemical
composition and hence .in the coefficient of thermal
' expansion., Thus, duriné manufacture of the piezoelectric
10 device, in particular during cooling which follows the
' gintering for forming the piezcelectric trahsducp; on
the substrate or the firing for integxating the
substrate and the piezoelec¢tric transducer, undesirable
residual stresses tend to be caused in the piezoelectric
15 .tﬁgnsduaer, which may deteriorate the operational
characteristics of the device as a whole. According to
a recognition reached by the inventors, a highly
iﬁproved plezocelectric device can be realized by
effectively compensating for the difference in shrinkage
20 of the materials for the substrzate and the piezoelectric
transducer.
Furthermore, in the plezoelectric device
according to the inventors' earlier proposal wherein a
commen substrate is provided with an array comprising
] a plurality of plezoelectric transducers, when

neighbsuring transducers are simultaneously actuated, it
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vol tage into an out put chani cal distortion. In the latter case, the
device is sonetines caIIed as an electrostrictive device. The term
piezoelectric device" as used herein is to be interpreted in its broadest
sense, as enconpassing an electrostrictive device as well Simlarly, the
term piezoelectric materi-al” as used herein is to be interpreted inits
br oadest sense as enconpassing an el ectrostrictive material as well. \Wen
the output of the piezoelectric device is a nechanical distortion, such
di stortion can be used to generate nechani@l force, displacenent or

vi brati on.

is often difficult to achieve a sufficient amount of
displacement of the thin~walled reglons of the substrate
in a direction perpendicular to the genefal éurface of
the substrate, and a satisfactory voluminal change of the

8 cavity. laesides, the operation of the transducers may
be affected by the operation of adjacent transducers,
making it difficult to uniformly achieve a desired
displacemant amount of thé thin-wallaed regions of the

1 gubstrate. According to anéther recognition reached by

10 the inventors, a highly improved plezoelectric davice

'\ can be realized by eliminating or suppressing undesired
interaction of the neighbouring transducars.
Specifically, it has been confirmed that when
the plezoelectric device according. to the inventors!

s earlier proposal is used, for example, as an actuator
'fof an ink jet printing head, there may be lnstances
wherein the.ink £11led within the cavity cannot be
discharged with a sufficient amount or at a high'speed,'
or wherein it is difficult to achieve a satisfactory

22 printing quality. According to still another
recognitio# reached by the inventors, significantly

" improved ink discharge characteristics can be achleved

. by realizing a sufficient displacement characteristic of
the piezoeiectric transducer and a satisfactory
35  voluminal change of the cavity. It has also been
recognized that a significantly improved printing

\'_
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“For exanple, in the fieldiof optics or precision engineering, there is a
progressive demand for actuators capable of adjusting |engths and/or
positions of the optical path on a sub-mcron order, or for sensors capable
‘of detecting a fine mechanical displacenent. There have been vari ous
proposals directed to such demands in conjunction with application of
pi ezoel ectric devices. Specifically, there is known uni norph- or
bi mor ph-type pi ezoel ectric device which undergoes bending or flexural
def ormati on upon application of an input el @etrical voltage, and which can
be used for ink jet printing heads, acoustic radiators (i.e..

| quality can be realized by eliminating or minimizing
fluctuation in the displacement characteristics of the
plezoelectric transducers and hence in the discharge
amount and apeed of ink.

- 08 DISCLOSURE OF THE INVENTION

The present inventlon thus contemplates to
provide a.highly improved piezcelectric device cn the
basis of the above~mentioned recognitions.

) It is a primary object of the present invention
1 to prbvide a hiéhl# improved piezoelectric device which
+ makes it possible to achieve a sufficlaent displacemeht
amount of the thin=walled region of the substrate and
a satisfactory voluminal change of the cavity.
It is another object of- the present inveatlion |
13 to provide a highly fhproved piezoelectric devise whioh’
is capable of effectively relieving the stregses in the
piaezoelectric transducer, whlch may arise from the
diffexence in shrinkage of the substrate and the
piezoelectric transducer due to the difference in the
20 coefficient of thermal expansion of the materials, or
from the shrinkage of the piezoelectric transducer upon
sintering of the t:ahsducer on the substrate.

It is still another object of the present

invention to provide a highiy improved piazocelectric
25 device provided with an azray compfising a plurality of

piezoelectrie transducers, which ls capable of

. This Sheet Has Been Replaced
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-pi ezoel.ectric device can %l so be used to convert a bending or flexura
deformation into an electrical voltage. e.g.. as a mcrophone or sensor.
Wth reference, for exanple, to ink jet printing heads including a

‘uni nor ph- or bi norph-type piezoelectric device, in view of custoners' or
end users' requirenent for a high-quality and hi gh-speed printing
performance. it is highly desirable to realize a high density piezoelectric
device having a mnimzed size, which operates at a low driving voltage and
yet provides a sat--isfactory response char&leterl stic and an operati onal

reliabiity.

eliminating or suppressing undesired intezaction of the
neighbouring transducars. '
' B:iefly stated, the plezoelectrle device

according to the prasent invention comprises a ceramic

%  substrate with an outer surface anﬁ an inner surface, of
which the inner surface is locally formed with at least
one cavity which is defined by at least one peripheral
wall and a bottom wall having a reduced thickhess.

' The device further comprises at least one £ilm-type
1 plezocelectric transducer which is formed integrally with
' the substrate and arranged on the outer surface opposite

to the bottom wall. The outer surface of the substrate
has a thick-walled region adjacent to ana surrounding
the peripheral wall of the cavity.. The thiek-walled

13 region is formed with at least one groove which extehds'
along the peripheral wall of the cavity. The groove has
a depth which is greater than the thickhess of the
bottom wall. The grque is arranged so as to permit
simultaneous d;splacements of the bottom ﬁall and- the

20 thick-walled region between the caviﬁy and the groove,
to thereby cause a voluminal change of the cavity.

- The above-mentioned arrangement of the
piezbeleat:ia device according to the present invention
features the formation of at least one groove in the

2 relatively thick-walled reglion of the substrate adjacent
to and surrounding the peripheral wall 6f.the cavity.

\.
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-devi ce, because the substfate in the regi on of each piezoelectric
transducer functions as a diaphragm it has been generally considered
necessary for the entire substrate to have a reduced thickness. In many
instances, however, the reduced thickness of the substrate as a whole
cannot be achieved w thout |owering the nechanical strength of the
substrate. Thus, in order to sinultaneously satisfy the seem ngly

i nconpati bl e requirenments for the reduced thickness and a satisfactory
mechani cal strength of the substrate, U S- ®atent No. 5, 210.455 assigned to
t he assignee of this application discloses an inproved piezoe-

Bacause the groove extends along the periphefal wall of
the cavity and has a depth which is greater than the
thickness of the bottom wall of the cavity, it is
" possible to provide a higher compliance of the relatively
0  thick-walled substrate region adjécent to the pexipheral
wall of the cavity, with which tbe'thin—walled reglions
of the substrate can be readily deformed upeon firing
- shrinkage during manufacture of the device. Therefors,
' despite the difference in the coefficlent of thermal
¢ expansion of ths materials for the substrate and the
‘\ piezoelectric transducer, the transducer during
manufacture of the device can be subjected to the 2iring
shrinkage in a relatively unrestricted sense, thereby
‘minimizing the residual stresses..in the transducer and
15 a:suripg{a highly improved ocperational characteristics -
of the device,

Moreover, when the piezoelectric device
accb:ding to the present invention includes an array of
piezoeleétiic transducers formed on a common substrate,

20 the groove in the relativély thick-walled region of the
substrate can be advantageously situated between
neighbouring transducers to provide a low vibratien
transmissibility of the substrate between-adjacent
transducers., This serves to effectively eliminate oz

25 suppress undesirable interaction_of crosstalk between

the transducers, and makes it readily possible to
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-pi ezoel ectric transducer® forned on, and~i'ntegrated with the thin-walled
regions of the substrate. As particularly disclosed in U S. Patent No.
5.210, 455, the locally thin-walled substrate may be forned by |am - nating
a relatively thick green sheet of a first ceramc |ayer having w ndowlike
openings therein, and a relatively thin green sheet of a second ceramc

| ayer without such openings. After integrating the two ceranic |ayers by
firing to formthe substrate, the openings in the first ceramc |ayer
cooperate with the second ceram ¢ |layer td@define cavities having

uniformly achieve a desired amount of displacement of
the thin=walled regions of the subatrate in a direction
perpendicular to the generﬁl surface of the substrate,
B . DESCRIPTION OF THE DRAWINGS
0s The present invention will noew be explained in
further detail,'by referring te the accompanying |
drawings in which:
Flg. 1 is a perspective view showing the
' plezoelectric dévice according to a first embodiment of
0 the preésent invention; | |
' Figs. 2A and 2B are sectional views taken along
the line 2-2 in Fig. 1;
Fig. 3 s an exploded perspective view showing
one example of a multi-layered substrate of the device;
13 s - Pig. 4 is a sectional view taken along the line’

4~4 in “ig. 3:
Figs. SA and 5B are mectional views showing the

operation of known piezoelectr;c device;
Figs. 6A, 6B and 6C are sectional views showing
2¢ the pieéoelectric device according to a second
embodiment of the present invention;
Fig, 7 is a sectional view showing the
piezoelectric device according to a thixd embodiment of
. the present invention;
H Fig. B is a sectional view showing the
piezoelectxic device a fourth embodiment of according to
-
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- Furthernore, the piezoel#ectric transducers nmay each include a first
el ectrode | ayer, a piezoelectric layer and a second el ectrode |ayer which
are sequentially lamnated with each other. The piezoel ectric transducers
~are arranged on those outer surface regions of the substrate opposite to
the relevant cavities, and are integrated with the substrate by firing.
The pi ezoel ectric devi ce according to the above-nentioned proposal proved
to be highly advantageous in that the Iocg%ly thin-wal | ed regi ons of the
substrate opposite.to the respective piezoel'ectric transducers nake it

possible to

the present invention;
Fig. 9 is a sectional view in Enlarged scale,
showing the detalled arrangement of the piezoelectrig
_ transducer in the embodiment of Fig. 8; and
03 Flg. 10 is a perspective view showing the
arrangement of the piez2celectric device with which
- axperiments waere conducted,
For the sake of convenience, same reference
numerals are usad throughout the entire figures to
1 denote same or equivalent elements.
DETAILED DESCRIETION OF THZ PREFERRED EMBODIMENTS
Referring now to Figs. 1 to 4, there ls shown
a firat embodiment of the unimorph~type piezoelectric
device according to the present invention, which is
15 denoted as a whole by reference numeral 1. The
piezoeiecttic device 1 includes a locally thin-walled
oeraﬁic substrate 2 and a plu:ality'oi piezoelectric
transducers 3 arranged on the upper surface of the
substrate 2. More particularly, the.substrata 2 has
u a pluraiity of thin-walled regions 2a and the
piezoelectric transducers 3 are arranged on the thin-
walled regiens 2a. The substrate 2 has a plurality of
closed cavities 4 therein, each defined by a closure
wall 2b on the lower surface side of the substrate 2,
12 peripheral walls 2c in the substrate 2 and a bottom wall

on the upper surface side of the substrate 2, of which
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relatlvelﬁ1ﬂnck regi on of t he substrate serves to realize a
suf fici'ent mechanical stréngth of the substrate as a whol e. '

the bottom wall is constituted by the thin-walled zegion
2a of thae substrate 2. The bottom wall 2a functions as
a diaphragm of the piezoelectric transducer 3 in |
oparation of the device 1. The substrate 2 has
relatively thick-wélled regions 24 adjacent to the thin-
walled reglons 2a, where it is formed with grooves 5
sach arvanged to extend along the peripheral wall 2e of
the cavity 4 and to open at the upper surface of the
substrate-z._ '

As shown in Fig, 2A, the plezoelectric

v transducers 3 may be formed integrally with the

substrate 2 by an ordinary film-formation process to be
more fully.descriﬁed hereinafter, wherein a lower
electrode layer 3a, a film-shaped-piezcelectric layer 3b
and an upper electrode layer 3¢ are seguentially
laminated one above the other. As further shown in
Figs. 3 and 4, the substrata 2 may be formed by known
1amination process, wherein a lower green sheet 21
providing the closure wall 2b of the substrate 2,

an iﬁtermediate grean sheet 22 formed with window-like
-openings 222 corresponding to the cavity 4, and a thin~
wallad upper ﬁzeen gsheet 23 providing the bottom wall 2a
of the cavity 4, are seguentially laminated one ahove
the.other and subjected to a sintering to form

an integrated substrate'z (Fig. 4).

The particulars of the three green sheets 21,

\
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22, 23 forming the integrated substrate 2 will be

explained below, with reference to Figs. 3 and 4. The
upper green sheet 23 has £lat¢ reglons 23a co::espondind
to the bottom walls 2a of the substrate 2, and slit~like
opanings 23b extending through the upper green sheet 23
in the direction of ite thickness, The intermediate

green sheet 22 has, besides the window=like openings

22a, slit~like grooves 22b with their bottoms situated
clogsa to the lower green sheet 21, The upper green
sheet 23 and the intermediate green sheet 22 are
shperimposed with each other so that the slit-like
openings 23b in the upper green sheet 23 and the slit-

1ike grooves 22b in the intermediate green sheet 22 are

- brought inte alignment with each-other to form the

grxoove. 5.in the substrate 2. When the p;ezoelect.ic
device 1 is used as an actuator for an ink jet pr;nting'
head, the lower green sheet 21 may have through-holes

2la to be used as'an inlet which is in communication

- with an ink reservelr and/or as an outlet which is in

communication with a discharge nozzle,
Wwith further reference to Pigs. 3 and 4.

assuming by way of example that the cavity 4 has a sguare

contour, the groove § in the subatrate 2 has a length L

which is at least 1/8, preferably 1/4 or more, of the
length of the longitudinal edge of the cavity 4.

Furthermore, as shown in Fig. 2A, the groove 5 has
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a dapth Dy which ié substanﬁially éame &8, or greater
than the thickness t of the thin-w#lled bottom wall 2a
of thélcavity 4, and which preferably gatisfiea the
following equation (1): '

Dy 2 (¢t + D2/3) coe (1)
where Dy is the depth of tha savity 4. More prefer#bly,
the depth Dy of the groove 5 satisfies the following

aquation {(2}):

Dy 2 (t + 2 x Da/3) ... (2)
Advantageously, the éroove S has a width W, as
a8lsc shown in Fig. 2A, which is determined such that the
width W2 of the thick-walled region 2d measured betweén

- the side wall of the groove 5 and the opposite periphetal

wall 2c of the cavity 4 is within-a range between 20 zm
and 200 p4m, preferably between 20 gm and 100 gm. When °
the width W2 of the thick-walled region 2d 1is less than
20 4m, the atiffness of the thiek-walled region 24 is
often excessively lowergd, making it difficuit.to
effectively indﬁce the desired vertical displacement of
the bottom wall 2a of the cavity 4 and thereby achieve
an efficient voluminal change of the cavity 4. Moreover,
cracks or the like defects tend to oceur in the thick-
walled region 2d during formation of the groove 5,
making it Aifficult to improve the manufacturing'
productivity of the piezoelectric device. When, on the
other hand, the w;d“h W2 of the thick- walled region 24

\
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"pi ezoelectric device whi h s superior in the operational characteristics,
and which yet retains the above-nenti oned advantages. Havi ng thus conduct ed
t hor- ough experinents and investigations based on the piezoelectric device
‘disclosed in U'S. Patent No. 5.210.455. the inventors reached a recognition
that a significant inprovenent can be achieved by carefully taking into
consi deration the physical and/or chem cal properties, structure and
behavi or of the substrate and the piezOeIe%%ric transducers at

is more than 200 #m, it becomes often Qifficult teo
achleve a sufficient stress relaxation during firing of
the piezoelectzic £ilm layer, and hence to_effectively'
improve the ﬁrOperties of the plezoeslectric material,

% Moreover, due to the increased stiffness of the thick-
walled region 24, it bacomes difficult to achieve
a éufticient lateral displacement of the peripheral wall
2c of the cavity 4 thereby to enable a large voluminal

1 change of the cavity 4.
v "It has to be noted in this connection that the
\ above-mentioned preferred range of the width W2 is
applicable also when two or more grooves 5 are formed in
each thick-walled region 24 of the substfate 2. |

The grooves S5 may have a-square creus—section

15 ag shown in Flgs. 2A and 4,'or octher appropriate cress-’
section such as V-shaped or trapezoid crxoss=section.

As for the thickness of the thin-walled zégioa
2a of the substrate 2, i.e., the bottom wall of the
cavity 4, which functions as the diaphragm of the’

20 wpiezoalect:;c transducer 3, in ordeyr to provide an
improved high-speed response characteristie and a high
conversion efficiency of the transducex 3, the thin-
walled region Za.has a thickness which is pzéferably
50 4m or less, more preferably 30 4 oF less, and

2 further more preferably 10 u.m or less,

The piezoelecotric devicé 1 according to the

e
This Sheet Has Been

Hllllﬂ i Iﬂ!



[ RECEIVED 82/62 19:84 1996 AT 5330694 PAGE 20 (PRINTED PAGE 28) 1 . .
or near thiel th’%7“‘fTé%“P%“ﬁéﬂ§"Bf t he substrate. lest o? all, in the
*pi ezoel ectric ‘device accordlng to the invehtors' earlier? proposal, the
substrate and the piezoelectric transducer are generally conposed of
materials which are different in the chem cal conposition and hence in the
‘coefficient of thermal expansion. Thus, during nmanufacture of the
pi ezoel ectric device, in particular during cooling which follows the
sintering for form ng the piezoelectric transducer on the substrate or the
firing for integrating the substrate and the piezoelectric transducer,
undesirabl e residual stresses tend to be c€dfised in the piezoelectric trans-
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present inventlon includes groeve 5 in the relatively
thiok-walled region 24. of the mubstrate 2 adjacent to
and surrounding the periphezal wall 2¢ 6f the cavity 4.
It is therafore posaibla to provide a higher compliance
05 of the relatively thick—walied substrate region 24
adjacant to the paripheral wall 2c of tha cavity 4, with
which the thin-walled regiona 2s of the substrate 2 ecan
be readily deformed.Upon firing shrinkage during
 manufacture of the device 1. This means that the

W  transducer 3 during manufacture of the device 1 can be

' subjected to the firing shrinkage in a relatively
unrestricted sense, thereby minimizing the residual
straesees in £he transducer 3 and éssuring a highly
improved operational characteristics of the device 1.

15 As a result, it is possible to provide improved
characteristics of the transducer 3, inecluding the
relative dielectric constant, and to more fully make use
of material properties which are inherent to the
plezoeleatric material, | |

20 As oan be further appreciated from Flg. 2B,
formation of tha gfooves 5 in the thick-walled regions
2d of the substrate 2 ensures that the diaphragm of the
plezoelectric transducer 3 constituted by the bottom
wall 2a of the cavity 4 can be sufficiently displaced

28 ?ertically toward the closure wall 2b, simultaneocusly

inducing lateral displacements of thes opposite
- T : .
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- as a whol e. Accordlng toga recognition reached by the inventors. a highly
| nproved pi ezoel ectric dévice can be realized by effectively conpensating
for the difference in shrinkage of the materials for the substrate and the

-pi ezoel ectric transducer. Furthernore, in the piezoelectric device
according to the inventors' earlier proposal wherein a common substrate is
provided with an array conprising a plurality of piezoelectric transducers,
when nei ghbouring transducers. are sinul- taneously actuated, it is often
difficult to achieve a sufficient amount p&7djsplacenent of the thin-walled

regi ons of the

peripheral walls 2c toward the center of the cavity 4.
A resultant higher compliance of the diaphragm of the
piezoelectric transducer 3, in combination wiéh the
lateral displacements of the opposite peripheral walls
% 20, permits a rapid veluminal dhange of thé cavity and
serves to provide a significantly increased discharge
amount of ink from the cawvity 4. |
Moreover, when the plezoelectric device 1 |
1+ agoording to the present invention includes an array of
0 piezoelestric transducers 3 formed on a common substrate
' 2, the grooves 5 formed in the telatively thick-walled
regions 24 of the substrate 2 and situated between the
adijacent transducers 3 provide a2 low vibration
tranamissibility of the substrate-2 between the adjacent
15 transducsrs 3. The grooves 5 thus serve to effectively’
eliminate or suppress undesirable interaction or
crosstalk between adjacent transducers 3, and to make it
readily possible for the thin-walled reglons 2a of the
subatrate 2 to achieve a uniform amount of the desired
10 vertical displacement. Furthermore, even when
neighbouring t:anséucera 3 are simultaneocusly actuated,
the groove 5 serves to absorb tensile forces between the
transducers to thereby minimize the fluctuation in the
vertical displacement. amounts of the diaphragms.
“ 25 For the sake of comparison, Figs, SA and 5B

schematically illustrate the operation of the
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“substrate, and a satisfa@ ory vol une change. of the cavity. Besides, the

operation of the transducers may be affected by the operation of adjacent
making it difficult to uniformy achieve a desired

“di spl acenent anount of the thin-walled regions of the substrate.

transducers,

to anot her recognition reached by the inventors, a highly inproved -

pi ezoel ectric device can be realized by elimnating or suppressing
undesired interaction of the neighbouring transducers. Speci fically,
has been confirnmed t{hat when the piezoel eclBi-c device according to the

I nventors' earlier proposal

10

1%

%

plesoelectric device according to the above-mentioned
U.S. Patent No, 5,210,455, which is provided with
a Plurality of piezoelectric transducers 31,.32 on
a ceramio substrate 2 having open cavitiea 4 which are
not closed by a closure wall on the lower surface side
of the substrate 2.

As shown in Fig. 54, when only the .
piezoelectric transducer 31 is actuated, the bottom wall

2a of the substrate 2 undergoes a vertical displacement

. which is assisted by siight lateral displacements of the

thick-walled regions 24 forming the opposite peripheral
walls 20 of the gavity 4, Bowévex, when adjacent
piezcalectric transducers 31, 32 are simyltaneously

actuated, as can be appreciated. £xom Fig. 5B, the

~ lateral forces applied to the thick-walled region 2

between these traneducers 31, 32 are cancelled with each
other, thereby giving rise to a tendency of more or lasgs
impeding the desired vertical displacements of the
bottom walla 2a of the substrate 2. The vertical
displacement amount achieved by the diaphragm of the

trangducer in guch operational state is reduced, as

compared to the situation when a single transducer bnly

is actuated.

When the piezoelectric device according to the
present invention is used, e.g., as an actuator, for

an ink jet printing head, an insufficient vertical

_— T
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i s used, 36-02-08KEAHAPH: SUGEIUEM PARRMIat or for an ink jet printi ad, there
- may be instances mhereinﬁthe ink filled wthin the cavity cannot be
di scharged with a sufficient anount or at a high speed, or whéerein it is
difficult to achieve a satisfactory printing quality. According to stil
- another recognition reached by .the inventors, significantly inproved ink
di scharge characteristics can be achieved by realizing a sufficient
di spl acenent characteristic of the piezoelectric trans- ducer and a
sati sfactory volum nal change of the cavity. It has al so been recognized
that a significantly inproved printing quak®ty can be realized by _
elimnating or mnimzing fluctuation in the displacenent characteristics.
of the pie-
digplacemant amount of the diaphragm often results in
4 low ink discharge amount. It has been further found
that the different displacement amount of the diaphragm
‘depanding upon the operational state of the device tends
%  to cause fluctuation in the ocperational characteristics
of the davice, Morecver, due to the rigidity of the
thick-walled region 24 between adjacent transducers 31,
32, there may be caused an undesirable interaction or
1 grosstalk between the transducers. These problems are
19  more significant when the substrate 2 of the device 1
\ has & higher rigidity due to the formation of closed
cavities which are closed by closure walls like that
shown in Fig. 2A. _
The present invention thus provides a unique
i  solutioo for the above-mentioned problems, by forming at
least one groove 5 in the thigk-walled region 24 of the
caramic subgtrate 2,
A second embodiment of the unimorph-typs
piescelectric device according to the présent invention
1 4is shown in Figs. 6A, 6B and 6C, which is similar to,
and directly comparable with the known device shown in
Figs. S5A and SB, in that the substrate 2 has open
cavities 4. Formation of the grooves 5 in the thick~
walled regions 2d of the gsubstrate 2 makes it possible
25 to provide a higher compliance of the diaphragm 2a ané
. a resultant increased amount of its vertical displace-
—_— T _
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DI SCLOSURE OF THE | NVEN$ ON The present invention thus contenpl ates
to provide a highly inproved piezoel ectric device on the ba5|s of the
above- nenti oned recognitions. .

ment in operation of the device. As can be appreciated
from Figs. 6B and 6C, the grooves 5 hetween adjacent
transducers serve o efféetively suppreés interaction or
crosstalk between the transducers, and the vertical
66 digplacement amount of the diaphragm 2a can be uniformly
maintained substantially uninfluenced by the operational
state of the device, l,e., regardless of whether one
transducer only is agtuated (PFig. 6B) or adjacent
i transducers are simultanecusly actuated (Fig. 6C).
0 A third embodimant of the unimorph-type
' piezoeleét:ic device accordinq to the presant invention
is shown in Fig. 7, in which each thick-walled region 24
of the substrate 2 is relatively wide and formed with
two grooves %a, Sb of which tha-depth {8 greater than
15 the thickness of the hottom wall 2a of the cavity 4,
This embodiment effectively provides an improved
compliance of the diaphragm 2a of the piezoelectric
transducer 3, particularly when a plurality of
transducezs 3 are arranged on the substrate 2 with
1 a relatively wide pitch. | ' |
A fourth embodiment of the unimorph-type
plezoelectric device according to the present invention
is shown in Figs. 8 and 9, which is also provided with
the grooves 5 in the thick-walled regions 2d of the
a5 substrate 2. This embodiment is similar to the device
, disclosed in the applicanﬁs' gopenQing U.S. Patent |
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suf ficient displacenent ‘anount of the thin-walled region of the substrate

and a satisfactory vol une change of the cavity. It is another object

of the present invention to provide a highly inproved piezoelectric device
which is capable of effectively relieving the stresses in the piezoelectric
transducer, which may arise fromthe difference in shrinkage of the
substrate and t he piezoelectric transducer due to the difference in the
coefficient of thermal expansion of the negjy .

1]

10

18

i

ThsSh

o
\\\\\\\\\\\\\\\\\\\\\\\\\

Application No. 08/208.939 or European Patent
Application No. 94 301 £33.7, of which the disclosure ig
here inuorpo:ited-by reference,

' More particularly, as shown in Fig. 9, the
piezcelectric device 1 according to the illustrated
embodiment includes piezoelactric transducers 3 of which
the piezoelectric layer 3b has a dimension which is
gufficient to substantially completely cover the lower

aelectrode layer 3a. The plezoelectric layer 3b has at

. least one edge 11 in the form of an extension protruding

beyond the lower electrode layer 3a, which is at least
locally incomplately bonded to the ceramic substrate 2,
ag shown at 12, The term 'incomplete bond" as used
herain refers to a spacific bonded state between the
ceramic -substrate 2 and at 1éast one edge 1l of the
piezoelectric layer 3b, which ailows the plezoeleckric
layer 3b to undergo a substantially unrestricted
movament relakive to the substrate 2. Adjacent to the
edges 11 of the piezoelectric layer 3b, there méy'be
provided buffer resgin layereg 13 between the upper
electrode layer 3c and the substrate 2, 8o as to provide
a smooth and flexible connection of the upper electrode
layer 3c to the substrate 2 and thereby protect tha
upper electrode layer 3¢ from possible damages due to
impact or vibration during the production of the device

or in the use condition.
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sintering o "the’ transduger on the substrate. It is still another

obj ect of the present in¥ention to provide a highly inproved piezoelectric
device provided with an array conprising a plurality of piezoelectric
transducers, which is capable of elimnating or suppressing undesired

I nteraction of the neighbouring transducers. The piezoel ectric device

according to the present invention is set out in claiml. The

arrangenment of the piezoelectric device according to the present i nvention
~features the fornatlon of at | east .29 .

| The abova-méntioned arrangement of the
plezoelect:ic_device.l shown in Flgg. 8 and 9 makes it
readily possible to manufacture the piezoelectric device
with an improved produativity, because it is not
%  necessary to precisely align the edges of the
piezoelectric layer 3b with those of the_lower alectrode
layer 3a. The edges 11 of the pilezoelectric layer 3b of
the device 1 shown in Figs. 8 and 9 sexve to avoid
' short~gircuit between the lower and upper alectrode
v layers 3a, 3c. Moreover, the incompletely bonded
' regions 12 between the ceramic substrate 2 and the edge
1l of the piegoelectric layer 3b protiuding-beyond the
lower elegtrode layer 3a allows the piezoelectric layer
3b to be moved relative to the substrate 2 in an
1S unrestricted sense. It is thus possible to achieve
satisfaﬁto:y reliability and functions of the device,
e.9., ganaration of large force or displacement} or of
high output voltage level. _ |
.It should be noted that the present invertion
¢ may also be épplied to a.piezqelectric device which
includes a single piezoelectric transducer formed on the
substrate.' In this instance also, formation of the
grooves in the thick-walled regions of the substrate
_ aéjacent to the thin-walled bottom wall of the cavity
2s serve tb provide a higherhcomplianca.of the bottom wall

and hence significantly improved operational

_\.
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onte groé@'é’ZTW‘P’rié"r"éF‘é&'E_Vél VTF'Hi ck-wal | ed region of the substrate adjacent
to and surrounding the fferipheral wall of the cavity. Because the groove
extends al ong the peripheral wall of the cavity and has a depth which is
greater than the thickness of the bottomwall of the cavity, it is possible
- to provide a higher conpliance of the relatively thick-walled substrate
regi on adj acent to the peripheral wall of the cavity, with which the
thin-wal | ed regions of the substrate can be readily deformed upon firing
shrinkage during manufacture of the devicegg Therefore, despite the
difference in the _

characteristics of the device.

In 6rde: to realize highly improved operational |
charaateristics of the piezoelectric device according to
the present invention, the subgtrate 2 preferably

% comprises zirconium oxide as a main component, having
a crystal phase that has been completely or partially
stabllized preferably by the additiohﬁof ﬁt lsast one
compound selected from a group consisting of yttrium
+ oxide, cerium oxide, magnesium oxide and calcium oxide.
w : The amount ¢f the additives reguired for
v partially or completely stabilizing the zirconium oxide
as described above may be 1-30 molk for yttrium oxlide,
6-50 moly for cerium oxide, and 5-40 molk for the
magnasium oxide and calcium oxide. As for yttrium oxide
15 in particular, the amount is preferably 27 moly, more
prefurably'2-4 mols, because the_zi:conium oxide added
with the yvtezrium oxide of such amount has a partially
stabilized crystal phase and thus exhibite particularly
excellent substrate characteristica.
21 A preferred method of forming the ceramic
substrate 2 with at least one cavity is to prepare
a first green sheet having a desired thickness and at
least one window-like opening formed by using a suitable
mold, punching with a suitable die, or machining
a3 process, such as ultrasonic machining. A second,

relatively thin green sheet is further prepared to have
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thickness which corresponds te that of the thin-ﬁalled
region of the substrate. The second green sheet is
superimposed on the firat green sheet under predetermined
tamperature/pressure condition, and then fired and

%  integrated with sach other.

The material for the ceramic substrate 2 may .
contaln a sintering aid, such as clay or the like.
In this case, at lesast ihsofar as the second green sheet
+ for the thin~walled region 2a is conecerned, it is
10 desirable to adjust the composition and amount of the
\ sintering aid so that at least the sintered thin-walled
region of the substrate does not contain a vit:oﬁs
materdal such as silicone oxide, boron oxide, phosphorus
oxlde, germanium oxide, by an amount of 1% or more.

18 This is because an excesgive amount of vitrous material
often xesults in undesirable reaction of the substrate
material with the piezoelectric material during the heat
freatment, making it difficult to control the
composition of the plezoelectric material,

20 In the case of ceramic substrate 2 wherein the
cavity ¢4 for defining the thin-walled region 2a has
a2 generally sguare contour, it is advantageous for the
cavity 4 to have dimensions which are determined such
that the length of the cavity is 2-20 Eimes largezr than

35 its width. Furthermore, for assuring a'sufficient

amount of displacement or force to be generated by the
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plezcelectric transducer 3, the transducer 3 is formed
on the thin-waliad reglion 2a of the substrate 2 over
an area which preferably corresponds to 50-95% of the
wldth of the cavity 4.

s In order.that the ceramio substyate 2 which has
been formed as ekplained above permits satisfacktory
operational charactaristics of the plezoelectric
transducer 3 formed thereon, it is ad#anﬁageous to

+ control the surxface roﬁghness Ra of the =aubstrate 2 to

10 ba within a range of 0.03~0.9 am. In this instance,

\ . the distortion or stress occurring in the piezoelectric
transducer 3 can be effectively transmitted to the
substrate 2 having the above-mentioned range of the
surface roughness Ra, and vice versa, Such a control of

18 the surface roughness Ra is also effeactive to assure
a high mechanizal stzéngth of the relatively thin
substrate.

The graeen sheet for the ceramic substrate 2 may
ba subjected to sihtering at a temperatuxe of 1,000°C to

20 1,B00°C prier to formation of the plezocelactric
transducer 3. Alternatively, the green sheet for the
ceramic substrate 2 may be subjected to a suitable film~
formation process to form the piezcelectric transducer 3
and then sintered. Formation of the piezoelectric

28 transducer 3 on the previocusly sintered ceramic

substrate 2 is often desirable in view of minimization'
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pi ezoel ectric transducerg the transducer during manufacture of the device
can be subjected to the ¥iring shrinkage in a relatively unrestricted
sense, thereby mnimzing the residual stresses in the transducer and
- assuring a highly inproved-operational characteristics of the

- - 26 -

of warp in the £inal produet and dimensional accuracy of
the piezoelectrla tramsducer 3.
The groove 5 in the thick-walled region 24 of
the substrate 2 may be formed either in the green sheet
- 8B before tha sintering step or in the already sintered
substrate, by various methods. For example, the groove
may be formed in the sintered substrate by an
appropriate piocess such as lager beam process, electron
' beam process, slicing, blasting and ultrasonic process.
0 Furthermore, the groove may be formed in tha green sheet
' by press ozr punching with a8 suitable die. The groove
formation process may be carried out either before or
after the formation of the film-type plezoelectric
transducer. Among others, the laser beam process is
15 . particularly suitable in that formation of grooves with
a relatively compiicated shape can bé carried out in
a faclilitated manner. 1In this instance, it is
advantagecus to pay a particular attention to the proce#s
conditions so as to minimize thermal stress duiing the
20 groove formation process, and thereby prevent formation
: of.cracks in the ceramiec substrate, From such
a viewpoint, it has been confirmed that az suitable laser
ig a NA-YAG laser having a Gausslan or normal energy
distribution in the beam and using a TEM 00 sing;e mode

25 resonance.

Advantageously, for forming the groove in the -
_ —_—
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s

present invention |ncI an array of piezoelectric trans- ducers forned
on a common substrate, the groove in the relatively thick-walled region of
t he substrate can be advan- tageously situated between nei ghbouring

. transducers to provide a low vibration transmssibility of the substrate
be- tween adjacent transducers. This serves to effectively elimnate or
suppress undesirable interaction or crosstal k be- tween the transducers,
and makes it readily possible to unlforn1y2?ch|eve a desired anDunt of

di spl acenent of the

thick=-walled reagion of the caramic substra£e in
gccordance with the present invention, the laser beam
process is performed by controlling the laser beam width
to be 140 ne or less, preferably 100 ns or less, by

%  carrying out a pulsation control by means of a Q=wswitch
at a'fzequency of 3.6 kHz, for axample, by concentrating
the laser beam diametsr to be S0 sm or less, preferably
within a range of 5-lD.pm, by means of an-appropriate

« concentration lens_aystem, and by performing the proces;

W at a speed of 50 mm/serc or less.

) The piezoelectric transducer 3 on the ceranic
substrate 2 comprising the electrode layers 3a, 3c and
the piezoalectric léyar 3b may be formed by a suitable
film~formation process known, per se. That is to say,

15 the film-formation proceess which may be applied to form
the piezoeleciric transducer 3 of the device 1 according
to the present invention includes a thick-film formation
process such as screen printing, spraying, dipping or
coating, and a thin-film formation process such as ion

@ beam method, sputtering, vacuum vapor deposition, ion
plating, chemical vapor depositicn (QVD}'or plating.

In particular, the thick-film formation process can be
advantageonusly applied to form a £ilm-1ike éiezoelectric
layer. This is because the thick-film formation process

23 makes it readily possible to form a film on the ceramic

substrate by using a paste or slurry whose major

This Sheet H

Hllllll .

PAGE 31 (PRINTED PAGE 31} ] . 35800508 * 31/ 82



PAGE 32 (i AINTED PABE 32) 1 ..o 0o00 4 32/ 92

RECE[VED EZ/DZ 19 39 1556 AT 5330694
thi No walSheid- 287 et é‘fﬁ‘{‘gé Wit rate in a direction perpendicular to the
general surface of the sEbstrate. BRI EF DESCRI PTI ON OF THE DRAW NGS

The present invention will now be explained in further detail, by referring
to the acconpanyi ng drawi ngs i n which: Fig. 1is a perspective Vi ew
- showi rig t he plezoelectrlc device according to a first enbodi ment of the

pr esent I nven-

- 28 .

component 1s powder of piezoelectric ceramic material,
In this instance, when the powder of Piezoeleotrio
ceramic material has an average partiele size within
a range of 0.0l um to 5 um, prefarably 0.05 um to 3 pm,
% it is readily possible to realize sxcellent operational
characteristics of the piezdelectric device. While the
pattezrn of such a £ilm mﬁy be formed by screen printing
method or photolithography meﬁhed, the pattern may aleo
; be formed by removing unnecessary regiohs of the film by
lo ' lager cutting, slicing, ultrasonic machinlnq or other
v suitable machining process.

The present invention is not limited to the
specific construction, shape and/or pattern of the
piezoelectric transducer illustxateé in the'drawings.

18 For example, depending upon the utility of the |
piezoelactfic device, the transducer may have
triangular, rectangular or other polygonal shape,
cirocular, elliptical or annular shape, comb— or lattice-

like pattern, or any combinatlon of these shapas_and/or

0 patteras. .

_ The electrode layers 3&, 3¢ and the
ﬁiezoelect:ic liyer 3b formed on the ceramic substrate 2
by a selacted method as explained above may be either
heat—-treated in different steps for integration with the

24 Substrate each time a layer has been formed on the
substrate, or simultaneeusly heat-treated in a single
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tion;, S-Fig%: “Q‘AP’ér?HG'gf“af%“%ct i onal views taken alond’TNeline 2-2 in
- Fig. 1; Fig. 3 is arexpl oded perspective view showi ng one exanple of a
nul ti-1layered substrate of the device: . Fig. 4 is a sectional view taken
along the line 4-4 in Fig. 3: Figs. 5A and 5B are sectional views
- showi ng the operation of known piezoel ectric device; Figs. 6A, 6B and

6C are sectional views show ng the piezoelectric device according to a
second enbodi nent of -
-29.

step for integration with the substrate after all the

layers have been formed into a laminated structure on
the subatrate. When these methods are applied to
manutactﬁre the piezoelactric devlice as shown in Fige. &
05 and 8, it is possible to {ncompletely bond the edges of
the plezoelectric layer 3b to the ceramic substrata 2.
When a film-formation process ig used ﬁo form the
electzrode layers on the substxate or piezoelectric
+ layex, it is not alﬁays a prerequiqite condition to
0 carry out the heat-treatment for integrating the £ilm
) léye:a with thé substzrate or plezoelectrie layer. Thus,
for example, in order to provide an anhanced insulation
between the two electrode layers 32, 3c on both sides of
the piezoelectric film layer 3b;--there may be instances
15 whe:ein;a coating of insulation resin of the like is
provided on the periphery of the transducer 3, or
wherein dummy synthetic resin layers 13 as shown in
Fig. 8§ are formed on the ceramic substrate 2, before
formation of the upper electrode layer 3c., In these
2 cases, the upﬁer electrode layer 3¢ is preferably formed
by a process which does not require heat-treatment.

- The heat treatment tempezrature suitable for
integrating the £ilm layers 3a, 3b, 3o of the
piezoelectric transducer 3 and the ceramic substrate 2

25 is generally within a range of 800-1,400°C, preferably
1,000-1,400°C. When the plezoelectric fllm layer 3b is
-
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the Presesiz+iaventspansue INURA BAGENT7 s a sectional view shoWtfY*the
pi ezoel ectric device accgrding to a third enbodi nent of the present

i nventi on:

# 34/ 82

Fig. 8 is a sectional view showi ng the piezoelectric device

a fourth enbodi nent of according to the present inven- tion; Fig. 9
-is a sectional viewin enlarged scale, showi ng the detail ed arrangenent of
t he piezoelectric transducer in t he enbodi nent of Fig. 8: and
- 80 -

03

]

20

28

subjected to a heat-treatment, in order to stabilize the
composition of the piezoelectric'material and avoid
undesirable change in the aémpositian in & high
temperature.condition, the heat-treatment is preferably
performed while controlling the atmosphere by heating
the vaperization source of the plezoelectric material as
well. It is also advantageous to use a method of firing
the pieéoelectria £ilm layer while it is covered by

a sultsble cover member for praventing a direct exposuré

_ of the plegzoelactric film layer to the firing

atmosphere, In this cage, the cover member consists
preferxably of a material whieh is similar to the ceramic
substrate material,

The lower and upper electrode layers 3a, 3c of
the plezoelectric transducer 3 may be formed of any
electrically conductive material whioh can withstand the
oxidiaing £iring and the heat-treatment atmosphere at
a considerablf high temperature condition as explained
above. Thus, the electrode layérs may be farmed of
a single metal, an alloy of metals, a mixture of metal or
alloy with an electrically insulating ceramic material.'
e.g., Ti03, Al203, 2x0Q3, etc., or an electrically '
conducti#e ceramic material, However, it is'prefe;able
to use an electrode material whose ﬁajor component is a
noble metal having a high melting point, such as '

platinum, palladium, or rhodium, or an alloy such as

—_—
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device with which expergnents were conduct ed. For the sake of.
conveni ence, sane reference nunerals are used throughout the entire figures
to denote sanme or equival ent el enents.
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silver-palladium, silver~p1atinum, platinum-~palladium or
the like., It is more praferable to use a cermet
material of platinum and the ceramic material for the
gubstrate, a cermet material of platinum and the ceramio

05 material for the substrate and the plezoelectric
material for the piezoelectric f£ilm layer, in viaw of
aﬂ improved adhésion of the electrode layers to the
plezoelectrie £ilm layer and/or the ceramic substrate.

, Among others, it is more preferable to use a material

i having a major component which comprises a platinum.

As for additive materials to be added to the
electrode material, use of vitrous material such as
silicon oxide should be avoided because such material
tends to react with the plezoeleatric material during.

13 the heat-treatment thereby deteriorating the character~
istics of the plezoelectric device. The amount of the
#ubstrate material to be added to the electrode material
is preferably 5-30% by, volume, and the amount of the
piezoslectric material to be added to the electrode

26 material is preferably §-20% by volume,

The electrode layers 3a, 3¢ consisting of
a conductive material as mentioned above may have
a thickness of 20.#m or lese, preferably 5 um oxr less.
The piezoelectric layer 3b may be formed of any
g5 plezocelectric material which exhibits a relatively large

amount of field-induced strain or displacement when
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Figs. 1 to 4, there is stffown a first enbodi ment of the uni norph-type
plezoe}ectrlc devi ce according to the present invention, which is denoted
as a whole by reference numeral 1. The piezoel ectric device 1 includes a
locally thin-walled ceram ¢ substrate 2 and a plurality of piezoelectric
transducers 3 arranged on the upper surface of the substrate 2. Mire
particularly, the substrate 2 has a plurality of thin-walled reglons 2a and

t he piezoelectric trans-

applied with a voltage, due to the piezoelectric effect.
The piezocelectric material may be either a orystalline
material or an amorphous material, and may be a semi-
conductive material or a dielectric or ferroelestric

% ceramlic material. PFurthermore, the plezoelectric
material may either require an initial polarizatiaﬁ oz
poling treatment or may not regquire such treatment,

?éeferably, however, tha piezaelectric
,materials which can be used in the present lnvention has

10  a composition whose major compoﬁent is lead zirconate
;titanate {P27), ;ead magnesium niobate (PMN), lead
nickel nicbate (PNN), lead manganese niobate, lead
antimony stannate, lead zinc niobate, lead titanate,
lead zirconate or a mixture or solid seolution thereof,

18 Furthermare, the piezoelectric materials indicated |
above, whose major componen£ is PZT or the like, may be
added with a suitable amount of additives comprising
an oxide or compound of lanthanum, barium, niobiunm,
zine, ceriuﬁ, eadmium, chromium, cobalt, antimeny, iron,

20 yttrium, tantalum tungsten, nickél, manganese, lithium,
strontium, calecium, and/or bismuth, so as to obtain
a material whosé major component is PLZT. However,
addition of vitrous material such as gilicon oxide
should be avoided, since lead contained in the

»s piezcelectric materials such as P2ZT tends to react with

the vitrous material, making it difficult to achieve
\\

This Sheet 4

- i



_ REI B2_19:11 1996 AT 5330694 PAGE 37 (PRINTED PAGE 3V) 1 ..
dUEErS Besirtet %P?éﬁ@b&”%ﬂ“%‘h%’”ﬁhl n-wal | ed regions 2a. The' Yo M ate 2 hasta’
plurality of -closed cavi#ies 4 therein, each defined by a closure wall 2b

on the |ower surface side of the substrate 2, peripheral walls 2c in the
substrate 2 and a bottomwall on the upper surface side of the substrate 2.

. of whieh the bottomwall is constituted by the thin-walled region 2a of the
substrate 2. The bottomwall 2a functions asa di aphragm of the

pi ezoel ectric transducer 3 in operation of the device 1. The substrate 2

has relatively thick-walled regions 2d adj acent to the thin-walled regions

2a, where it is formed with grooves 5 each3%rranged to extend along the
peripheral wall 2c of the cavity 4 and to open at the upper :

a desired composition of the pilezcelectric film layer,
thereby causing undesirabple fluastuation aﬁd
deterioration of the operational charaocteristlcs of the
plezoelectric device,

03 ' _ among the piszoelectric materials indicated
above, it is preferable to use a material of which the
major component comprises a mixture_of lead magnesium
niobéte, lead alrconate and lead titanate, or a mixtura

' of lead nickel nicbate, lead magnesium nicbate, lead

10 zirconate and lead titanate. It is particularly

' advantageous to use a plezoelectric material of which
the major component comprises a mixture of lead
magnesium nicbate, lead zirconate and lead titanate.
Such a piezocelectric material has-a particularly low

15  reactivity with the substrate material during the heat-
treatment, and is thus free from segregation of its
components, Therefore, & suitable treatment for
maintaining the ccﬁposition serves to readily realize
a desired composition or erystal structure.

20 Purthermore, in the embodiment shown in Figs. B andls,
it becomes possible to maintain the edges éf the
piezoalaatric layer 3b protruding beyond the lower
electfode layer.Sa in such an incompletely bonded state
with the ceramic substrate 2 for assuring a proper

33+ operation of the piezoelectric transducex 3. Moreover,

such a plezoelectric material has a particularly high
-
This Sheet Has Been. Rep

[T



s Uk REFEWED P2 fﬁ}é%éhbﬁfsﬁ&tsm P ATENT As"‘*“%o%”’f“r%"“. o oA t he:35BEE8R| ectric # 38/ 92
transducers 3 may be forffed integrally with the substrate 2 by an ordinary
filmformation process t% be nore fully described hereinafter, wherein a

| ower el ectrode layer 3a, a fil mshaped pie- zoelectric layer 3b and an

> upper electrode |layer 3c are sequentially |am nated one above the other. As
further shown in Figs. 3 and 4, the substrate 2 may be formed by known

~lam nation process, wherein a | ower green sheet 21 providing the closure

wal | 2b of the substrate 2. an internediate green sheet 22 formed with

w ndow- | i ke openi ngs 22a corre- « 34 -

plezoelectric constant, and caﬁ be used as & material
suitable for forming the piezcelectric film layer by the
above-mentioned thiek~£film formation p:ocess'such as
screen printing, spraying, dipping, coating and the like.

08 ‘Wnile such multi-component piezoelectric
material has a plezoelectrio characteristic which varles
depending upon the'compositlon of components, a three-
component matexial composed of lead magnesium niocbate,

' Jead zifconate and lead titanate, which can be suitably
i used in the inventien, preferably has a composition in
' the vicinity of phase boundavies of a pseudo-cubic

crystal phase; a tetragonal crystal phase and
a rhombohedral exystal phase. To assure sufficiently
high piezoelectric constant and"électromechénical

15 coupling factor, it is particularly advantageous to use’
a composition containing 15-50 mols of lead magnesjium
niobate, 10-45 mols of leaﬁ zirconate and 30-45 mols of
lead titanate, |

The plezoelectric t:ansducer_comprisipg the

20 elactrode layers 3a, 3: and the piezoelectric film layer
3b described above generally has a thickness of 100 aum
or less. To assure a relatively large amount of
displacament at a relativeiy low voltage, the _
plezoelectric £ilm layer 3b has a thickness which $s

2 preferably 50 um or less, more preferably within

a range of 3-40 um.

—_—
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2a of thé cavity 4, are sequentially | am nated one above

the other and subjected to a sintering to forman integrated substrate 2

(Fig. 4).

04

10

15

20

a3

In unimorph~ or bimorph-type piezoeleskric
devices utilizing the transverse effect of the field-
induced strain, wheh the plezoelectric material requires
a poling treatment, it is é general practice to perform
the treatment by applying a voltage between the upper
and lower elestrodes. In the case of the above-
mentioned film-type plezoelectric device as in the
present invention, it is pﬁeferable to parform the

poling treatment with the upper electrode £ilm layer

_used as a positive electrode. That is to say, in the

case Of the plezoelegtric layer formed in accordance
with the presént invention, stresses generated in the
plezovelectric layer during the sintering or heats
treatment tend to form domaing or- orientations in

a direction along the pollng direction, which make it
possible to subsequently perform an effective poling
treatment,

In order to confirm the advantageous functions
of the present znvent;on, comparat;ve experiments have
been carried out with a series of samples of the
piezocelectric device, each having a substrate with
cavities and five piezoelectric transducers 3A, 38, 3¢,
3D and 3E of the same specificat;on, 2a shown in
Fig. 10. The particularé of these'specimens are as

follows.,

Comparative sample S; has open cavities such as
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that shown in Figs. SA and 58, and does not include
groovea in the thick-walled regions of the substrate.
Comparative gample Sz has closed cavities |
clogsed by a cleosure wall such as that shown in Pigs. 2A
% and 2B, and does not include grooves in the thick-walled
regions of the substrate.
Comparative sample S3 has open cavities and
includes shallow grooves in the thick-walled regioné of
' the substrate, wheréin each groove is arranged between
10 addacent transducers and has a depth which is
\ aubstantially same as the thickness of the thin—walled'
reqioﬁ of the substrate.
Sample of the invention $4 has closed cavities
and include grooves in the thick~walled regions of the
15 substraté, as shown in Figs. 2A #nd 2B, wherain each
groove is arranged between adjacent transducers and has
a depth of 100 um which is greater than the thickness
of the thin-walled region of the substrate.
sample'of the invention S5 has closed cavities
20 and ihclude grooves in the thick-walled regions of the
substrate, as shown in Figs. 2A and 2B, wherein each
groove is arranged between adjacent transducers and has
a depth of 50 sm which is greater than the thickness of

the thin~walled region of the substrate.
25 sample of the invention Sg has closed cavities

and include grooves in the thick-walled regions of the
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substrate, wherein two grooves are arrénged between
adjacent transducers as shown in Pig. 7, each having
a ﬁepth of 100 .m which is greater than the thicknessa
of the thin-walled region of the substrate.
Each sample includes a substrate comprising
a layer zorming'the peripheral wall of tha cavity and
having a thickness of 150 um, which may be combined
with & closure wall of a thickness of 150 um, wherein
' the thickness of the thin—walled'region is 10 um.
In the first Place, using the comparative
! samples 8; and 83 and the sample of the invention 54,
which were operated at the input voltage of 30V, the
vertical displacement or deflection and relative
dielactric constant were measured--with respecf to the
plezoalectric transducer 3C arranged at the centexr of
the substrate. The measurement of the vertical
displacement amount of the center transducer 3C has been
carried out using a laser Doppler-type vibrometer, The

result of the measurement is shown in Table 1 below.

Table 1
Type of | Vertical Displacement [Relative Dielectric
Sample {um) Constant
8 0.29 2,700
82 0.2} 2,500
84 0,28 3,400

-_—
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Thmsm I“ggpﬁpﬁ‘zﬁggﬁtsﬁ@ﬁﬁﬁ%ﬂsgr eerﬁasheets 21, 22, 23 for ng the I nt egr at ed
substra be explgined below, with reference to Figs. 3 and 4. The

upper .green sheet 23 has” flat regions 23a corresponding to the bottomwalls
2a of the substrate 2, and slit-1ike openings 23b extending through the
upper green sheet 23 in the direction of its thickness. The internediate
green ‘sheet 22 has, besides the wi ndow i ke openings 22a. slit-like grooves
22b with their bottons situated close to the | ower green sheet 21. The
upper green sheet 23 and the internediate green sheet 22 are super-

- 88 -

| It can be.appreciated from Table 1 thaﬁ, with
reference to the comparative sample S; and the sample §q
of the invention, both including a substrate with cleosed
cavities, tha vertical displacement amount achleved by
05  the center transducer 3C of the sample 854 is highér than
that achieved by the center %transducer 3C of the
comparative gample S2. With further reference to the
sample 84 of the invention and &he comparative sample 83
t which includes a substrate with open cavities, even
10 '.though the substrate of the sample 84 includes cloded
\ cavitiea, the vertical digplacement amount achiaved by
the center transducer 3C of the sample 84 is
subgtantially as high as that achieved by the cente:
tranaduger 3C of the comparative-sample 8. Moreover,
15 thg transducer of the sample 8y acoording to the
invention exhibits the highegt relative dislectric

constant. This is believed due to the minimized
residual stresses in the piezoelectric f£ilm layer and
improved material characteristics thereof, both realized
20 by the formation of the grooves in the thick-walled
ragions of the substrate and the resultant increased

compliance of the thin-walled regions.

Experiments have heen carried'out with respect
to the samples §; to Sg, to guantitatively measure the
2 magnitude of interaction or crosstalk between adjacent

iezoelectric transducers. This magnitude is defined as
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i rr[posed9§vi°€h°2é%17dﬁs”c’h’ﬂ§r’”‘€6 &Y the slit-1ike openings 2361 ¢ he upper o
green sheet 23 and the skit-1ike grooves 22b in the internedi ate green
sheet 22 are brought into alighment with each other to formthe groove 5 in
the substrate 2. Wen the piezoelectric device 1 is used as an actuator for

- an ink jet printing head, the |lower green sheet 21 may have through- hol es
21 a to be used as an inlet which is in communication with an ink reservoir
and/or as an outlet which is in conmunication with a discharge nozzle.

Wth further reference to Figs. 3 and 4, assum ng by way of exanple that
the cavity 4 has g square contour, the ‘ - : :

reduced displacement rate Drea(t), and expressed by Ehe

following formula:

: Dn{sa-3z) : '
Drgg &8 ————— % 100 ‘i) {(n =A, B, &€, D, E)

Bn(an)
where Dn(iya-az) is the displacement amount of transducer

3n when all the transducers 3A-3E are simultaneously in
_operation, and Dn(an) is the dieplacement amount of the
transducer 3n when only that transducer is in operation.
Table 2 below shows the reduced displacement rate |

Drea(8) for each transducers of the =amples 83 to 8s.

Table 2
Type of educed Deflection Rate Dred (%) oFf Transducers
Sample | 33 3B -3¢ 3D 38
8y 62 55 43 52 60
Sz 85 75 70 74 85
- 83 - a6 75 72 74 BS -
Sy $s 50 B9 8l 84
Ss 80 8l 8l 82 81
S¢ 97 85 94 94 98

It can be appreciated from Table 2 that,.with

referance to the comparative samples 831 to Sz,
simultaneous aperation of adjacent transducers tends to
reduce the displacement of each transducer and ennhance
the fluctuation of the reduced digplacement rate Dged.
In contrast, with reference to the samples S4 to Sg of
the inveniion, simultaneous operation of adjacgnt

transducers does not result in a significant reduction

* This Sheet Has Been Replaced
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preferably 1/4 or nore, ®f the |ength of t.he |ongitudinal edge of the
cavity 4. Furthernore, as shown in Fig. 2A. the groove 5 has a depth Dferr]
which is substantially sane as. or greater than the thickness .t of the
thin-wal |l ed bottomwall 2a of the cavity 4, and which preferably satisfies
the follow ng equation (1): where Derr] is the depth of the cavity 4. Mre
preferably, the depth Derr] of the groove 5 satisfies the foll ow ng

equation (2): _ 40

of the displacement of each transducer and fluctuatlen
of the reduced displacement rate Died. mhu#, the
present invention makes it possible to suppress the
interaction or croastalk between adjacent piescelectric
06  transducers. With reference to the cemparative samples
Sa and S3, suppression of the interaction or crosstalk
between adjacent piezoelectric transducers is'still
insufficlent in the case of grooves of which the depth
« ig substantially same as the thicknesg of the thin-
10 walled regions. With reference to the samples S; and Ss
\ of the invention, a greater depth of the groove serves
to moxe'effectively suppress the interaction or
crosstalk between adjacent piezoelectric transducers,
With fu:thgr reference to the samples 54 and'sa of the
18 ipventiqn, formation of two grooves between adjacent
transducers results in even more effective suppression
of the interaction or crosstalk between adjacent
. piezoelectriec transducers,
| It will bé readily appreclated from the
% foregoing detailed description that the piezoelectric
device éccording te the present invention features the
formation of at least one groove in the relatively
thick-walled region of the substrate adjacent to and
surrounding the peripheral wall of the cavity, It lis
25 thus possible to provide a higher compllance of the

relatively thick-walled substrate reglon adjacent to the
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Advant agedusly, the groo¥e 5 has a width Werr] as also shown in Fig. 2A
which is determ ned such that the width Werr] of the thick-walled region
2d neasured between the side wall of the groove 5 and the opposite

+~ peripheral wall 2c

<41 -

pexiphezal wall of the cavity, with which the thin~
walled reglons of the substrate can be readily deformed
upon f£iring shrinkage ‘during manufacture of the devxce.
Therefore, despite the difference in the coefficlent of
¢ - thermal expansion of the materials'for the substrate and
the plezoelectric trxansducer, the transducer douring
manufacture of the device ocan be subjected to the firing
shrinkage in a relatively unrestricted sense, therehy
t minimizing the residual sgtresses in the tranaducer and
10 assuring a highly improved operational characteristics
« of the device. _

. Moreover, ﬁhen the plezoelectric device
according to the present invention includes an array of
plezoelectric transducers formed-on a common substrate,

15  the grpoyes in the':elatively thick-walled region of tha
substrate serves to effectively eliminate or suppress
interaction or crosstalk between the transducers, and
makes it readily possible teo uniformly achieve a desired
‘amount of displacement of the thin-walled regions’of the

20 suhstr?te in a direction perpendicular to the general
surface of the substrate. | '

While the present invention has been described
with :efefence to some preferred embodiments, they were
given by way of examples only, It is of course that

25 various changes and modifications may be made without
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. preferably between 20 [erF]n1and 100 [err]m Wen the width Werr] of the

thick-walled region 2d is less than 20 [err]m the stiffness of the
thick-walled region 2d is often excessively lowered, making it difficult to
“effectively induce the desired vertical displacenent of the bottomwall 2a
of the cavity 4 and thereby achieve an efficient volum nal change of the
cavity 4. Mreover, cracks or the |ike defects tend to occur in the

t hi ck-wal | ed region 2d duri.ng formation ofdl€§ groove 5, making it
difficult to inprove the manufacturing prodtctivity of the piezoelectric
devi ce. When, on the other hand, the width W2 of the thick-walled region 2d
is nore than 200 [err]m o :

departing from the scope of the present invention.

18

b4
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firing Yhe pi ezoelectmc filmlayer, and hence to effectively inprove :
the properties of the pi zoel ectric material. Mreover, due to the

i ncreased stiffness -of the thick- walled region 2d, it beconmes difficult to

achieve a suffici ateral displacenent of the peripheral wall 2c of the
cavity’ ereby to a |l arge volum nal change of the cavity 4. I t
has to b i@g& onnection that the above-nentioned preferred range
of the mﬁ“@ﬂ& plicable also when two or nore grooves 5 are
formed i ch ﬂhlck wal I ed region 2d of thgy substrate 2.

CLAIMS _

l. _a plezoeleotric device comprising a ceramic
substrate with an outer surface, sald substrate being
locally formed with at least one cavity defined by at
least one peripheral wall and a bottom wall, said botzom
wall having a reduced thickness, said device further
comprising at least one film-typs piezoelectric
transducer formed integrally with the substrate and

' érranged on said outer surface opposite to said bottem

. wall, said outer surface of the substrate having

\ a thick-walled region adjacent to and surrounding saiad
peripheral wall of the cavity,'wherein said thick~walled
reglon is formed with at least one groove extending
along said peripheral wall and having a depth which is
greater -than the thickness of said bottom wall, said

groove being arranged so as to permit simultaneous
displgcementa'of said bottom wall and said thick-walled
region between sald cavity and said groové,'to thereby
cause a volumeric change of said cavity.

‘2. A piezoelectric device as claimed in Claim 1,
wherein said.ceramic substrate coﬁprises zifconium oxide
as a major component, sald zirconium oxide having
a completely or partially stabilized crystal phase.

3. A plezoelectric device as claimed in Claim 2,
wherein sajd 2zireconium oxlde has a crystal phasé which
has been cbmpletely or partially stabilized by-EE§EE£SE_~________
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4 Th[engglr;lgg%é B ¢ it SN BHS 1 MURA AAIFY 1 0ss- section as shown |r135?:u|0955 2A and 4,
or other appropriate crdss-section such as V-shaped or trapezoid
cross-section. - As for the thickness of the thin-walled region 2a of the
substrate 2, i.e., the bottomwall of the cavity 4, which functions as the
- di aphragm of -the piezoelectric transducer 3, in order to provide an
inprove nse characteristic and a hlgh conver si on
efficie g]ﬂn l@j g mEcer 3, the thin-walled region 2a has a thi ckness
which is rrmor |ess, 4;3preferably 30 [err]mor |ess,
and further nmore preferably 10 [err]n1or

of at 1east one membar selected from a group consisting
of yttrium oxide, cerium oxide, magnesium oxide and
caleium oxide. .

4. The piezoelectric device of claim 1, 2 or 3 ' | \
vherelin sald thickness of the bottom wall is 50 M or
less. -. |

5, The piezoelectric device of any one of claims 1 to 4,. ,
wherein said plezoelectric transducer comprises a first

« electrode layer, a plszoelectric layer and é second
' electrode layer which are sequentiaily laminated with
\ each other. “

6. A pilezoelsctric device as claimed in Claim 5,
wherein sald plezoelectric layer comprises a material
with & major component which comprises a mixture of lead
magnesium- niobate, lead zirconate.ahd lead titanate. '

7. A plezoelertrie device as claimed in Claim s,
wherein sald piezoelectric layer comprises a matefial
with a major component which conprises a mixture of lead
nickel nicbate, lead magnesium nicbate, lead zirconate
and lead titanate,

B. The piezoelactri¢ device of any one of claims 1 to 7,
wherein'said ceramic substrate comprises a first layer
formed with at least one window-llke opening, and
a second layer on the side of said outer sufface of sald
first layer, said opening in the f£irst layer naving a
.periphery which provides said paripheral wall of the

I
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" TheeqEa dﬂﬂg?‘ '@‘F{%"aﬁ%%ﬁgifpmanrdl ng to the present invehtion includes
groove he’ relatlvdty thi ck-wal | ed regi on 2d -of the substrate 2

~adj acent to and surroundi ngt he peripheral wall 2c of the cavity 4. It is

therefore possible to provide a higher conpliance of the relatively

thick gion 2d adj acent to the peripheral wall 2c of the
avity 4, with whi mjum thin-walled regions 2a of the substrate 2 can be

readlly “Hu H ring shrinkage during nmanu- facture of the device
1. Th|s ransducer 3 during manufacture of the device 1 can

be subjected to the firing shrinkage in a- #8l-atively unrestricted sense,
thereby mnimzing the residual stresses in the transducer 3 and

cavity, and said second layer closing one side of said
opening in the first layer and theraby providing saiad
bottom wall, N |

8. The piezoelectric.deviée of any one of claims 1 te 7,
wherein said ceramic substrate comptises a flrs£ layer
formed with at least one window-like opening, and
a second layer on the side of said outer surface of said
first layex, said opening in the first layer having a

' periphery which provides:said peripheral wall of the

. cavity, and sald second layer clesing one side of gaid

K ogening in the first layer and thereby providing said
bottom wall, and wherein said ceramic substrate
comprises a third layer on the side of said first layer
whicﬁ is opposite to sald second-layer, said thizd layer
c;paing gnather side of said opening in the first layeri

10. The piezoelectric device of any one of claims 1 to 9,
wherein sald ceramic gubstrate has at least one thin-
walled region for defining said cavity.

11. The piezoelectric device of any one of claims 1 to 10, |
wherein sald ceramic substrate comprises a f£irst layer
formed with at least one thin~walled reglion for defining
said cavity, and a second layer on said first layer on
the side of an inner surface of the substrate, for

closing said cavity in the first layer,

Sheet Has Been Replaced

T



A

AT 53306594 PABE " 5B ’cPermm PAGE 58) 1
a s“&?m?\%fagzl zanahs%ngae £ P4 "GHé'Fatlonal characteristics df the device 1.
aresult,~it is possi bl & to provi de si-aproved: characteristics of the
t ransducer 3, including the relative dielectric constant, and to nore fully
make use of material properties which are inherent to the pi ezoel ectric
mat eri-al . As can be further appreciated fromFig. 2B, formation of the
grooves 5 in the thick-walled regions -2d of the substrate 2 ensures that
t he di aphragm of the piezoelectric transducer 3: Constltut ed by the bottom
wal | 2a of the cavity 4 can be sufficiently di spl'aced vertically toward t he
closure wall 2b. sinultaneously inducing.lggeral displacenents of the

opposite -

# 50/ 92
As

PIEZOELECTRIC DEVICE

RACT
A pilezoelectric device inocludes an at least
locally thin-walled ceramiec substrate (2) and at least one
film~type piezocelectric transducer {3) on the substrate.
The substrate is locally formed with at least one cavity (4)
defined by at least one peripheral wall (2¢) and a bottom wall
' (2a) ,having a reduced thickness. The pieioelect:ic
, transducer is arranged on the outer surface opposite to
‘v the bottom wal}. and inc}.udes 2 flrst electrode layer, |
a piesoelectric layer and a second electrode layer which
are sequentially laminated with each other. The outer
surface of the substrate has relatively thick-walled resions
{gda) . .adjacent to and surrounding said peripheral wall
of the cavity. £Fach thick-walled regicn is formed with
at least one groove (5) extendingalong the peripheral wall
and baving a depth which is greater than the thickness
of the bottom wall, The groove (5) 1s arranged 'so as to
permit simultanecus displacements of the bottom wall and

the thick-walled region hetween the cavity and the

groove, to thereby cause a volume change of the
cavity (4],
ThllsilliietIiiilrﬂen.ieilaced
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“conpliance of the di aphragm of the piezoelectric transducer 3, in
conbination with the | ateral displacenents of the opposite peripheral walls
.2c, permts a rapid volum nal. change of the cavity and serves to provide a
significantly increased di scharge amount of ink fromthe cavity 4.
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accordi ng 1o the;peasent

"|nvent|on i ncl udes

conmbn substrate 2,

an array of piezoelectric transducers 3 formed on a
the grooves 5 forned in the relatively thjck-walled

# 54/ 92

.regions 2d of the substrate 2 and situated between the adjacent transducers
3 provide a low vibration transm ssibility of the substrate 2 between the
adj acent transducers 3. The grooves 5 thus serve to effectively elinm nate
or suppress undesirable in- teraction or crosstal k between adjacent

transducers 3. and to make it readlly possi bkeAG the thin-walled regions
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~~di splacenent. Furthernore, even when nei ghbouring transducers 3 are
si mul t aneously actuated, the groove 5 serves to absorb tensile forces
_between the transducers to thereby mnimze the fluctuation in the vertical

di spl acenent anounts of the di aphragns. For the sake of conparison,
Figs. 5A and 5B schematically illustrate the operation of the piezoelectric
devi ce according to the above-nentioned U. S. Patent No. 5,210,455, which is
provided with a plurality of piezoelectric & ducers 31, 32 on a

ceram ¢ substrate 2- having open cavities 4 which are not closed by a

closure wall on the | ower
FIG.64
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*pi ezoel ectric transducer 31 is actuated, the bottomwall 2a of the
substrate 2 undergoes a vertical displacenent which is assisted by slight
Jateral displacenments of the thick-walled regions 2d form ng the opposite
peri pheral walls 2c of the cavity 4. However. when adjacent piezoelectric
transducers 31, 32 are simultaneously actuated, as can be appreciated from
Fig. 5B, the lateral forces applied to the thick-walled region 2d between
t hese transducers 31, 32 are cancelled with 6a€rﬁot her, thereby giving rise
to a tendency of nore or |ess ‘
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“substrate 2. The vertical displacenent anDunt achleved by the di aphragm of
t he transducer in such operational state is reduced, as conpared to the
=situation when a single transducer only is actuated. When the
.piezoel ectric device according to the present invention is used, e.g.. as
an actuator for an ink jet printing head, an insufficient vertical

di spl acenent anount of the diaphragmoften results in a |ow ink discharge
amount. It has been further found that the dfife®ent displ acement amount of
t he di aphragm dependi ng upon the operational state of
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“the device. Mrreover, due to the rigidity of the thick-wal region 2d

‘bet ween adj acent transducer s 31. 32. there nmay be caused an undesirable
-interaction or crosstal k between the transducers. These problens are nore
signi.ficant when the substrate 2 of the device 1 has a higher rigidity due
to the formation of closed cavities which.are closed by closure walls |ike
that shown in Fig. 2A The present invention thus provides a unique
solution for the above-nenti oned problens, ??gfé?'ﬁ ng at | east one groove 5
strate 2. ' :

in the thick-walled region 2d of the ceram
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A second g¢mbodi nent- of the uni nor ph- type pi ezoel ectric devi ceangpding to

t'He present

invention is shown in Figs. 6A, 6B and 6C. which isgesimlar to,

‘and directly conparable with“the known device shown in Figs. 5A and 5B, in

‘. that the substrate 2 has open cavities 4. Formation of the grooves 5 in the

thi ck-wal | ed regions 2d of the substrate 2 nakes it possible to provide a
hi gher conpllance of the diaphragm 2a and a regt-+ant—i-nacreased..ammunt 0f

a—operati on of the deyj CEFLASEYERTHEHERPS eci ¥ ed
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PIEZOELECTRIC DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a plezoelectric

device for converting an input mechanical quantity into

“an output electrical quantity, and vice versa.

2. Description of the Related Art
As generally known in the art, piezcelectric

devices are typically used to convert an input mechanical

- stress into an output electric cﬁarge (voltage) and also

to convert an input electric voltage into an output

.mechanical distortion. 1In the latter case, the device

is sometimes called as an electrostrictive device.

The term "piezoelectric device" as used herein is to be
interpreted in its broadest sense, as encompassing an
electrostrictive device as well. Similarly, the term
"piezoelectric material” as uszed herein is to be
interpreted in its broadest sense as encompassing an
electrostrictive material as well. When the output of
the pilezoelectric device is a mechanical distortion,

such distortion can be used to generate mechanical force,

displacement or vibration.

_‘_“*“‘*‘*-———-——~thnventionally. plezoelectric devices have been
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me amount of the di aphragm 2a can be uniformy naintai ned substantially

tnfluenced by the operational state of the device, i.e., regardless of
whet her one transducer only is actuated (Fig. 6B) or adjacent transducers
anQ_S|nuIta- neously actuated (Fig. 6C). A third enbodi ment of the

uni nmor ph-type pi ezoel ectri'c device according to the present invention is
shown in Fig. 7, in which each thick-wal.led region 2d of the substrate 2
is relatively wide and fornmed with two grooves 5a, 5b of which the depth
is greater than the thickness of the bottomwall 2a of the cavity 4. This
enbodi nent effectively provides an

used for various purposes. For example, in the field of
optics or precision engineering, there is a progressive
-demand for actuators capable of adjusting lengths and/or
positions of the optical path on a sub-micron order, or
for sensors capable of detecting a fine mechanical
displacement. There have been various proposals
directed to such demands in conjunction with application
of plezoelectric devices. Specifically, there is known
unimorph- or bimorph-type piezoelectric device which
undergoes bending or flexural deformation upon
application of an input electrical voltage, and which
can be used for ink jet printing heads, acoustic
radiators (i.e., loudspeakers and the like), vibrators,
etc. The unimorph- or bimorph-type plezoelectric device
can also-be used to convert a bending or flexural
deformation into an electrical voltage, e.g., as a
microphone or sensor. With reference, for example, to
ink jet printing heads including a unimorph~ or bimorph-
type piezoeiectric device, in view of customers' or end
users' requirement for a high-quality and high-speed
ﬁrintfng performance, it is highly desirable to realize
a high density pliezoelectric dévice having a minimized
size, which operates at a low driving voltage and yet
provides a satisfactory response characteristic and an
operational reliablility.

For realizing the above-mentioned desired

—_—
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ved conpliance of the diaphragm 2a of the piezoelectric transducer 3,

rticularly when a plurality of transducers 3 are arranged on the

substrate 2 with a relatively wi de pitch.
~uni ror ph-type pi ezoel ectric device according to the present
8 and 9, which is also provided with the grooves 5 in the

shewn in Figs.
is simlar to

thi ck-wal | ed regi ons 2d of the substrate 2. This enbodi nent
the device disclosed in the applicants'- 8opending U.S. Patent Application
No. 08/206, 939 or European Patent Application No. 94 301 633.7. of which

t he disclosure is here incorporated by reference.

properties of the piezoelectric device, because the
substrate in the region of each plezoelectric transducer
functions as a diaphragm, it has been generally
considered necessary for the entire subatrate tc have
a reduced thickness. In many instances, however, the
reduced thickness of the substrate as a whole cannot be
achieved without lowering the mechanical strength of the
substrate. Thus, in order to simultaneously safisfy the
seemingly incompatlble requirements for the reduced
thickness and a satisfactory mechanical strength of the
substrate, U.S8. Patent No. 5,210,455 assigned to the
assignee of this application discloses an improved
Piezoelectric device which includes a locally thin-
walled substrate and piezoelectric transducers formed
on, and integrated with the thin-walled regions of the
- substrate.

As particularly disclosed in U.S. Patent
No. 5,210,455, the locally thin-walled substrate may be
formed by laminating a relatively thick green sheet of
a first ceramic layer having window-like openings
therein, and a relatively thin green sheet of a second
ceramic layer without such openings. After integrating
the two ceramic layers by firing to form the substrate,
the openings in the first ceramic layer cooperate with .
the second ceramic iayer to define cavities having thin-

walled bottom walls which are constituted by the second

A fourth enbodi nent of the
i nvention is
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More particularly, as shown in Fig. 9, the piezoelectric device 1 according
to the illustrated enbodi nent includes piezoelectric transducers 3 of
whi ch the piezoelectric |ayer 3b has a dinmension which is sufficient to
substantially conpletely cover the | ower electrode | ayer 3a. The
pi ezoel ectric |layer 3b has at |east one edge 11 in the formof an
extensi on protrudi ng beyond the | ower electrode |ayer 3a, which is at | east
| ocally i nconpletely bonded to the ceranic substrate 2, as shown at 12.
The term'inconplete bond as used hereiff tefers to a specific bonded state
between the -ceramc substrate 2 and at | east one edge 11 of the
pi ezoel ectric layer 3b, which allows the piezoelectric |layer 3b to

ceramlc layer. Furthermore, the piezoelectric

transducers may each include a first electrode layer,

a piezoelectric layer and a second electrode layer which

arelsequentially laminated with each other. The

plezoelectric transducers are arranged on those outer

surface regions of the substrate opposite to the

relevant cavities, and are integrated with the substrate

by £iring. .

| The piezoelectric device according to the above-

mentioned proposal proved to be highly advantageous in

that the locally thin-walled regions of the substrate

opposite to the respective plezoelectric transducers

make it possible to achieve a satisfactory operatioﬁ of

the transduce:s, and further in-that the remaining,

relatively thick region of the substrate serves to

realize a sufficient mechanical strength of the:

substrate as a whole.

Nevertheless, it would be highly desirable to
provide a further improved piezoelectric device which is
superior in the 6perational characteristics, and which
yet retains the above-mentioned advantages. Having thus
conducted thorough experiments and investigations based
on the piezoelectric device disclosed in U.S. Patent
No. 5,210,455, the inventors reached a recognition that

a significant improvement can be achieved by carefully

taking into consideration the physical and/or chemical
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provi ded buffer

go a substantially unrestricted novenent relative to the substrate 2.
j acent to the edges 11 of the piezoelectric |ayer 3b, there may be
resin | ayers 13 between the upper electrode |ayer 3c and

the substrate 2, so as to provide a snooth and fl exi ble connection of the

upper electrode |ayer 3c to the substrate 2 and thereby protect

-5 -

properties, structure and behavior of the substrate and
the plezoelectric transducers at or near the thin walled

regions of the substrate.

Firast of all, in the plezoelectric device.
according to the inventors’ earlief proposal, the
substrate and the piezoelectric transducer are generally
composed of materials which are different in the chemical
composition and hence in the coefficient of thermal
expansion. Thus, during maﬁufaétuie of the piezoelectric
device, in particular during cooling which follows the
sintering for forming the piezoelectric transducer on
the substrate or the firing for integrating the
substrate and the piezoelectric transducer, undesirable

residual stresses tend to be caused in the piezoelectric

~transducer, which may deteriorate the operational

characteristics of the device as a whole. According to
a recognition reached by the inventors, a highly
improved piezoelectric device can be realized by
effectively compensating for the difference in shrinkage
of the materials for the substrate and the piezoelectric
transducer.

Furthermore, in the piezoeiectric device
according to the inventors' earlier proposal wherein a
common substrate is provided with an array comprising
a plurality of plezoelectric transducers, when

neighbduring transducers are simultaneously actuated, it
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is often difficult to achieve a sufficient amount of
displacement of the thin-walled reglions of the substrate
in a direction perpendicular to the general surface of
the substrate, and a satisfactory voluminal change of the
cavity. Besides, the operation of the transducers may
be affected by the operation of adjacent transducers,
making it difficult to uniformly achieve a désired
displacement amount of thé thin-walled regions of the
substrate. According to another re¢ognition reached by
the inventors, a highly improved piezoelectric device
can be ;ealized by eliminating or suppressing undesired
interaction of the neighbouring transducers.
Specifically, it has been confirmed that when
the piezoelectric device according.to the inventors'
earlier proposal is used, for example, as an actuator
:for an ink jet printing head, there may be instances
wherein the ink filled within the cavity cannot be
discharged with a sufficient amount or at a high speed,
or wherein it is difficult to achieve a satisfactory
printing quality. According to still another
recognition reached by the inventors, significantly
improved ink discharge characteristics can be achieved
by realizing a sufficient displacement characteristic of
the piezoelectric transducer and a satisfactory
voluminal change of the cavity. It has also been

recognized that a significantly improved printing
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quality can be realized by eliminating or minimizing
fluctuation in the diﬁplacément characteristics of the
plezoelectric transducers and hence in the discharge
amount and speed of ink.

DISCLOSURE OF THE INVENTION

The present invention thus éontemplates to
provide a highly improved piezoelectric device on the
basis of the above-mentioned recognitions.

It is a primary object of the present invention
to provide a highly improved piezoelectric device which
makes it possible to achieve a sufficient displacement
amouﬂt of the thin-walled region of the substrate and
a satisfactory voluminal change of the cavity.

It is another object of--the present invention
to provide a highly iﬁproved piezoelectric device which’
is capable of effectively relieving the stresses in the
plezoelectric transducer, which may arise from the
difference in shrinkage of the substrate and the
piezcelectric tranasducer due to the difference in the
coefficient of thermal expansion of the materials, or
from the shrinkage of the piezoelectric transducer upon
sintering of the transducer on the substrate.

It is still another object of the present
invention to provide a highly improved piezoelectric _
device provided with an array comprising a plurality of

_piezoeleqtric transducers, which is capable of

‘This Sheet Has Been Replac This is the replacement sheet
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t he upper electrode |ayer 3c from possible damages due to inpact or

vi bration during the production of the device or in the use condition.
The above-nenti oned arrangenent of the piezoelectric device 1 shown in
Figs. 8 and 9 nmakes it readily possible to manufacture the piezoelectric
device with an inproved productivity, because it is not necessary to
precisely align the edges of the piezoelectric layer 3b with those of the
| ower el ectrode |ayer 3a. The edges 11-@&-the piezoelectric

eliminating or suppressing undesired interaction of the
neighbouring transducers.

Briefly stated, the piezoelectric device
according to the present invention comprises a ceramic
substrate with an outer surface and an inner surface, of
which the inner surface is locally formed with at least
one cavity which is defined by at least one peripheral
wall and a bottom wall having a reduced thickness.

The device further comprises at least one film—-type
piezoelectric transducer which is formed integrally with
tﬁe substrate and arranged on the outer surface opposite
to the bottom wall. The outer surface of the substrate
has a thick-walled region adjacent to and surrounding
the peripheral wall of the cavity.. The thick-walled

region. is formed with at least one groove which extends
.alonq the peripheral wall of the cavity. The groove has
a depth which is greater than the thickness of the
bottom wall. The groove is arranged so as to permit
simultaneous displacements of the bottom wall and: the
thick~-walled region between the cavity and the groove,
to thereby cause a voluminal change of the cavity.

The above-mentioned arrangement of the

 plezoelectric device according to the present invention
features the formation of at least one groove 1in the
relatively thick-walled region of the substrate adjacent
to and surrounding the peripheral wall of the cavity.
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| ayer 3b of the device 1 shown in Figs. 8 and 9 serve to avoid
short-circuit between the | ower and upper electrode |ayers 3a. 3c.

Mor eover, the inconpletely bonded regions 12 between the ceram c substrate
2 and the edge 11 of the piezoelectric |layer 3b protruding beyond the | ower
el ectrode layer 3a allows the piezoelectric |ayer 3b to be noved relative
to the substrate 2 in an unrestricted sense. It is thus possible to achieve
satisfactory reliability and functions-0? -the device, e.g.. generation of

| arge force or displacenent, or of high output voltage_level. It should
be noted that the present invention may also be applied to a piezoelectric

devi ce which includes a single’

Because the groove extends along the peripheral wall of
the cavity and has a depth which is greater than the
thickness of the bottom wall of the cavity, it is
possible to provide a higher compliance of the relatively
thick-walled substrate region adjacent to the peripheral
wall of the cavity, with which the thin-walled regions
of the substrate can be readily deformed upon f£iring

" shrinkage during manufacture of the device. Therefore,
despite the difference in the coefficient of thermal
expansion of the materials for the substrate and the
plezoelectric transducer, the transducer during
manufacture of the device can be subjected to the firing
shrinkage in a relatively unrestricted sense, thereby
minimizing the residual stresses.-in the transducer and
assuring a highly improved operational characteristies -
“of the device.

Moreover, when the piezoelectric device
according to the present invention includes an array of
plezoelectric transducers formed on a common substrate,
the groove in the relativély thick-walled region of the
substrate can be advantageously situated between
neighbouring transducegg to provide a low vibration
transmissibility of thé substrate between adjacent

. transducers. This serves to effectively eliminate=9r
suppress undesirable interaction or crosstalk.betweeﬁ

the transducers, and makes it readily possible éo

R

This is the replacement sheet

m " Date: 18 MAR 1997

This Sheet Has Been Repl

(T




pi ezoel ectric transducer forned on the substrate. In this instance al so,
formati on of the grooves in the thick-walled regions of the substrate

adj acent to the thin-walled bottomwall of the cavity serve to provide a
hi gher conpliance of the bottomwall and hence significantly inproved

oper at i onal

characteristics of the device. In order to realize highly

| mproved operational characteristics of the piezoelectric device according
to the present invention, the substrate ggRpreferably conprises zirconium
oxi de as a main conponent having a crystal phase that has been conpletely
or partially stabilized preferably by the addition of at |east one conpound
sel ected froma group

uniformly achieve a desired amount of displacement of
the thin-walled regions of the substrate in a direction
perpendicular to the general surface of the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will now be explained in
further detail, by referring to the accompanying
drawings in which:

Fig. 1 is a perspéctive view shéwing the
plezoelectric device according to a first embodiment of
the present invention: |

Figs. 2A and 2B are sectional views taken along
the line 2-2 in fig. 1;

Fig. 3 is an exploded perspective view showing
one example of a multi-layered substrate of the device;

Filg. 4 is a sectional vieﬁ taken along the line
4~4 in Pig. 3;

Figs. SA and 5B are sectional views showing the
operation of known piezoelectric device;

Figs. 6A, 6B and 6C are sectional views showing
the plezoelectric device according to a second
embodiment of the present invention;

Fig., 7 is a sectional view showing the
plezoelectric device according to a third embodiment of
the present invention;

Fig., B is a sectional view showing the

piezoelectric device a fourth embodiment of according to
E—— This is the replacement sheet
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consi sting of yttrium oxi de. cerium oxi de, nmagnesi um oxi de and cal ci um

oxi de’ The anpunt of the additives required for partially or conpletely
stabilizing the zirconium oxi de as descri bed above may be 1-30 nol % f or
yttrium oxide, 6-50 nmol % for cerium oxide, and 5-40 nol % for the magnesi um
oxi de and cal cium oxide. As for yttriumoxide in particular, the amount is
preferably 2-7 nol % nore preferably 2-4 nol % because the zirconi um oxi de
added with the yttrium oxide of such anpaat. has a partially stabilized
crystal phase and thus exhibits particularly excellent substrate

characteristics.

the present invention;

Fig. 9 is a sectional view in enlarged scale,
showing the detailed arrangement of the plezoelectric
transducer in the embodiment of Fig. 8; and

Fig. 10 is a perspective view showing the
érrangement of the piezoelecgric device with which
experiments were conducted.

For the sake of convenience, same reference
numerals are used throughout the'entire figures to
denote same or equivalent elements.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS_

Referring now to Figs, 1 to 4, there is shown
a first embodiment of the unimorph-type piezoelectric
device according to the present invention, which is
denoted as a whole by reference numeral 1. The
plezoelectric device 1 includes a locally thin—ﬁalled
ceramic substrate 2 and a plurality of plezoelectric

transducers 3 arranged on the upper surface of the
substrate 2. More particularly, the substrate 2 has

a plurality of thin-walled regions 2a and the
piezoelectric_transducers 3 are arranged on the thin-
walled regions 2a. The substrate 2 has a piurality of
closed cavities 4 thereln, each defined by a closure
wall 2b on tﬁe lower surface side of the substrate 2,
peripheral walls 2¢ in the substrate 2 and a bottom wall

on the upper surface side of the substrate 2, of which
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A preferred method of formng the ceramc substrate 2 with at | east one
cavity is to prepare a first green sheet having a desired thickness and at
| east one wi ndow | ike opening forned by using a suitable nold. punching
with a suitable die, or nachining process, such as ultrasonic machining. A
second, relatively thin green sheet is further pre- pared to have a
t hi ckness which corresponds to that of the thin-walled region of the
substrate. The second green sheet is supértnposed on the first green sheet
under predeterm ned tenperature/pressure condition, and then fired and
integrated with each other.
the bottom wall is constituted by the thin-walled region
22 of the substrate 2. The bottom wall 2a functions as
a dlaphragm of the piezoelectric transducer 3 in
operation of the device 1. The substrate 2 has
relatively thick-wélled regions 2d adjacent to the thin-
walled regions 2a, where it is formed with grooves 5
each arranged to extend along the peripheral wall 2c of
the cavity 4 and to open at the upper surface of the
substrate-2.
As shown in Fig. 2A, the piezoelectric
transducers 3 may be formed integrally with the
substrate 2 by an ordinary film-formation process to be
more fully described hereinafter, wherein a lower
electrode layer 3a, a film-shaped-piezoelectric layer 3b
and an uppér electrode layer 3c are sequentially
- laminated one above the other. As further shown in
Figs. 3 and 4, the substrate 2 may belformed by known
lamingtion process, wherein a lower green sheet 21
providing the closure wall 2b of the substrate 2,
an intermediate green sheet 22 formed with window-like
openings 22a corresponding to the caviﬁy ¢, and a thin-
: walled'upper green sheet 23 providing the bottom wall 2a
of the cavity 4, are sequentially laminated one above
the other and subjected to a sintering to form
an integrated substrate 2 (Fig. 4).

The particulars of the three green sheets 21,
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The material for the ceram c substrate 2 may contain a sintering aid, such
as clay or the like. In this case, at |east insofar as the second green
sheet for the thin-walled region 2a is concerned, it is desirable to adjust
t he conposition and anount of the sintering aid so that at |east the
sintered thin-walled region of the substrate does not contain a vitrous
material such as silicone oxide, boron i de, phosphorus oxide, gernmani um
oxi de, by an anobunt of 1%or nore. This'1s because an excessive anount of
vitrous material often results in undesirable reaction of the substrate
material with the piezoelectric material during the heat treatnent, naking
it dfficult to control the conposition of the piezoelectric

22, 23 forming the integrated substrate 2 will be
explained below, with reference to Figa. 3 and 4. The
upper green sheet 23 has flat regions 23a corresponding
to the bottom walls 2a of the substrate 2, and slit-like
openings 23b extending through the upper green sheet 23
in the direction of its thickness. The intermediate
green sheet 22 has, besides the window-like openings
22a, slit-like grooves 22b with their bottoms situated
close to the lower green sheet 21. The upper green
sheet 23 and the intermediate green sheet 22 are
superimposed with each other so that the slit-like
openings 23b in the upper green sheet 23 and the slit-
like grooves 22b in the intermediate green sheet 22 are
brought into alignment with each-other to form the
groove. 5.in the substrate 2. When the piezoelectric
device 1 is used as an actuator for an ink jet printing
head, the lower green sheet 21 may have through-holes
2l1a to be used as an inlet which is in communication
with an ink reservoir and/or Qs an outlet which is in
communication with a discharge nozzle.

With further reference to Figs. 3 and 4,
assuming by way of example that the cavity 4 has a square
contour, tﬁ; groove 5 in the substrate 2 has a length L
which is at least 1/8, preferably 1/4 or more, of the
length of the longitudinal edge of the cavity 4.

Furthermore, as shown in Fig. 2A, the groove 5 has

T
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materi al . In the case of ceram c substrate 2 wherein the cavity 4 for
defining the thin-walled region 2a has a generally. square contour, it is
advant ageous for the cavity 4 to have dinensions which are determ ned such
~that the length of the cavity is 2-20 tinmes largerthan its wdth

Furthernore, for assuring a sufficient amount of displacenent or force to
be generated by the piezoelectric transgycer 3, the transducer 3 is forned
on the thin-walled region 2a of the substrate 2 over an area which

preferably corresponds to 50-95% of the width of the cavity 4.

a depth D; which is substantially same as, or greater
than the thickness t of the thin-walled bottom wall 2a
of the cavity 4, and which preferably satisfies the
following equation (1):

Dy 2 (t + D3/3) oo (1)
where D2 1s the depth of the cavity 4. More preferably,
the depth D1 of the groove 5 satisfies the following
equation (2):

Dy 2 (t + 2 x D3/3) ... (2)

Advantageously, the éroove 5 has a width W, as
also shown in fig. 2A, which is determined such that the
width W2 of the thick-walled region 24 measured between
the side wall of the groove 5 and the opposite peripheral
wall 2¢ of the cavity 4 is within-a :anée between 20 .m
and 200 um, preferably between 20 m and 100 gm. When
the width W2 of the thick-~walled region 2d is less than
20 ym, the stiffness of the thick-walled region 24 is
often excessively lowered, making it difficult to
effectively induce the desired vertical displacement of
the bottom wall 2a of the cavity 4 and thereby achieve
an efficient voluminal chaqge of the cavity 4. Moreover,
cracks or the like defects tend to occur in the thick-~
walled region 24 during formation of the groove §,
making it difficult to improve the manufacturing
productivity of the plezoelectric device. When, on the
other hand, the width W2 of the thick-walled region 24
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In order that the ceramic substrate 2 which has been fornmed as expl ai ned
above permts satisfactory operational characteristics of the

pi ezoel ectric transducer 3 formed thereon, it is advantageous to control

t he surface roughness Ra of the substrate 2 to be wthin a range of
0.03-0.9 [err]m In this instance, the distortion or stress occurring in
the piezoelectric transducer 3 can be effectively transmtted to the
substrate 2 having the above-nentioned.rggpge of the surface roughness Ra,
and vice versa. Such a control of the surface roughness Ra is al so
effective to-assure a high nechanical strength of the relatively thin

substrat e:
is more than 200'pm, it becomea often difficult to
achieve a sufficient stress relaxation during firing of
the piezoelectric £ilm layer, and hence to effectively
improve the properties of the plezoelectric material,
Moreover, due to the increased stiffness of the thick-
walled region 24, it becomes difficult to achieve
a sufficient lageral displacement of the peripheral wall
2c of the cavity 4 thereby to enable a large voluminal
change of the cavity 4.

It has to be noted in this connection that the
above~mentioned preferred range of the width W2 is
applicable also when two or more grooves 5 are formed in
each thick-walled region 24 of the substrate 2.

The grooves 5 may have a-square cross—section
as shown in Figs. 2A and 4, or other appropriate cross--
section such as V-shaped or trapezoid cross-section.

_ As for the thickness of the thin-walled region
2a of the substrate 2, i.e., the bottom wall of the
cavity 4, which functions as the diaphragm of the-
plezoelectric transducer 3, in order to prowvide an
improvea high-speed response characteristic and a high
conversion efficiency of the transducer 3, the thin~
walled region 2a has a thickness which is preferably
50 um or less, more preferably 30 pum or less, and

further more preferably 10  m or less.
The piezoelectric device 1 according to the

—
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The green sheet for the ceramic substrate 2 may be subjected to sintering
at a tenperature of 1 1,000[err]Cto 1,800[err]C prior to formation of the
pi ezoel ectric transducer 3. Alternatively, the green sheet for the ceramc
substrate 2 nay be subjected to a suitable filmformation process to form
t he piezoelectric transducer 3 and then sintered. Formation of the

pi ezoel ectric transducer 3 on the previously sintered ceram c substrate 2
is often desirable in view of nininizatid®n of warp in the final product
and di nensi onal accuracy of the piezoelectric transducer 3.

present invention includes groove 5 in the reiatively
thick-walled region 24 of the substrate 2 adjacent to
and surrounding the peripheral wall 2c¢ of the cavity 4.
It is therefore possible to provide a higher compliance
of the relatively thick-walled substrate region 2d
adjacent to the peripheral wall 2c of the cavity 4, with
which the thin-walled regiong 2a of the substrate 2 can
be readily deformed upon £iring shrinkage during
manufacture of the device 1. This means that the
transducer 3 during manufacture of the device 1 can be
subjected to the firihg shrinkage in a relatively
unrestricted sensé, thereby minimizing the residual
streases in the transducer 3 and assuring a highly
improved operational characteristics of the device 1.

As a result, it is possible to provide improved
ch#tgcteristics of the transducer 3, including the
relative dielectric constant, and to more fully make use
of material properties which are inherent to the
plezoelectric material.

As can be further appreciated from Fig. 28,
formation of the grooves 5 in the thick-walled regions
2d of.the substrate 2 engsures that the diaphragm of the
piezoelectric transducer 3 constituted by the bottom-
wall 23 of the cavity 4 can be sufficiently displaced
vertically toward the closure wall 2b, simultaneously

inducing lateral displacements of the opposite
-—_
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peripheral walls 2¢ toward the center of the cavity 4.
A resultant higher compliance of the diaphragm of the
piezoelectric transducer 3, in combination with the
lateral displacements of the opposite peripheral walls
2c, permits a raﬁid voluminal change of the cavity and
serves to provide a significantly increased discharge
amount of ink from the cavity 4.

Moreover, when the piezoeiectric device 1
according to the present invention includes an array of
piezoelectric transducers 3 formed on. a common substrate
2, the grooves 5 formed in the relatively thick-walled
regions 24 of the substrate 2 and situated between the
adjacent transducers 3 provide a low vibration
transmissibility of the substrate-2 between the adjacent
transducers 3, The grooves 5 thus serve to effectively
eliminéte or suppress undesirable interaction or
crosstalk between adjacent transducers 3, and to make it
readily possible for the thin-walled regions 2a of the
substrate 2 to achieve a uniform amount of the desired
vertical displacement. Furthermore, even when
neighbouring transducers 3 are simultaneously actuated,
the groove 5 serves to absorb tensile fdrces between the
transducers to thereby minimize the fluctuation in the
vertical displacement. amounts of the diaphragms.

For the sake of comparison, Figs. S5A and 5B
schematically illustrate the operation of the

T
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plezoelectric device according to the above-mentioned
U.S. Patent No. 5,210,455, which is provided with
a plurality of piezoelectric transducers 31, 32 on
a ceramic substrate 2 having open cavities 4 which are
not closed by a closure wall on the lower surface side
of the substrate 2.

As shown in Fig. 5A, when only the
piezoelectric transducer 31 is actuated, the bottom wall
2a of the substrate 2 undergoes-é vertical displacement
which ls assisted by slight lateral displacements of the
- thick-walled regions 24 forming the opposite peripheral
walls 2c of the cavity 4. BEHowever, when adjacent
Plezoelectric transducers 31, 32 are simultaneously
actuated, as can be appreciated.- £rom Fig. 5B, the
lateral forces appiied to the thick-walled region 24
between these transducers 31, 32 are cancelled with each
other, thereby giving rise to a tendency of more or less
impedihg the desired vertical displacements of the
bottom walls 2a of the substrate 2. The vertical
displacement amount achieved by the diaphragm of the
transducer in such operational state is reduced, as
compared to the situation when a single transducer only
is actuated.

When the piezoelectric device according to the
present invention is used, e.g., as an actuator for'

an ink jet printing head, an insufficient vertical
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The groove 5 in the thick-walled region 2d of the substrate 2 nmay be forned
either in the green sheet before the sintering step or in the already
sintered substrate, by various methods. For exanple, the groove may be
formed in the sintered substrate by an appropriate process such as | aser
beam process, electron beam process, slicing, plasting and ultrasonic
process. Furthernore. the groove may belgorned I n the green sheet by press

or punching with a suitable

displacement amount of the diaphragm often results in

a low ink discharge amount. It has been further found
that the different displacement amount of the diaphragm
depending upon the operational state of the device tends
to cause fluctuation in the operational charactetistiés
of the device. Moreover, due to the rigidity of the
thick-walled region 24 between adjacent tranaducers 31,
32, there may be caused an undesirable interaction or
crosstalk betwéen the transducers. These problems are
more significant when the substrate 2 of the device 1
has a higﬁer rigidity due to the formation of closed
cavities which are closed by closure walls like that
shown in Fig. 2A.

The present invention thus provides a unique
solution for the above-mentione@ problems, by forming at
least one groove 5 in the thick-walled region 24 of the
ceramic substrate 2. |

A second embodiment of the unimorph-type
plezoelectric device according to the present invention
is shown in Figs. 6A, 6B and 6C, which is similar to,
and directly comparable with the known device shown in
Figs. SA and SB, in that the substrate 2 has open
cavities 4. Formation of the grooves 5 in the thick~
walled regions 26 of the substrate 2 makes it possible
to provide a higher compliance of the diaphragm 2a and

a resultant increased amount of its vertical displace-~

—_—
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dj e. The groove formation process may be carried out either before or after
the formation of the filmtype piezoelectric transducer. Anong others, the
| aser beam process is particularly suitable in that formation of grooves
with a relatively conplicated shape can be carried out in a facilitated
manner. In this instance, it is advantageous to pay a particular attention
to the process conditions so as to mnimze thermal stress during the
groove formation process, and thereby-@2&®vent formation of cracks in the
ceram c substrate. From such a viewpoint, it has been confirned that a
suitable laser is a Nd-YAG | aser having a Gaussi an or nornmal energy
distribution in the beam and using a TEM 00 si ngl e node

ment in operation of the device. As can be appreciated
from F;gs. GB and 6C, the grooves 5 between adjacent
transducers serve to effectively suppress interaction or
crosstalk between the transducers, and the vertical
displacement amount of the diaphragm 2a can be uniformly
maintained substantially uninfluenced by the operational
state of the device, i.e., regardless of whether one
transducer only is actuated (Fig. 6B) or adjacent

1 transducers are simultaneously actuated (Fig. 6C).
: A third embodiment of the unimorph-type

\ piezoelectric device according to the present invention
is shown in Flg. 7, in which each thick-walled region 24
of the substrate 2 is relatively wide and formed with
two grooves 5a, S5b of which the-depth is greater than
the thickness of the Bottom wall 2a of the cavity d&.

| This embodiment effectively provides an improved .
compliance of the diaphragm 2a of the piezoelectric
transducer 3, particularly when a plurality of
transducers 3 are arranged on the substrate 2 with
a relatively wide pitch.

_ A fourth embodiment of the unimorph-type
piezoelectric device according to the present invention
is shown in Pigs. 8 and 9, which is also provided with
the grooves 5 in the thick-walled reglons 24 of the
substrate 2. This embodiment is similar to the device

disclosed in the applicants' copending U.S. Patent
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resonance. Advant ageously, for formng the groove in the thick-walled
region of the ceram c substrate in accordance with the present invention.
the | aser beam process is perforned by controlling the |aser beamw dth to
be 140 ns or less, preferably 100 ns or |ess, by carrying out a pulsation
contrpl by nmeans of a Qswitch at a frequency of 3.5 kHz. for exanple, by
concentrating the | aser beamdi aneterto be 50 [err]mor |ess, preferably
within a range of 5-10 [err]m by nmears2bfk an an appropriate concentration
| ens system and by perform ng the process at a speed of 50 mm sec or |ess.

Application No. 08/206,939 or European Patent
Application No. 94 301 633.7, of which the disclosure is
here incorporated by reference.

More particularly, as shown in Fig. 9, the
piezoelectric device 1 according to the illustrated
embodiment Includes piezoelectric transduceras 3 of which
the piezoelectric layer 3b has a dimension which is
sufficient to substantially completely cover the lower
electrode layer 3a. The piezoelectric layer 3b has at
least one edge 11 in the form of an extension protruding
beyond the lower electrode layer 3a, which is at least
locally incompletely bonded to the ceramic substrate 2,
as shown at 12. The term 'incomplete bond" as used
herein refers to a specific bonded state between the
ceramic -substrate 2 and at least one edge 1l of the
piezoelectric layer 3b, which allows the piezoelectric
layer 3b to undergo a substantially unrestricted
movement relative to the substrate 2. Adjacent to the
edges 1l of the piezoelectric layer 3b, there may be
provided buffer resin layers 13 between the upper
electrode laver 3¢ and the substrate 2, s0 as to provide
a smooth and flexible connection of the upper electrode
layer 3c to the substrate 2 and thereby protect the
upper electrode layer 3¢ from possible damages due to
impact or vibration during the production of the deviée

or in the use condition.
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The piezoel ectric transducer 3 on the ceram c substrate 2 conprising the

el ectrode layers 3a, 3c and the piezoe- lectric layer 3b may be fornmed by a
suitable filmformation process known, per se. That is to say, the
filmformation process which may be applled to formthe piezoelectric
transducer 3 of the device 1 according to the present invention includes a
thick-filmformation process such as screen printing, spraying, dipping or
coating, and a thin-filmformation procéﬁ% such as ion beam net hod,
sputtering, vacuum vapor deposition, ion plating, chem cal vapor deposition
(CvD) or plating. In particular, the thick-filmformation process can be
advant ageously applied to forma filmlike piezoelectric

The above-mentioned arrangement of the
plezoelectric device 1l shown in Figs. 8 and 9 makes it
readlly possiblé to manufacture the piezoelectric device
with an improved productivity, because it is not
necessary to precisely aligﬁ the edges of the
piezoelectric layer 3b with those of the lower electrode
layer 3a. The edges 11 of the plezoelectric layer 3b of
the device 1 shown in Figs. 8 and 9 serve to avoid
short-circuit between the lower and upper electrode
layers 3a, 3c. Morebvér, the incompletely bonded
regions 12 between the ceramic substrate 2 and the edge
11 of the piezoelecéric layer 3b protruding beyond the
lower electrode layer 3a allows the piezoelectric layer
3b to be moved relative to the substrate 2 in an
unrestricted sense. It is thus possible to achieve
gatisfactory reliability and functions of the device,

. e.g., generation of large forqe or displacement, or of
high output voltage lavel.

. It should be noted that the present inverition
may also be applied to a plezoelectric device which
includes a single piezoelectric transducer formed on the
substrate. In this instance also, formation of the
grooves in the. thick-walled regions of the substrate
adjacentlto the thin-walled bottom wall of the cavity
serve to provide a higher compliance of the bottom wall

and hence significantly improved operational
: I
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l.ayer. This is because the thick-filmformation process makes it readily
pOSSIb|e to forma filmon the ceramc substrate by using a paste or slurry
whose nmj or conponent is powder of piezoelectric ceramic material.-In this
i nstance, when the powder of piezoelectric ceramic material has an average
particle size within a range of 0.01 [errmto 5 [err]m preferably 0.05
[errfmto 3 [err]m it is readily pOSSI?he to realize excellent operational
characteristics of the piezoelectric de While the pattern of such a
filmmay be fornmed by screen printing nethod_or phot ol i t hogr aphy net hod.
the pattern may al so be forned by renoving unnecessary regions of the film
by laser cutting, slicing, ultrasonic machining or other suitable

characteristics of the device.

In order to realize highly improved operational
characteristics of the plezoelectric device according to
the present invention, the substrate 2 preferably
comprises zirconium oxide as a main component, having
a crystal phase that has been completely or partially
stabilized preferably by the addition of at least one
compound gelected from a group consisting of yttrium
oxide, cerium oxide, magnesium oxide and calcium oxide.

The amount of the additives required for
partially or completely stabilizing the zirconium oxide
as described above may be 1-30 mols for yttrium oxide,
6-50 mols for cerium oxide, and 5-40 mols for the
magnesium oxide and calcium oxide. As for yttrium oxide
in particular, the amount is preferably 2-7 molg, more
preferably 2-4 mols, because the zirconium oxide added
with the yttrium oxide of such amount has a partially
stabilized crystal phase and thus exhibits particularly
excellent substrate characteristics.

A preferred method of forming the ceramic
substrate 2 with at least one cavity is to prepare
a first green sheet having a desired thickness and at
least one window-like opening formed by using a suitable
mold, punching with a suitable die, or machining
process, such as ultrasonic machining. A second,

relatively thin greed sheet is further prepared to have
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machi ni ng process. The present invention is not limted to the
specific construction. shape and/or pattern of the piezoelectric transducer
illustrated in the drawi ngs. For exanple, depending upon the utility of the
pi ezoel ectric device. the transducer nay have triangul ar, rectangul ar or

ot her pol ygonal shape, circular. elliptical or annular shape, conb- or

| attice-1ike pattern, or any conbination of these shapes and/or patterns.
The el ectrode | ayers 3a. 3c and the pie2del ectric layer 3b fornmed on the
ceram c substrate 2 by a sel ected net hod

a thicknesa which corresponds to that of the thin-walled
region of the substrate. The second green sheet is
superimposed on the £irst green sheet under predetermined
temperature/pressure condition, and then fired and
integrated with each other.
The material for the ceramic substrate 2 may
contailn a sintering aid, such as clay or the like. |
In this case, at least insofar as the second green sheet
for the thin-walled region 2a is concerned, it is
desirable to adjust the composition and amount of the
gintering ald so that at least the sintered thin-wailed
region of the substrate does not contain a vitrous
material such as silicone oxide, boron oxide, phosphorus
oxide, germanium oxide, by an amount of 1% or more.
This is _because an excessive amount of vitrous material
. often results in undesirable reaction of the sqbstrate
material with the plezoelectric material during the heat
treatment, making it difficult to control the
composition of the piezoelectric material.
In the case of ceramic substrate 2 wherein the
cavity & for defiﬁing the thin-walled region 2a has
a generally square contour, it is advantageous for the
cavitf 4 to have dihensions which are determined such
that the length of the cavity is 2-20 times larger than
its width. Furthermore, for assuring a‘sufficient .

amount of displacement or force to be generated by the
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as expl ai ned above may be either heat-treated in different steps for

I ntegration with the substrate each tine a | ayer has been fornmed on the
substrate, or sinultaneously heat-treated in a single step for integration
with the substrate after all the | ayers have been forned into a | am nated
structure on the substrate. Wen these methods are applied to nmanufacture
the piezoelectric device as shown in FI%@ 8 and 9, it is possible to

i nconpl etely bond the edges of the piez ectric layer 3b to the ceramc
substrate 2. Wen a filmformation process is used to formthe el ectrode

| ayers on the substrate or piezoelectric layer, it is not always a
prerequisite condition to carry out the heat-treatnent for

piezoelectric transducer 3, the transducer 3 is formed
on the thin-walled region 2a of the substrate 2 over
an area which preferably corresponds to 50-95% of the
width of the cavity 4.

In order that the ceramic substrate 2 which has
been formed as explained above permits satisfactory
operational characteristics of the plezoelectric
transducer 3 formed thereon, it is advantageous to
control the surface roughness Ra of the substrate 2 to
be within a range of 0.03-0.9 am. In this instance,
the distortion or stress occurring in the piezoelectric
transducer 3 can be effectively transmitted to the
substrate 2 having the above-mentioned range of the
surface roughness Ra, and vice versa., Such a control of
the surface roughness Ra is also effective to assure

" a high mechanical strength of the relatively thin
substrate. .

The green sheet for the ceramic substrate 2 may
be subjected to sintering at a temperature of 1,000°C to
1,800°C prior to formation of the plezoelectric '
transducer 3. Alternatively, the green sheet for the
ceramic substrate 2 may be subjected to a suitable film-
formation process to form the plezoelectric transducer 3
‘and then sintered. PFormation of the piezoelectric
transducer 3 on the previously sintered ceramic

substrate 2 is often desirable in view of minimization
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integrating the filmlayers with the substrate or piezoelectric |ayer.

Thus, 'for exanple, in order to provide an enhanced insul ati on between the
two el ectrode | ayers 3a, 3con both sides of the piezoelectric filmlayer 3b.
t here maybe instances wherein a coating of insulation resin or the like is
provi ded on the periphery of the transducer 3, or wherein dummy synthetic
resin layers 13 as shown in Fig. 9 argd:[nnd on the ceram c substrate 2.
before formation of the upper electrodé™ ayer 3c. In these cases, the upper
el ectrode layer 3c is preferably forned by a process which does not require

heat -t r eat nent .

of warp in the final product and dimensional accuracy of
the piezoelectric transducer 3.

The groove 5 in the thick-walled region 24 of
the substrate 2 may be formed either in the green sheet
before the sintering step or in the already sintered
substrate} by various methods. For example, the groove
may be formed in the sintered substrate by an
appropriate process such as laser beam process, electron
beam ptocess, slicing, blasting and ultrasonic process.
Furthermore, the groove may be formed in the green sheet
by press or punching with a suitable die. The groove
formation process may be carried out eithér before or
after the formation of the film-type plezoelectric
transducer. Among others, the laser beam process is
particularly suitable in that formation of grooves with
a relatively complicated shape can be carried out in
a facilitated manner. In this instance, it is
advantageous to pay a particular attention to the process
conditions so as to minimize thermal stress during the
groove formatioﬁ process, and thereby prevent formation
of cracks in the ceramic substrate. From such
a viewpoint, it has been confirmed that a suitable laser
is a NA-YAG laser having a Gaussian or normal energy
distribution in the beam and using a TEM 00 single mode

resonance.

Advantageously, for forming the groove in the
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The heat treatnment tenperature suitable for integrating the filmlayers 3a,
3b, 3c of the piezoelectric transducer 3 and the ceram c substrate 2 is
generally within a range of 900-1 ,400[err]C, preferably 1,000-1, 400[err]C.
When the piezoe- lectric filmlayer 3b is subjected to a heat-treatnent,
in order to stabilize the conposition of the piezoelectric material and
avoi d undesirabl e change in the conposition in a high tenperature
condition, the heat-treatnent is prefeﬁﬂbfy performed while controlling

t he at nosphere by heating the vaporization source of the piezoelectric
material as well. It is also advantageous to use a nethod of firing the

pi ezoelectric filmlayer while it is covered by a suitable cover nenber

thick-walled region of the ceramlc substrate in
accordance with the present invention, the laser beam
process is performed by controlling the laser beam width
to be 140 ns or less, preferably 100 ns or less, by
carrying out a pulsation control by means of a Q—switch
at a £requency of 3.§6 kHz; for example, by concentrating
the laser beam diameter to be S0 um or less, preferably
within a range of 5-10 /m, by means of an-appropriate
concentration lens system, and by performing the process
at a speed of 50 mm/sec or less. |

The piezoelectric transducer 3 on the ceramic
substrate 2 comprising the electrode layers 3a, 3c and
the piezoelectric layer 3b may be formed by a suitable
film-formation process known, per se. That is to say,
the film~formation process which may be applied to form
the piezoelectric transducer 3 of the device 1 according
to the present invention includes a thick~film formation
process such as screen printiné, spraying, dipping or
coating, and a thin~-£film formation process such as ion
beam method, sputtering, vacuum vapor deposition, ion
plating, chemical wvapor deposition (CVD) or plating.
In particular, the thick-£film formation process can be
"advantageocusly applied to form a film-like plezoelectric
layer. This is because the thick-film formation process
makes it readily possible to form a £ilm on the ceramic

substrate by using a paste or slurry whose major
— .
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for preventing a direct exposure of the piezoelectric filmlayer to the
firing atnosphere. In this case, the cover nenber consists preferably of a
material which is simlar to the ceramc substrate materi al

- 28 -

component is powder of piezoelectric ceramic material.
In this instance, when.the powder of piezoelectric
ceramic material has an average particle size within

a range of 0.01 .m to 5 um, preferably 0.05 m to 3 mm,
it is readily possible'fq realize excellent operational
characteristics of the pilezoelectric device. While the
pattern of such a £ilm may be formed by screen printing
method or photolithography method, the pattern may also
be formed by removing dnnecessary regions of the film by
laser cutting, slicing, ultrasonic machining or other
suitable machining process.

The present invention is not limited to the
spacific construction, shape and/or pattern of the
piezoelectric transducer illustr&teé in the drawings.
For example, depending upon the utility of the

| plezocelectric device, the transducer may have
triangular, rectanguiar-or other polygonal shape,
circular, elliptical or annular shape, comb~ or lattice-
like pattera, or any combinaﬁion of these shapes and/or
patterns.

The electrode layers 3a, 3¢ and the
piezoelectric layer 3b formed on the ceramic substrate 2
by a selected method as explained above may be either
heat-treated in different steps for integration with the
substrate each t;me a layer has heen formed on the

",

substrate, or simuitaneously heat-treated in a single
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step for integration with the substrate after all the
layers have been formed into a laminated structure on
the substrate. When these methods are applied to
manufacture the piezoelectric device as shown in Figs. 8
and 9, it is possible to incompletely bond the edges of
the piezoelectric layer 3b to the ceramic substrate 2.
When a film-formation process is used to form the
electrode layers on the substrate or piezoelectric
layer, it is not always a prerequisite condition to
carry out the heat-treatment for integrating thé film
layers with the substrate or piezoelectric layer. Thus,
for example, in order to provide an enhanced insulation
between the two electrode layers 3a, 3¢ on both sides of
the piezoelectric £ilm layer 3bj;--there may be instances
wherein_a coating of insulation resin or the like is
provided on the periphery of the transducer 3, or
wherein dummy synthetic resin layers 13 as shown in

Fig. 9 are formed on the ceramic substrate 2, before
formation of the upper electrode layer 3c. In these
cases, the upper electrode layer 3¢ is preferably formed
by a process which does not require heat-treatment.

The heat treatment temperature sultable for
integrating the £ilm layers 3a, 3b, 3c 6f the
piezoelectric transducer 3 and the ceramic substrate 2
is generally Qithin a range of 900-1,400°C, preferably

1,000-1,400°C. When the piezoelectric £ilm layer 3b is
-
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The | ower and upper electrode layers 3a, 3c of the piezoelectric
transducer 3 may be forned of any electrically

- 30 -

subjected to a heat-treatment, in order to stabilize the
composition of the piezoelectric material and avoid
undesirable change in the composition in a high
temperature-condition, the heat-treatment is preferably
performed while controlling the atmosphere by heating
the vaporization source of the piezoelectric material as
well. It is also advantageous to use a method of firing
the piezoeledtric film layer while it is covered by

a suitable cover member for preventing a direct exposure
of the plezoelectric film layer to the firing
atmosphere. In this case, the cover member consists
preferably of a material which is similar to the cerﬁmic
substrate material.

The lower and upper electrode layers 3a, 3¢ of
the piezoelectric transducer 3 may be formed of any
electrically conductive material which can withstand the
oxidizing firing and the heat~treatment atmosphere at
a considerably high temperature condition as explained
above. Thus, the electrode layers may be formed of
a single metal, an alloy of metals, a mixture of metal or
alloy with an electr;cally insulating ceramic material,
e.g., TiOz, Al203, Zxr0O2, etc., or an electrically
conductive ceramic material. However, it is preferable
to use an electrode material whose major component is a
noble metal having a high melting point, such as

platinum, palladium, or rhodium, or an alloy such as

B Y “This is the replacement sheet
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conductive material which can withstand the oxidizing firing and the
heat -treat nent at nosphere at a considerably high tenperature condition as
expl ai ned above. Thus, the electrode |layers may be forned of a single
metal, an alloy of netals, a mxture of netal or alloy with an electrically
insulating ceramc material, e.g. Tigerr], Aferr]Jerr], ZrJerr] etc..
or an electrically conductive ceramc ngjerial. However, it is preferable
to use an electrode material whose major conponent is a noble nmetal having
a high nmelting point, such as platinum palladium or rhodium or an alloy
such as silver- palladium silver-platinum platinumpalladiumor the Iike.
It is nore preferable to use a carnet material of platinum
silver-palladium, silver~platinum, platinum-palladium or

the like. 1It is more preferable to use a cermet
material of platinum and the ceramic material for the
substrate, a cermet material of platinum and the ceramic
material for the substrate and the piezoelectric |
material for the piezoelectric film layer, in view of

an improved adhesion of the electrode layers to the
piezoelectric £ilm layer and/or the ceramic substrate.
Among others, it is more preferable to use a material
having a major component which comprises a platinum.

As for additive materials to be added to the
electrode material, use of vitrous material such as
silicon oxide should be avoided because such material
tends to react with the pPiezoeleectric material during
the heat~treatment thereby deteriorating the character-
isties of the plezoelectric device. The amount of the
substrate material to be added to the electrode material
is preferably 5-30% hy_volume, and the amount of the
piezoelectric material to be added to the electrode
material is preferably 5-20% by volume.

The electrode layers 3a, 3¢ consisting of
a conductive material as mentioned above may have
a thickness of 20 um or less, preferably S pﬁ or less.

The piezoelectric layer 3b may be formed of any
piezoelectric material which exhibits a relatively large

amount of field-induced strain or displacement when
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and the ceramc material for the substrate, a cernmet material of platinum
and the ceramic material for the substrate and the piezoelectric materi al
for the piezoelectric filmlayer, in view of an Inproved adhesi on of the
el ectrode | ayers to the piezoelectric filmlayer and/or the ceramc
substrate. Anong others, it is nore preferable to use a material having a
maj or conponent which conprises a platinum "As for additive materials
to be added to the electrode material ,« 8e of vitrous material such as
silicon oxide should be avoi ded because such material tends to react with
t he piezoelectric material during the heat-treatnment thereby

applied with a voltage, due to the piezoelectric effect.
The piezoelectric material may be either a crystalline
material or an amorphous material, and may be a semi-
conductive material or a dielectric or ferroelecéric
ceramic material. Furtharmore, the piezcelectric
material may either require an initial polarization or
poling treatment or may not require such treatment.
Preferably, however, the pilezoelectric
materials which can be used in the present invention has
a composition whose major component is lead zirconate
titanate (P2T), lead magnesium niobate (PMN), lead
nickel niobate (PNN), lead manganese niobate, lead
antimony stannate, lead zinc niobate, lead titanate,
lead zirconate or a mixture or solid solution thereof,
Furthermore, the piezoelectric materials indicated
above, whose major comﬁonent is PZT or the like, may be
added with a suitable amount of additiyes comprising
an oxide or compound of lanthanum, barium, niobium,
zinec, cerium, cadmium, chromium, cobalt, ahtimony,'iron,
yttrium, tantalum tungsten, nickel,‘manganése, lithium,
strontium, calcium, and/or bismuth, so as to obtain
a material whose major component is PLZT. However,
addition of vitrous material such as silicon oxide
should be avoided, since lead contained in the
piezoelectric materials such as P2ZT tends to react with
the vitrous material, making it difficult to achieve
J——

I
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deteriorating the characteristics of the piezoelectric device.

of the substrate material to be added to the electrode material is

preferably 5-30%
to be added to the el ectrode nateri al

The el ectrode | ayers 3a, 3c consisting of a conductive material as
ment i oned above may have a thickness of,20 [err]mor |ess, preferably 5

[err]mor

| ess. The piezoelectric™I*ayér 3b may be fornmed of any

pi ezoelectric material which exhibits a relatively |arge anount of

a desired composition of the piezocelectric £film layer,
thereby causing undesirable fluctuation and
deterioration of the operational characteristics of the
plezoelectric device. |
Among the piezoelectric materials indicated
above, it is preferable to usge a’ material of which the
major component comprises a mixture of lead magnesium
niobéte, lead zirconate and lead titanate, or a mixture
of lead nickel niobate, lead magnesium niocbate, lead
zirconate and lead titanate. It is particularly
advantageous to use a plezoelectric material of which
the major component comprises a2 mixture of lead
magnesium niobate, lead z2irconate and lead titanate.
Such a piezoelectric material has-a particularly low
reactivity with the substrate material during the heat-
treatment, and 1s thus free from segregation of its
components, Therefore, a suitable treatment for
maintaining the composition serﬁes to readilj realize
a desired composition or crystal-structure.
Furthermore, in the embodiment shown in Figs. 8 and 9,
it becomes ﬁossible to_maintain the edges of the
piezoelectriéﬁlayer 3b protruding beyond the lower
electrode layer 3a in such an incompletely bonded state
with the ceramic substrate 2 fof assuring a proper
operation of the plezoelectric transducer 3. Moreover,

such a piezoelectric material has a particularly high
S

[

The anpunt

by vol une, and the anopunt of the piezoelectric material
is preferably 5-20% by vol une.
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field-induced strain or displacenment when applied with a voltage, due to
the piezoelectric effect. The piezoelectric material nmay be either a
crystalline material or an anorphous material, and nmay be a sem -conductive
material or a dielectric or lerroelectric ceramc material. Furthernore,

t he piezoelectric material may either require an initial polari- zation or
poling treatnent or may not require such treatmnent. Pref erably,

however, the piezoelectric materials wg4ch can be used in the present

i nvention has a conposition whose major conponent is |ead zirconate
titanate (PZT), |ead nmagnesium niobate (PMN), |ead nickel niobate (PNN)

plezoelectric constant, and can be used as a material
suitable for forming the piezoelectric film layer by the
above-mentioned thick-film formation process such as
screen printing, spraying, dipping, coating and the like.

‘While such multi-component piezoelectric
material has a piezoelectric characteristic which varies
depending upon the composition of components, a three-
component material composed of lead magnesium niobate,
lead zifconate and lead titanate, which can be suitably
used in the invention, preferably has a composition in
the vicinity of phase boundaries of a pseudo-cubic
crystal phase, a tetragonal crystal phase and
a rhombohedral crystal phase. To assure sufficiently
high piezoelectfic constant and-electromechanical
 ceﬁpling-factor, it is particularly'advantageous to use’
a composition containing 15-50 mols of lead magnesium
niobate, 10-45 mols of lead zirconate and. 30~45 molg of
lead titanate.

The piezoelectric transducer comprising the
elactrode layers 3a, 3c and the piezoelectric film layer
3b described above generally has a thickness of 100 um

. or less. To assﬁre a relatively large amount of
displacement at a relatively low voltage, the
plezoelectric film layer 3b has a thickness which is

preferably 50 um or less, more preferably within

a range of 3-40 um.
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| ead nmanganese niobate, |ead antinobny stannate, |ead zinc niobate, |ead
titanate, |ead zirconate or a m xture or: solid solution thereof.
Furthernore, the piezoelectric materials indicated above, whose najor
conponent is PZT or the like. may be added with a suitable anmount of

addi tives conprising an oxide or conpound of |anthanum barium niobium
zinc, cerium c¢admum chromum cobalt, antinony, iron, yttrium tantalum
tungsten, .ni ckel , manganese, lithium =s8Fen- tium cal cium and/or bisnuth,
so as to obtain a material whose maj or conponent is PLZT. However, addition
of vitrous material such as silicon oxide should be avoi ded, since |ead
contained in the piezoelectric materials such as PZT tends

In unimorph~ or bimorph-~type plezoelectric
devices utilizing the transverse effect of the field-
induced strain, when the piezoelectric matefial requires
a poling treatment, it is a general practice to perform
the treatment by applying a voltage between the upper
and lower electrodes. 1In the case of the above-
mentioned film-type piezoelectric device as in the
present lnvention, it is prefefable to perform the
poling treatment with the upper electrode film layer
used as a positive electrode. That is to say, in the
case of the plezoelectric layer formed in accordance
with the present invention, stresses generated in the
pliezoelectric layer during the sintering or heat
treatment tend to form domains or orientations in
a direction along the poling direction, which make it
possible to subsequently perform an effective psling
treatment.

In order to confirm the advantageous functions
of the present invention, comparative experiments have
been carried out with a series of samples of the
piezoelectric device, each having a substrate with
cavities and five piezoelectric transducers 3a, 3B, 3C,
3D and 3E of the same apeclification, as shown in
Fig. 10. The particulars of these specimens are as

follows.

Comparative sample S; has open cavities such as
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to react wwth'the vitrous material, making it difficult to achieve a
desired conposition of the piezoelectric filmlayer. thereby causing
undesi rabl e fluctuation and deterioration of the operational
characteristics of the piezoelectric device. Anong t he piezoelectric
materials indicated above, it is preferable to use material of which the
mej or conponent conprises a m xture of ggad magnesi um ni obate. | ead
zirconate and lead titanate, or a m xture of |ead nickel niobate, |ead
magnesi um ni obate, |ead zirconate and lead titanate. It is particularly
advant ageous to use a piezoelectric material of which the major conponent
conprises a mixture of |ead magnesi um ni obate, |ead zirconate and | ead

titanate. Sy¢fat ghown in Pigs. 5A and 5B, and does not include
grooves in the thick-walled regions of the substrate.

Comparative sample Sz has closed cavities
closed by & closure wall such as that shown in Figs. 2A
and 2B, and does not include grooves in the thick-walled
regions of the substrate.

Comparative sample S3 has open cavities and
includes shallow grooves in the thick-walled regions of
the substrate, wherein each groove is arranged between
adjacent transducers and has a depth which is
substantially same as the thickness of the thin-walled
region of the sqbstrate.

Sample of the invention S4 has closed cavities
and include grooves in the tﬁick-walled regions of the
substrate, as shown in Figs. 2A and 2B, vherein each

~ groove is arranged between adjacent transducers and has
a depth of 100 um which is greater than the thickness
of the thin-walled region of the substrate. .

Sample of the invention Ss has closed cavities
and include grooves in the thick-walled regions of the
substrate, as shown in Figs. 2A and 2B, wherein each
groove is arranged between adjacent transducers and has.
a depth of 50 um which is greater than the thickness of
the thin-walled region of the substrate.

sample of the invention Sg has closed cavities

and include grooves in the thick-walled regions of the
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a piezoelectric material has a particularly low reactivity with the
Substrate nmaterial during the heat-treatnent, and is thus free from
segregation of its conponents. Therefore, a suitable treatnent for

mai ntai ni ng the conposition serves to readily realize a desired conposition
or crystal structure. Furthernore, in the enbodi nent showmn in Figs. 8 and
9, it becones possible to maintain the egges of the piezoelectric layer 3b
protrudi ng beyond the | ower el ectrode |a 3a in such an inconpletely
bonded state with the ceramc substrate 2 for assuring a proper operation
of the piezoelectric transducer 3. Moreover, such a piezoelectric materi al
has a particularly high piezoelectric constant, and can be used

substrate, wherein two grooves are arranged between
adjacent transducers as shown in Fig. 7, each having
a depth of 100 um which is greater than the thickness
of the thin-walled region of the substrate.

Each sample includes a substrate comprising
a layer forming the peripheral wall of the cavity and
having a thickness of 150 m, which may be combined
with a closure wall of a thickness of 150 um, wherein
the thickness of the thin-walled region is 10 pm.

In the first place, using the comparative
samples S; and Sz and the sample of the invention Sg,
whigh were operated at thé input voltage of 30V, the
vertical displacement or deflection and relative
dielectric constant were measured-with respect to the
pPlezoelectric transducer 3C arranged at the center of
the substrate., The measurement of the wvertical
displacement amount of the center transducer 3C has been
carried out using a laser Doppler-tYpe vibrometer. The

result of the measurement is shown in Table 1 below.

Table 1
Type of | Vertical Displacement |Relative Dielectric
Sample (um) Constant
Sy 0.29 2,700
57 0.21 2,500
Sa 0.28 3,400
. This Sheet Has Been Repl : This is the replacement sheet
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as a material suitable for form ng the piezoelectric filmlayer by the
above-nentioned thick-filmformati on process such as screen printing,
sprayi ng, dipping, coating and the |iKke. Wil e such mul ti-conponent
pi ezoel ectric material has a piezoelectric characteristic which varies
dependi ng upon the conposition of conponents, a three-conponent nmaterial
conposed of | ead nagnesi um ni obate, lead zirconate and |ead titanate,

whi ch can be suitably used in the i nver88on, preferably has a conposition
in the vicinity of phase - boundaries of a pseudo-cubic crystal phase, a
tetragonal crystal phase and a rhonbohedral crystal phase. To assure

It can be appreciated from Table 1 that, with
refeiénce to the_compa;ative sample Sz and the sample Sy
of the invention, both including a substrate with closed
cavities, the vertical displacement amount achieved by
the center £ransducer 3C of the sample 84 is higher than
that achieved by the center transdﬁcer 3C of the
comparative sample S3. With further reference to the
sample Sy of the invention and the comparative sample S;
which includes a substrate with open cavities, even
though the substrate of the sample S$4 includes closed
cavities, the vertical displacement amount achieved by
the center trahsdncer 3C of the sample Sg is
substantially as high as that achieved by the center
transducer 3C of the comparative-sample S;. Moreover,
the transducer of the sample S4 according to the
invention-exhibigs the highest relative dielectric
constant. This is believed due to the minimized
residual stresses in the piezoelectric film layer and
improved material characteristics thereof, both realized
by the formation of the grooves in the thick-walled
regions of the substrate and the resultant increased
compliance of the thin-walled regions.

Experiments have been carried out with respect
to the samples 8; to Sg, to quantitatively measure the
magnitude of interaction or crosstalk between adjacent

piezoelectric transducers. This magnitude is defined as

S
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suffigiently high piezoelectric constant and el ectronmechani cal coupling
factor, it is particularly advantageous to use a conposition containing
15-50 nol % of | ead magnesi um ni obate, 10-45 nol % of | ead zirconate and
30-45 nol % of lead titanate. The piezoel ectric transducer conprising
the el ectrode |layers 3a, 3c and the piezoelectric filmlayer 3b described

above generally has a thickness of 100 %grr]n1or | ess. To assure a
relatively | arge anount of displacenent®&t~a relatively |ow voltage, the
pi ezoelectric filmlayer 3b has a thickness which is preferably 50 [err]m

or less. nore preferably within a

reduced displacement rate Dreq(%), and expressed by the

following formula:

Dn¢3a-3e)
Dpeg = = x 100 (t) (n =A, B, C, D, E)

Dn(an)
where Dn¢aa-3gy is the displacement amount of transducer

3n when all the transducers 3A-3E are simultaneously in
.operation, and Dn(in) is the displacement amount of the
transducer 3n when only that transducer is in operation.
Table 2 belowlshows the reduced displacement rate

Dred(%) for each transducers of the samples S; to Sg.

Table 2
Type of [Reduced Deflection Rate Dreg (%) Of Transducers
Sample 3A 3B 3c 3D 3E
51 62 55 49 52 60
S2 85 75 . _ 70 74 85
- S3 - 86 75 72" 74 85 -
S4 g5 90 89 31 94
Ss 90 81 8l 82 91
Sg 97 95 94 94 S8

It can be appreciated from Table 2 that,.with
reference to the comparative samples S; to Si,
simultaneous opératibn of adjacent transducers tends to
reduce the displacement of each transducer and enhance
the fluctuation of the reduced displacement rate Dred.
In contrast, with reference to the samples S4 to Sg of
the invention, simultaneou; operation of adjacent

transducers does not result in a significant reduction
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[ange.of 3-40 [err]m
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" of the displécement of each transducer and fluctuation

of the reduced displacement rate Dred. Thus, the
present invention makes it possible to suppress the
interaction or crosstalk between adjacent piezoelectric
transducers. With refarence to the comparative samples
S2 and S3, suppression of the interaction or cresstalk
between adjacent piezoelectric transducers is still
insufficient in the case of grooves of which the depth
is subst;ntially same as the thickness of the thin-
walled regions.. With reference to the samples Sy and Ss
of the invention, a greater depth of the groove serxves
to more effectively suppress the interaction or
crosstalk between adjacent plezoelectric transducers,
‘'With further reference to the samples S4 and Sg¢ of the
inventign, formation of two grooves between adjacent
transducers results in even more effective suppression
of the interaction or crosstalk between adjacent
piezoelectric transducers.

It will be readily appreciated from the
féregoing detailed description that the piezoelectric
device according to the present invention features. the
formation of at least one groove in the relatively
thick-walled region of the substrate adjacent to and
surrounding the perlipheral wall of the cavity. It is
thus possiblé%to provide a higher compliance of the
relatively thick-walled substféé&;region adjacént to the
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peripheral wall of the cavity, with which the thin-
walled regions of the substrate can be readily deformed
upon firing shrinkage during manufacture of the device.
Therefore, despite the difference in the coefficient of
thermal expansidn of the materials for the substrate and
the piezoelectric transducer, the transducer during
manufacture of the device can be subjected to the firing
shrinkage in a relatively unrestricted sense, thereby
minimizing the residﬁal stresses in the transducer and
assuring a highly improved operational characteristics
of the device.

Moreover, when the piezoelectric. dev1ce
according to the present invention includes an array of
piezoelectric transducers formed-on a common substrate,
the grooves in the relatively thick-walled region of the
substrate serves to effectively eliminate or suppress
interaction or crosstalk between the trénsducers, and
makes it readily possible to uniformly achieve é desired
amount of displacement of the thin-walled regions of the
substrate in a direction perpendicular to the general
surface of the substrate.

While the present invention has been described
with reference to some preferred embodiments, they were
given by way of examples only, It is of course that

various changes and modifications may be made without
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departing from the scope of the present inyention.
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I n uni mor ph- or binmorph-type piezoelectric devices utilizing the transverse
effect of the field-induced strain, when the pi ezoel ectric materi al
requitTes a poling treatnent, it is a general practice to performthe

treat voltage bet ween the upper and | ower electrodes. In
the cgamm)mmqmmmmment ioned filmtype piezoelectric device as in the

resent 4+ nwentiom, #t 1s preferable to _garformthe poling treatment wth
the upper el ect r ode filmlayer used as a

CLAIMS

1. A piezoelectric device comprising a ceramic
substrate with an outer surface, said substrate being
locally formed with at least one cavity defined by at
least one peripheral wall and a bottom wall, séid bottom
wall having a reduced thicknessa, said device further
comprising at least one film-type piezoelectric
transducer formed integrally with the substrate and
arranged on said outer surface opposite'to said bottom
wall, said outer surface of the substrate having
a thick-walled region adjacent to and sufrounding said
peripheral wall of the cavity, wherein said thick-walled
region is formed with at least one groove extending
along saia periphera; wa%l and ‘having a depth which is
greater -than the thickness of said bottom wall, said

" groove being arranged so as to permit simultaneous
displacements of said bottom wall and said thick-walled
region between said cavity and said grobve, to thereby
cause a volumeric change of said éavity.

2, A piezoelectric device as claiméd in Claim 1,
wherein said .ceramic substrate comprises zirconium oxide
as a major component, said zirconium oxide having
a completely or partially stabilized crystal phase.

. 3. A plezoelectric device as claimed in Claim 2,
wherein saild zirconium oxide has a crystal phase which

has been completely or partially stabilized by addition
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p05|t|ve el ectrode. That is to say, in the case of t he piezoelectric |ayer
formed in accordance with the present invention, stresses generated in the
pi ezoel ectric layer during the sintering or heat treatment tend to form
domai ns ' mﬁmn a direction along the poling direction, which
make it mumumumn quently performan effective poling treatnent.

In order to &onfirm tthe*advant ageous functions of the present invention.
conparati ve experinments have been carriefout with a series of sanpl es of
t he piezoelectric device, each having a substrate with cavities and five
pi ezoe- lectric transducers 3A, 3B, 3C, 3D and 3E of the sane
specification, as showmn in Fig. 10. The particulars of these

of at least one member selected from a group consisting
of yttrium oxide, cerium oxide, magnesium oxide and
calcium oxide.

4. The plezoelectric device of claim 1, 2 or 3
vherein said thickness of the bottom wall is 50 xm or
less.

5. The pilezoelectric device of any one 6f claims 1 to 4,
wherein said plezoelectric transducer comprises a first
electrode layer, a piezoelectric layer and a second
electrode layer which are sequéntially laminated with
each other.

6. A piezoelectric device as claimed in Claim 5,
wherein said piezoelectric layer comprises a material
with a major component which comprises a mixture of lead
magnesium niobate, lead zirconate.and lead titanate.

7. A piezoelectric davice as claimed in Claim §,
wherein said piezocelectric layer comprises a material
with a major component which comprises a mixture of lead
nickel niobaté. lead magnesium niobate, lead zirconate
and iead titanate.

. 8. The pilezoelectric device of any one of claims 1 to.7,
wherein said ceramic substrate comprises a first layer
formed with at least one window-like opening, and
a second layer on the side of said outer surface of said
first layer, said opening in the first layer having a
periphery which provides said peripheral wall of the
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specinens are as follows. Conparative sanple S[err] has open cavities

such as Tﬁaf_shﬁWﬁ—#ﬁ—FFgS——5A and 5B, and does not include grooves in the
t hi ck-wal | mﬂﬂ ns of t he substrate. Conpar ati-ve sanple S[err] has

cl osed ca L& a closure wall such as that shown in Figs. 2A and
2B. and d rooves in the thick-walled regions of the

substrate. Cbnparatlve sanple S err] has open cavities and includes
shal l ow grooves in the thick-walled regigns of the substrate

cavity, and said second layer closing one side of saigd
opening in the first layer and thereby providing said
bottom wall.

9. The plezoelectric device of any one of claims 1 to 7,
whérein sald ceramic substrate comprises a first layer
formed with at least one window-like opening, and
a second layer on the side of said outer surface of said
first layer, said opening in the first layer having a
periphery which provides said peripheral wall of the
cavity, and said second layer closing one side of said
opening in.the firsﬁ layer and thereby providing said
bottom wall, and wherein said ceramic substrate-
comprises a third layer on the side of said.first layer
which is opposite to said second-layer, said third layer

- closing another side of sald 0peni$g in the first layer.

10. The piezoelectric device of any one of claims 1 to 9,
wherein said ceramic subsérate has at least one thin-
walled region for defining said cavity.

11. The piezoelectric device of any one of claims 1 to 10,
wherein said ceramic substrate comprises a first layer
formed with at least one thin-walled region for defining
said cavity, and a second layer on said first layer on
the side of an inner surface of the substrate, for

closing said cavity in the first layer.
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wherei,n each groove is arranged between adjacent transducers and has a
depth which is substantially sanme as the thickness of the thin-walled
region of the substrate. Sanpl e of the invention S[err] has closed
cavities and include grooves in the thick-walled regions of the substrate,
as shown in Figs. 2A and 2B, wherein each groove is arranged between

adj acent transducers and has a depth of 100 [err]mwhich is greater than
the thickness of the thin-walled regt 48 of the substrate. Sanpl e of
the invention S[err] has closed cavities and include grooves in the

thi ck-wal | ed regi ons of the substrate,

PIEZOELECTRIC DEVICE

ABSTRACT

A piezoelectric device includes an at least
locally thin-walled ceramic substrate (2) and at least one :
film~-type piezoelectric transducer (3) on the substrate.
The substrate is locally formed with at least one cavity (4)
defined by at least one peripheral wall (2¢c) and a bottom wall
(2a) .having a reduced thickness. fThe piezoelectric
transducer is arranged on the outer surface opposite to
the bottom walJ_. ‘and includes a first electrode layer,

- a piezoelectric layer and a second electrode layer which
are sequentially laminated with each other, The outer
suzface of the substrate has relatively thick-walled regions
(2d) . :Adjacent to and surrounding said peripheral wali
of the cavity. Each thick-walled region is formed with.
at least one groove (5) extendingalong the peripheral wall
and having a depth which is greéter. than thé thickness
of the bottom wall. The groove (5) is arranged 'so as to
permit simultaneous displacements of the bottom wall and

the thick-walled region between the cavity and the

groo've, to thereby cause a volume change of the
cavity (4). '
FIGURE 11
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as shown in Figs. 2A and 2B, wherein each groove is arranged between

adj acent transducers and has a depth of 50 [err]mwhich is greater than the
t hi ckness of the thin-walled region of the substrate. Sampl e of the
invention S[err] has closed cavities and include grooves in the

thi ck-wal | ed regi ons of the substrate, wherein two grooves are arranged

bet ween adj acent transducers as shown in Fig. 7, each having a depth of 100
[err]mwhich is greater than the thickness of the thin-walled region of the

substrate. - Each sanpl e includesa substrateconprisinga |ayerform ngthe
peripheral wall of the cavity and havi ngathi ckness
/
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of 150 [err]m which
150 [err]m wherein
In the first place,
sanpl e of the invent
30V, the vertical di
~constant were measur
arranged at the cent
di spl acenent anount
a | aser Doppler-type

5 30 3 3 3¢

may be conbined with a closure wall of a thickness of
the thickness of the thin- walled regionis 10 [err]m
using the conparative sanples S[err] and S[err] and the
ion S[err] which were operated at the input voltage of
spl acenent - or deflection and relative dielectric

ed with respect to the piezoelectric transducer 3C

er of the substrate. The neasurenent of the vertical

of the center transducer 3C has been carried out using
vi bronmeter. The

2
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resul t, of the measurenent is shown in Table 1 bel ow

Table 1 Type of Sanple Vertical D splacenent ([err]m
Rel ative Dielectric Constant Slerr]
0. 29 2.700

3
FIG.3
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Slerr], 0.21 2.500

Slerr] 0. 28 ' 3,400 It can
be appreciated from Table 1 that, with reference to the conparative sanple
S[err] and the sanple S[err] of the invention, both including a substrate
with closed cavities, the vertical displacenent amount achi eved by the
center '

FIG_5A
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transducer 3C of the sanple S[err] is higher than that achieved by the
center transducer 3C of the conparative sanple S[err] Wth further
reference to the sanple S4 of the invention and the conparative sanple
S[err] which includes a substrate wth open cavities, even though the
substrate of the sanple S4 includes closed cavities, the vertical

di spl acenent anount achi eved by the center transducer 3C of the sanple

- S[err] is substantially as high as that achieved by the center transducer
3C of the conparative sanple S[err]. Mreover, the transducer of the sanple
S4 according to the invention exhibits the highest relative dielectric
constant. This is believed due to the méy m zed residual stresses in the

pi ezoe-
FIG.6A4
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lectric filmlayer and inproved material characteristics thereof, both
realized by the formation of the grooves in the thick-walled regions of
the substrate and the resultant increased conpliance of the thin-walled
r egi ons.
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Experi,ments have been carried out with respect to the sanples S[err] to
S[err] to quantitatively neasure the magnitude
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of interaction or crosstal k between adj acent

_Thls magni tude i s defined as reduced dlsplace-
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Description

BACKGROUND OF THE INVENTION

1. Field of the lnvention

The present invention ralates (o a piazoslactric davica for convarting an input mechanical quantity into an output
alectrical quantity, and vica versa,

2. Description of the Related Art

As generally known in the art, piazcelactric davicas ara typicaily used to canvart an input mechanical strass into
an output electric charge (voitage) and also to convert an input electric voitage into an output mechanical distortion.
In the latter case, the devica is scmatimas called as an alectrostrictive devica. The term ‘piazoaelectric davice® as used
herain is to be interprated in its broadest sensa, as encompassing an electrostrictiva devica as wall, Similarly, the tarm
“piazoelectric matarial® as used herain is o be interprated in its broadast sanse as encompassing an electrostrictiva

“material as well. When the output of the piezoelactric davice is a mechanical distortion, such distorticn can be used to

generate mechanical forca, displiacement or vibration.

Conventianally, piezoelactric devices have been used for various purposaes. For exampie, in the fisld of optics ar
precision engineering, thera is a prograssive demand for actuators capable of adjusting lengths and/ar positions of the
aptical path on a sub-micron ardar, or for sensors capabie of detecting a fine mechanical displacement. There have
been various proposals directed to such demands in canjunction with appiication of piezoelectric devices. Specifically,
there is known unimarph- or bimorph-type piezoelectric devics which undergoes bending ar flexural deformation upon
application of an input electrical valtage, and which can be used for ink jet printing heads, acoustic radiators (i.e.,
loudspeakars and the iike), vibrators, etc. The unimorph- or bimorph-type piezoelactric device can also be used to
convert a bending or flexural defarmation into an wlectrical voltage, e.g., as a microphone or sensor, With referenca,
tor example, ta ink jet printing heads including a unimarph- or bimarph-type piezoelactric devica, in view of customers’
or end users’ requirement for a high-quality and high-speed printing parformance, it is highly desirable to realize a high
density piezoelectric device having a minimized stze. which operates at a iow driving voltage and yet provides a sat-
isfactory response characteristic and an operational reiability.

For realizing the above-mentioned desired properties of the ptezoelectnc davice, bacause the substrate in the
ragion of each piezoelectric transducer functions as a diaphragm, it has been generally considerad necassary for the
entire substrate to have a reduced thickness. In many instances, however, the reduced thickness of the substrate as
a whale cannot be achieved without lowering the mechanical strangth of the substrate. Thus, in order to simultanecusly
satisty the seemingly incompatible requirements for the reduced thickness and a satisfactory mechanical strength of
the substrate, U.S. Patent No. 5,210,455 assigned to the assignaes of this application discioses an improved piezoe-

lectric device which includes a locally thin-walled substrate and piezoelectric transducars {ormed on, and integrated

with the thin-walled ragions of the substrate,

As particularly disclosed in U.S. Patent No. 5,210,455, the locally thin-walled substrate may be formed by larni-

nating a relatively thick green sheet of a first ceramic layer having window-like openings therein, and a reiatively thin
green sheet ol a sacond caramic layer without such apenings. Aftac integrating the two ceramic layars by firing to form
the substrate, the openings in the first ceramic layer cooperate with the secand ceramic layer to define cavities having
thin-walled bottom walls which are constituted by the second caramic layer. Furthermare, the piazoelactric transducers
may each includa a first electrode layar, a piazoalectric layer and a second electrode layer which are sequentially
laminated with each other, The piezoelectric transducars are arranged on those outer sudace ragions of the substrate

opposne lo the ralevant cavities, and are integrated with the substrate- by firing.
' Tha piezaelectric device according ta the abave-mentioned proposal proved to bae highly advantagecus in that the

Jlocally thin-walled regians of the substrate cpposite o the rdspactive piezoelactric transducers make i possible to

achieve a satistactory operation of the transducers, and {urther in that the ramaining, relatively thick ragion of the
substrate serves o realize a sufficient machanical strength of the substrate as a whale,
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'V\,here [err] is the displacement amount. of transducer 3n when all the
transducers 3A-3E are sinultaneously in operation, and [err] is the

di spl acenent amount - of the transducer 3n when only that transducer is in
operation. Table 2 bel ow shows the reduced di splacenent rate [err] (% for
each transducers- of the sanples Slerr] to Slerr]. o
Table 2 S -2

Nevertheless, it would be highly desirable to provide a further improved piazoelactric devica which is suparior in
tha operatianal characteristics, and which yet retains the above-mentioned advantages. Having thus conducted thor-
ough experiments and investigations based an the piezosiectric device disclosed in U.S. Patent No, 5,210,455, the
inventors reached a recognition that a significant improvement can be achieved by carefully taking into consideration
the physical and/or chemical properties, structure and behavior of the substrate and the piezoeleciric transducers at
or near the thin walled regions of the substrata.

Firstof all, in the piezoelactric device accarding to the inventors' earlier proposal, the substrata and the plezoelecmc
transducer are generally composed of materials which are different in the chemical camposition and hencas in the

coefficient of themmal expansion. Thus, during manufacture of the piezoslactric devica, in particular during cooling
which [oliaws the sintering for forming the piezoelectric transducer on the substrate or the firing for intagrating tha
substrate and the piszoalactric transducar, undesirable residual stresses tand ta ba caused in the piazoelectric trans-
ducer, which may deleriorate tha operational characteristics of the device as a whola. According lo a recagnition
reached by the inventars, a highly improved piezoslectric davice can be raalizad by effectively compensalting for the
differanca in shrinkage of tha matarials for the substrate and the piazoalactric transducar.

Furthermore, in the piezoelactric devics according to the inventors’ earlier proposal wharain a common substrate
is provided with an array comprising a plurality of piezoelactric transducers, when neighbouring transducers are simul-
taneously actuated, it is often ditficult to achieve a sufficient amount of displacament of the thin-walled regicns of the
substrats in a diraction perpendicular to the ganaral surface of the substrate, and a satisfactory voluma change oi the
cavity. Besides, the operation of the transducers may be affected by the aperation of adjacent ransducers, making it
difficult to uniformiy achieva a desirad displacement amount of the thin-wallad regions of the substrate. Acécrding (o

. another racagnition reached by the inventers, a highly improved piezoelectric device can be realized by eliminating or
supprassing undesirad interaction of the neighbouring transducers.

Spaecifically, it has baen confirmed that when the piezoalactric davica accarding to the invantars' earlier proposal
Is used, for example, as an actuator for an ink jet printing head, thars may be instances wherein the ink fllled within
the cavity cannot be discharged with a sufficient amount or at a high speed, or wherein & is difficult to achieve a2
satisfactory printing quality. According to still another recognition reached by the inventars, significantly improved ink
discharge characteristics can be achieved by realizing a sufficient displacement characteristic of the piezoelectric trans-
ducer and a satisfactory valuminal change of the cavity. It has also been recagnized that a significantly improved
printing quality can be realized by eliminating or minimizing fluctuation in the displacement characteristics. of the pie-
zoelectric transducers and hence in the discharge amount and speed of ink.

DISCLOSURE OF THE INVENTION

The present invention thus contemplates to provide a highly improved piezoelectric device on the basis of the
above-mentioned recognitions.

it is a primary object of the prasent invention to provide a highly mproved piezoelectric device which makes it
possible to achieve a sufficient displacement amount of the thin-walled region of the substrate and a satisfactory volume
change of the cavity.

it is another abject of the present invention to provide a?ughly improved piezoelactric device which i is capable of
effectively rehevmg the stresses in the piezoslectric transducer, which may arise from the difference in shrinkage of
the substrate and the piezoelectric transducer due to the difference in the coefficient of thermal expansion of the ma-
terials, or from the shrinkage of the piezoelectric transducer upon sintering of the transducer on the substrate.

it is still another abject of the present invention to prowde a highly improved piezoelectric device provided with an
array comprising a plurality of piezoelectric transducers, which is capable of eliminating or suppressing undesired

. interaction of the neighbouring transducers.

The piezoalectric device according to the present invention is set out in claim 1.

_ The arrangement of the piezoelectric device according to the present invention (eatures the formation of at least
ona groove in the refatively thick-walled region of the substrate adjacent to and surrounding the peripharal wall of the -
cavity. Because the groove extends along the peripheral wall of the cavity and has a depth which is greater than the
thickness of the bottom wall of the cavity, it is possible to provide a higher compliance of the relatively thick-walled
substrate region adjacent to the peripheral wall of the cavity, with which the thin-walled ragions of the substrate can
be readily deformed upon firing shrinkage during manufacturs of the device. Theralore, despite the differenca in the
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Type of Sanple | Reduced Deflection Rate [err] (% . of Tr ansducer s

3A ‘3B -3C - 3D 3E Slerr]
62 55 49 52 60 _

Slerr] 85 75 - 70 74 85

Slerr] 86 75 72 74 85

Slerr] - 95 90 89 3 91 .94

coefficient of thermal expansion of the materials for the substrate and the piezaelectric transducer, the transducer
during manufacture of the device can be subjected to the firing shrinkage in a relatively unrestricted sense, theraby
minimizing the residual stresses in the transduger and assuring a highly improved operational characteristics of the
device. -

Moreover, when the piezoelectric device accofding to the present invention includes an array of piezoelectric trans-
ducers formed on a comman substrate, the groove in the relatively thick-walled region of the substrate can be advan-
tageously situated between neighbouring transducers to provide a low vibration transmissibility of the substrate be-
tween adjacent transducers. This serves to effectively eliminate or suppress undesirable interaction or crosstalk be-
tween the transducers, and makes it readily possible to uniformly achieve a desired amount of displacement of the
thin-walled regions of the substrate in a direction perpendicular to the general surface of the substrate.

BRIEF DESCAIPTION OF THE DRAWINGS

The prasent invention will now be explained in further detail, by referring to the accompanying drawings in which:
Fig. 1 is a parspaclive view showing the piezaelactric davice accaording to a first ambodiment of the prasent inven-
tion;

Figs. 2A and 28 are sectional views taken along the line 2-2 in Fig. 1;

Fig. 3 is an exploded perspactive view showing one axample of a multi-layared substrate of the davice;

Fig. 4 is a sectional view taken along the line 4-4 in Fig. 3;

Figs. SA and 5B are sectional views showing the operation of known piezaalectric devics;

Figs. 6A, 6B and 6C are sectional views shaowing the piezoelectric devics according to a second embodiment of
the prasant invention; _

Fig. 7 is a sectional view showing the piezoslactric device according to a third embodiment of the present invention;
Fig. 8 is a sactional view showing the piezaoelectric device a fourth embodiment of according to the present inven-
tiony;

Fig. 9 is a sectional view in enlarged scale, showing the detailed arrangement of the piezoelectric transducer in
the embodiment of Fig. 8; and

Fig. 10is a parspective view showing the arrangement of the piazoelectric device with which experiments were
conducted.

. For the sake of convenience, sama reference numerals are used throughout the entire figures to denote same or
equivalent elements.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT ]

Refarring nowto Figs. 110 4, thera is shown a first embodiment of the unimorph-type piezoelectric devica according
to tha present invention, which is denoted as a whole by referance numaeral 1. The piezoelectric davice 1 includes a
locally thin-walled ceramic substrate 2 and a plurality of piezoslectric transducers 3 arranged on the upper surfaca of
the substrate 2. More particularly, the substrate 2 has a plurality of thin-walled regions 2a and the piezoelectric trans-
ducers 3 are arranged on the thin-walled regions 2a. The substrate 2 has a plurality of closed cavities 4 tharein, each
defined by 2 ciosure wall 2b on the lower surface side of the substrate 2, peripheral walls 2¢ in the substrate 2and a
bottomn wall on the upper surtace side of the substrate 2, of which the bottom wall is constituted by the thin-walled
region 2a of the substrate 2. The battom wall 2a functions ‘as a diaphragm of the piezaelectric transducer 3 in operation
of the device 1. The substrate 2 has relatively thick-walled regions 2d adjacent to the thin-walled regions 2a, where it
is formed with grooves 5 each arranged to extend along the peripheral wall 2c of the cavity 4 and to open at the upper
surface of the substrate 2.

As shown in Fig. 2A, the piezoelectric trarisducers 3 may be formed integrally with the substrate 2 by an ordinary
film-formation process to be mare fully described herainatter, wherein a lower electrode layer 3a, a film-shaped pie-

. Zoelectric layer 3b and an upper electroda layer 3¢ are sequeniially laminated one above the other, As further shown

in Figs. 3and 4, the substrate 2 may be formed by known lamination process, wherein a lower green sheet 21 providing
the closure wall 2b of the substrate 2, an intermediate green sheet 22 formed with window-like openings 22a corre-
sponding o the cavity 4, and a thin-walled upper grean shest 23 providing the bottom wall 2a of the cavity 4, are
sequentially laminated one above the other and subjected to a sintering to form an integrated substrate 2 (Fig. 4).
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S[err] - 90 . 81 81 82 91

S[err] . 97 95 94 94 98 It can be
appreciated from Table 2 that, with reference to the conparative sanples
"S[err] to S err] sinultaneous operation of adjacent transducers tends to
reduce the displacenent. of each transducer and enhance the fluctuation of
t he reduced di spl acenent rate Dierr]. Jn contrast, with reference to the
sanples S[err] to S[err] of the invention, sinultaneous operation of -

The particulars of the three green sheets 21, 22, 23 forming the integrated substrate 2 will be explained below,
with referenca to Figs, 3 and 4. The upper green sheet 23 has flat regicns 23a corresponding to the battom walls 2a
of the substrate 2, and slit-like apenings 23b extending through the upper green sheet 23 in the direction of its thicknass.
The intermediate green sheet 22 has, besides the window-like openings 22a, slit-like groaves 22b with their bottorns
situated close to the lower green sheet 21. The upper green sheet 23 and the intermediate green sheet 22 are super-
imposed with each other sa that the siit-like openings 23b in the upper green sheet 23 and the slit-like grooves 22b in
the intermediate green sheet 22 are brought into alignment with each other to form the groove 5 in the substrate 2.
When the piezoelectric davice 1 is used as an actuator for an ink jet printing head, the lower green sheet 21 may have

hrough-holes 21a to be used as an inlet which is in communication with an ink reservoir and/ar as an outlet which is
in communication with a dischargs nozzle.

With further referance to Figs. 3 and 4, assuming by way of example that the cavity 4 has a square contour, the
groove S in the substrate 2 has a length L which is at least 1/B, preferably 1/4 or mora, of the length of the longitudinal
edge of the cavity 4. Furthermore, as shown in Fig. 2A, the groave 5 has a depth O, which is substantially same as,

of greater than the thickness t of the thin-walled bottom wall 2a of the cavity 4, and which pralerably satisfies the
fallowing equation (1):

whara Dy is the depth of the cavity 4. More prafarably, the depth D, of the groave § satisfies the following equation (2):
D, 2(t+2x Dy/3) (2)

Advantageously, the groove § has a width W, as also shown in Fig. 2A, which is determined such that tha width
W, ol the thick-walled region 2d measured between the sida wall of tha groave 5 and the opposite peripheral wall 2¢
of the cavity 4 is within a ranga betwaeen 20 um and 200 pm, préferably between 20 um and 100 um. When the width

Wy of the thick-walled region 2d is less than 20 um, the stiffness of the thick-walled region 2d is often excessivaly
lowerad, making it ditficult to effactively induca the desired vertical displacement of the bottom wall 2a of the cavity 4
and thereby achieve an efficient voluminal change of the cavity 4. Moreovar, cracks or the like dafects tend ta occur
inthe thi:_:k-walled region 2d during lormation of the groove 5, making it difficult to improve the manufacturing productivity
of the piezoselectric devica, When, on the other hand, the width W, of the thick-walled region 2d is mors than 200 um,
it becomes often difficult to achieve a sufficient stress relaxation during firing of the piezoelactric film layer, and hence
to eftectively improve the properties of the piezoelactric matarial. Moreover, due to the increased stitfness of the thick-
walled region 2d, it becomes difficult to achieve a sufficient lateral displacement of the peripheral wall 2¢ of the cavity
4 thereby to enable a large voluminal change of the cavity 4.

it has to be noted in this connection that the above-mentioned praferred range of tha width W, is applicable aiso
when two or more grooves S are formed in each thick-walled region 2d of the substrate 2.

The grooves § may have a square cross-section as shown in Figs. 2A and 4, or other appropriate cross-sac::cn
such as V-shaped or (rapezoid cross-section.

As for the thickness of the thin-walled region 2a of the substrate 2, i.e., the bottomn wall of the cavny 4, which
tunctions as the diaphragm of-the piezoelectric transducer 3, in order to provide an impraved high-spesd response
characteristic and a high conversion efficiency of the transducer 3, the thin-walled region 2a has a thickness which is
preferably 50 ym ar lass, more preferably 30 pm or less, and furthet more preferably 10 um or less.

The piezoelectric devics 1 accarding to the present invention includes groove 5 in the relatively thick-walled region
2d of the substrate 2 adjacent to and surrounding the peripheral wall 2c of the cavity 4. It is therefare possible to pravide
a higher complianca of the relatively thick-walled substraté }egion 2d adjacent to the peripheral wall 2c of the cavity 4,
with which the thin-walled regions 2a of the substrate 2 can be readily deformed upon firing shrinkage during manu-
facture of the device 1. This means that the transducer 3 during manufacture of the device 1 can be subjected to the
firing shrinkage in a relatively unrestricted sense, thereby minimizing the residual stresses in the transducer 3 and
assuring a highly improved oparational characteristics of the devica 1. As a result, it is possible to provide improved
characteristics of the transducer 3, including the felative dielectric canstant, and to mare {ully maka use of material
properties which are inherent to tha piezoalectric material. , .

As can be further appreciated fram Fig. 28, formation of the grooves 5in the thick-walled regions 2d of the substrate
2 ensures that the diaphragm of the pigzoelectric transducer 3 constituted by the bottom wall 2a of the cavily 4 can be
sufficiently displaced vertically toward the closure wall 2b, simuftaneausly inducing lateral displacemants of the oppasite
peripheral walls 2c loward the center of the cavity 4. A resultant higher compliance of the diaphragm of the piezoelectric
transducer 3, in combination with the lateral displacements of the opposite peripheral walls 2c, permits a rapid voluminal -
change of the cavity and serves 1o provide a significantly increased discharge amount of ink from the cavity 4.
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‘adj acent transducers does not result in a significant reduction of the
di spl acement of each transducer and fluctuation of the reduced displ acenent
rate Dlerr]. Thus, the present invention nmakes it possible to suppress the
i nteraction or crosstal k between adj acent piezoelectric transducers.” Wth
reference to the conparative sanples Slerr] and S err], suppres- sion of
the interaction or crosstal k between gdjacent pi ezoel ectric transducers is-
still insufficient in the case of grodves of which the depth is '
substantially sane as the thickness of the thin-walled regions. Wth
reference.to the sanples S[err] and S[err] of the invention, a greater
dept h of t hidoregvesonnen Bepiszedectiodevios &aebrfliert thegegers uppnroesmsluqehen armay efrpieedelearc Or
cr OS st al Kransducers 3 formed an a common substrate 2, the grooves S formed in the refatively thick-walled regions 2d of the
substrate 2 and situated betwaen the adjacent transducars 3 provide a low vibration transmissibility of the substrate
2 between the adjacent transducars 3. The grooves 3 thus serve to effectively eliminate or suppress undasirable in-
taraction or crasstalk betwean adjacent transducars 3, and to maka it readily possible {ar the thin-walled ragions 2a of
the substrate 2 to achieve a uniform amount of the desired vartical displacement. Furthermore, even when neighbouring
transducers 3 are simultaneously actuated, the groove 5 serves to absorb tensile forces between the transducers (o
theraby minimize the fluctuation in the vertical displacemaent amounts of the diaghragms.

For the sake of comparison, Figs. 5A and 58 schematically illustrate the operation of the piezosiectric device
according to the above-mentioned U.S. Patent No, 5,210,455, which is pravided with a plurality of piezoelectric trans-
ducers 31, 32 on a ceramic substrate 2 having apen cavities 4 which are not closed by a closure wall on the lower
surtaca side of the substrata 2. .

As shown in Fig. SA, when only the piezoelectric transducer 31 is actuated, the bottorn wall 2a of the substrate 2
undergaes a vertical displacement which is assisted by sfight lateral displacements of the thick-walled regions 2d
torming the oppasite peripharal walls 2c of tha cavity 4. However, when adjacant piezoelectric transducers 31, 32 are
simultaneously actuated, as can be appreciated irom Fig. 5B, the lateral forces applied to the thick-walled regicn 2d
batween these transducers 31, 32 are cancalled with aach other, thereby giving rise to a tendency of mare or less
impeding the dasirad vertical displacements of the battom walls 2a of the substrata 2. The vertical displacament amount
achieved by the diaphragm of the transducer in such oparational state is reduced, as compared (o the situation when
a single transducsr only is actuatad.

When the piezoelectric davica according to the present invantion is used, a.g.. as an actuator for an ink jet-printing
head, an insufficient vartical displacemant amount of the diaphragm oiten resuits in a low ink discharge amount. It has
‘been furthar found that the different displacament amount of the diaphragm depending upon the operational stata of
tha device tends to causa fluctuation in the oparational characteristics of the devica. Moreovar, dua to the rigidity of
the thick-walled ragion 2d between adjacant transducers 31, 32, thera may be caused an undasirablg intaracticn or
crosstalk between the transducers. These prablams are more significant when the substrate 2 of the davice 1 has a
higher rigidity due to the formation of closad cavities which are closed by closure walls like that shown in Fig. 2A.

The present invention thus provides a unique solution for the above-mentioned prablems, by faming at least one
groava § in the thick-walled ragion 2d of tha caramic substrate 2.

A second embodiment of the unimarph-type piezoelectric devica according to the present invention is shown in
Figs. 8A, 6B and 6C, which is similar 10, and directly comparable with the known device shown in Figs. 5A and 5B, in
that the substrate 2 has open cavities 4, Formation of the grooves § in the thick-walled regions 2d of the substraie 2
makas it possible to provida a higher compliance of the diaphragm 2a and a resultant increased amount of its vertical
displacement in operation of the device. As can be appreciated from Figs. 68 and 6C, the grooves 5 between adjacent
transducers serve to effectively suppress intaraction or crosstalk between the iransducers, and the vertical displace-
ment amount of the diaphragm 2a can be uniformly maintained substantially uninfluenced by the operational state of
the device, i.2., regardiess of whether one transducer only is actuated (Fig. 68) or adjacent teansducers are simuita- .
neously actuated (Fig. 6C).

A third embodiment of the unimorph-type piezoelectric device according to the presant invention is shown in Fig.
7. in which each thick-walled ragion 2d of the substrata 2 is relatively wide and formed with two grooves 5a, Sb of which
the depth is greater than the thickness of the bottom wall 2a of the cavity 4. This embodiment effectively provides an
improved compliance of the diaphragm 2a of the piezoelectric transducer 3, particularly when a plurality of transducers
3 are arranged on the substrate 2 with a relatively wide pitch.

A fourth embodiment of the unimorph-type piezcelectric device according to the present invention is shown in Figs.

8 and 9, which is also provided with the grooves 5 in the thick-walled regions 2d at the substrate 2. This embodiment
is similar to the device disclosed in the applicants’ copénding U.S. Patent Application No. 08/206,939 or Eurogean
Patent Application No. 94 301 633.7, of which'the disclosure T8’ here incorporated by reference.

More particularly, as shown in Fig. 9, the piezoelectric device 1 according to the illustrated smbediment includes
piezoelectric transducars 3 of which the piezaelectric layer 3b has a dimension which is sufficient to substantially
compistely cover the lower electrode layer 3a. The piszoelectric layer 3b has at least one edge 11 in the form of an
extension pratruding beyond the lower electrode layer 3a, which is at least locally incompletely banded to the ceramic
substrate 2, as shown at 12, The tarm 'incomplete bond® as used hersin refers (o a specific bonded state between the -
ceramic substrate 2 and at least one edge 11 of the piezoelsciric layer 3b, which allows the piezaelectric layer 3b to
undergo a substantially unrastricted mavemaent relative to tha substrate 2. Adjacent to the edges 11 of the piezoelectric
layer 3b, thera may be provided buffer resin layers 13 between the upper elactrade layer 3c and the substrate 2, s0
as lo provide a smooth and flexible cannection of the upper electrade layer 3c to the substrata 2 and thereby protect
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bet ween adj acent piezoelectric transducers. Wth further reference to the
sanples S[err] and S err] of the invention, formation of- two grooves .
bet ween adj acent transducers results in even nore effective suppression of -
the interaction or crosstal k between adjacent -pi ezoel ectric transducers.

It wll be readily appreciated fromthe foregoing detail ed description that
" the piezoelectric device according to the present invention features the
formation of at |east one groove in tHfe-rel atively thick-walled region of

t he substrate adjacent to and surroundi ng the peripheral wall of the
cavity. It is thus possible to provide a higher conpliance of the

the upper slectrode fayer 3c from possible'dama

_ _ ges due lo impact or vibration during the preduction of the device or
in the use candition. :

o m::z{:::::—::mi:ned‘arra_ngem?nt ol‘ the pi'ezoelecxric devica‘ 1 shown in Figs. 8 and 9 makes it readily possible
tha edges of the piei. o:?:: :;:r;: czv;e uil;:‘hl :n zmpfrovec‘! productivity, cecause it is not necessary to pre_cisely align
taver 3b of the devi yer 3b w ose of the owar e(ectrod.a la.yer Ja. The edges 11 of the piezoelectric
Y evice 1 sho'wn in Figs. 8 and 9 serve to avoid shon-circuit between the lower and upper electrode
l;::;se '3::.t ::.I at\::l::e;;epr; :‘\:1 ;r;:or::leteg t;‘on;:!ed regicn's 12 between the cerarnic s_ubs(rate 2 and the edge 11 of the
calative to the substrate 2 in angun(eyon' the lower ele'c.fode layet" 3a al(ow§ tha ple.zoelecmc la'\/e.r_ab o be moved
i ' stricted sense. [t is thus gossible to achieve satisfactory reliability and functions
of the device, e.g.. generation of large force or displacement, or of high autput voltage leval.
piez:;::::: z:::;z:::ifl:he present invention may also 'be appliedtoa piezotaleczric davica which includss a single
Z ! r_med on the substrate. In this instance also, formaticn of the grooves in the thick-walled
::gl::: :::ea ;:::tr:;: cad|a.ce|j1.t lo the'thin‘walled bcm.::m wall of the gat{ily serve (0 provide a higher compliance of
3 hen ] srgmt:cantly Improved operational characteristics al the davics. - ]
ime:":i:;d?;e“’s;?s"'rz:!:‘gh‘rV ;mrpl;;ved operational characteristics of the piezoelactric devic-:'a according ta the present
been Con"\pletely o paniapﬂ efera ' y comprises zirconium oxnd.e'as amain component, having a crystal phase that has

. ially stabilized preferably by the addition of at least ane compound selected from a group
consisting of yttrium axide, cerium oxide, magnesium oxide and calcium axida. .

: The amount of the additives required for partially or completely stabilizing the zirconium oxide as described abava
may ba 1-30 mal% for ytirium axida, 8-50 maol% for carium axida, and S5-4Q moi% far the magnasium oxide and calcium
oxide. As for yttrium oxide in particular, the amount is preferably 2-7 mol%, mora prefarably 2-4 moi%, bacause the
zirconium oxide added with the yttrium oxide of such amount has a partially stabilized crystal phase and thus exhibits
particularly axcellent substrata charactaristics.

A pralarred method of forming the ceramic substrate 2 with at least ona cavity is to prepare a first green sheat
having a desired thickness and at Isast one window-like openirig formed by using a suitable moid, punching with a
suitable dia, or machining pracass, such as ultrasonic machining. A secand, relatively thin graen sheel is further pra-
pared to have a thickness which corresponds ta that of the thin-walled ragion of the substrate. The sacond green sheet
is superimposed on tha first green sheet under predetermined temperature/pressura condition, and then fired and
integrated with each ather. .

The matarial for the caramic substrats 2 may contain a sintering aid, such as clay or the like. In this case, &t least
insofar as the second green sheet far the thin-walled ragion 2a is concerned, it is desirable to adjust the composition
and amount of tha sintering aid so that at least the sinterad thin-walled region of the substrate daes not contain a vitrous
material such as silicona oxide, boron oxide, phospharus oxide, germanium oxide, by an amount of 1% or more. This
is because an excessive amount of vitrous material often results in undasirable reaction of the substrate material with
the piezaelectric matadal during the heat treatment, making it difficult td cantral the compasition of the piezoelectric
material. ’

In the case of caramic substrate 2 wherain tha cavity 4 for defining the thin-walled region 2a has a genaerally square
contour, it is advantagaous for the cavity 4 to have dimensions which are determined such that the length of the cavity
is 2-20 times larger than its width. Furthermore, for assuring a sufficient amount of displacement or force (o be generated
by the piezoelectric transducer 3, the transducer 3 is lormed an the thin-walled ragion 2a of the substrate 2 over an
area which preferably correspands to 50-35% of the width of the cavity 4.

In order that the caramic substrate 2 which has been formed as explained above permits satistactory operational
characteristics of the piezoelectric transducer 3 formed thereon, it is advantageous to control the surface roughness
Ra of the substrate 2 to be within 2 range of 0.03-0.9 um. In this instance, the distortion or stress occurring in the
piezoslectric transducer 3 can ba effactively transmitted to the substrate 2 having the above-mentioned range of the
surface roughness Ra, and vice versa. Such a control of the surface roughness Ra is aiso effective to assure a high
mechanical stcangth of the relatively thin substrate. B

The green sheet for tha ceramic substrate 2 may be subjécted to sintering at a temperature of 1,000°C to 1 ,.800°C
prior to formation of the piezoelectric transducer 3. Altematively, the green sheet for the ceramic substrate 2 may de
subjected (o a suitable film-formation pracess ta form the piazoelactric transducer 3 and then sintered. Formation of
the piezoelectric transducer 3 on the previously sinterad ceramic substrate 2 is often desirable in view of minimization
of warp in tha final product and dimensional accuracy of the piezoelectric transducer 3. . '
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relatively thick-walled substrate region adj acent to the periphéral wal |
the cavity. with which the thin-walled regions of the substrate can be"
readi | y deforned upon firing shrinkage during manuf acture of the device.

Therefore, despite the difference in the coefficient of thermal expansi.on

~of the materials for the substrate and the piezoel ectric transducer, the -
transducer during manufacture of the device can be subjected to-the firing
shrinkage in a relatively unrestrict ed sense, t hereby m nimzing the -

r esi dual

stresses in the transducer and assuring a hlghly |nproved

operational charac-.-teristics of the device.

The groove § in the thick-walled ragion 2d of the substrate 2 may be formed sither in the green sheat befcra the
sintering step or in the aiready sintered substrate, by various methcds. For example, the groove may be formed in the
sintared substrate by an apprbpriale procass such as laser hearmn procass, alactron beam procass, slicing, tlasting
and uitrasenic precass. Furthermare, the groova may be farmed in the green sheet by prass or punching with a suitable
dia. The groove formation process may be carried out either before or after the formation of the film-type piezoelectric
transducer. Among others, the laser beam process is particularly suitable in that formation of grooves with a refatively
complicated shape can be carried out in a facilitated manner. In this instancas, it is advantageous {0 pay a particuiar
attention to the process conditions so as to minimize thermal stress during the groove formation process, and thereby
prevent formation of cracks in the caramic substrate. From such aviewpoint, it has been confirmed that 2 suitable laser
is a Nd-YAG laser having a Gaussian or normal energy distribution in the beam and using 2 TEM 00 single mode
resonance. ' .

Advantageously, for forming the groove in the thick-walled region of the ceramic substrate in accardance with the
present invention, the laser beam process is perfarmed by cantralling the {aser beam width (0 ba 14Q ns or less,
preferably 100 ns or less, by carrying out a pulsation control by means of a Q-switch at a frequency of 3.5 kHz, for
exampie, by cancentrating the laser beam diamater ta be 30 um cr less, prefarabiy within a range of 5-10 um, by means
of an an appropriate concentration lens system, and by performing the process at a speed of 50 mm/sec of less.

The piezoslectric transducer 3 on the ceramic substrate 2 comprising the electrode layers 33, 3c and the piezae-

lectric layer 3b may be formed by a suitable film-formation process known, per sa. That is ta say, the film-fotmation

process which may be applied to form the piezoelectric transducer 3 of the davica 1 according ta the present invention
includes a thick-flm formation process such as scraen printing, spraying, dipping or coaling, and a thin-film formation
process such as ion beam method, sputtering, vacuum vapor deposition, ion plating, chemical vapor deposition (CVD)
or plating. In particular, the thick-film formation procass can he advantageously applied to form a film-like piezoelectric
layer. This is bacause the thick-film formation process makaes it readily possible (o form a film on the ceramic substrate
by using a paste or slurry whose major component is powder of piezoelsctric ceramic material. In this instance. when
the powder of piezoelectric ceramic material has an average particle size within a range ol 0.01 um to 5 um, prelerably
0.05 umte 3 um, it is readily possible lo realize axcallent oparational charactaristics of the piezoslectric devica. Whila
the pattan of such a film may ba formad by screan printing mathed ar photalithagrapty method, the pattern may alsa
be formed by removing unnecassary ragions of the film by laser cutting, slicing, ultrasenic machining or ather suitable
machining process.

The prasent invention is not fimited to the specific construction, shape and/or pattern of the ptezoelecmc transducar
illustrated in the drawings. Far exampla, depending upon the utility of the piezoelectric device, the transducer may
have triangular, rectangular or other polygonal shape, circular, elliptical or annular shape, comb- or lattice-lika pattern,
or any combination of these shapas ancVor patterns,

The electrcde layers 3a, 3c and the piezoelectric layer 3b formed on the caramic substrate 2 by a selected methad
as explained above may be either heat-treated in different steps for integration with the substrate each lims a layer
has baen formed on the substrate, or simultaneously heat-treated in a single step for integration with the substrate
after all the layecs have been (ormed into a laminated structure an the substrate. When these meathods are applied to
manufacture the piezoelectric device as shown in Figs. 8 and 9, it is possible to incompletely bond the edges of the
piezoelectric layer-3b to the caramic substrate 2. When a film-formation process is used to farm the electrode layers
on the substrate or piezoslectric layer, it is not always a prerequisite condition to carry out the heat-treatment for
integrating the film layers with the substrate or piezoelectric layer. Thus, for example, in order to provide an enhanced

insulation between the two electrods layers 3a, 3¢ an both sides of tha piezoelectric film [ayer 3b, there may be instances

whersin a coating of insulation resin or the like is provided on the periphery of tha transducer 3, or wherein dummy
synthetic resin layers 13 as shown in Fig. 9 are farmed an the ceramic substrate 2, before formation of the upper
elactrode layer 3c. In these cases, the _upper electrods layer 3c is preferably formed by a procass which does not
requira heat-treatment,

The heat treatment tamperaturs suitable for integrating the film layers 3a, 3b, 3¢ of tha piazoelectric uansducer 3
and the caramic substrate 2 is generally within a rangs of 300-1,400°C, prefarably 1,000-1,400°C. When the piezoe-
lectric film layer 3b is subjected to a heal-treatment, in order to stabilize the composition of the piezoelectric material
and avaid undesirable change in the composition in a high temperature condition, the heat-reatment is preferably
performed while controlling the atmosphere by heating the vaparization sourca of the piezoelectric material as well. It
is also advantageous to use a mathod of firing the piezoelectric film layer while it is covered by a suitable cover member
for prevanting a direct exposurs of the piezoelectric film layer to the firing atmosphaere. In this case, the cover member
consists praferably of a material which is similar to the ceramic substrate matarial.

of
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Mor eover, when the piezoelectric device according to the present -i nvention
includes an array of piezoelectric trans- ducers fornmed on a conmon
substrate, the grooves in the relatively thick-walled region of the
substrate serves to effectively elimnate or suppress interaction or
crosstal k between the transducers, and nmakes it readily possible to
uni formy achi eve a desired anount of displacenent of the thin-walled
regions of the substrate in a directr&r perpen- dicular-to the general
surface of the substrate. ~ Wil e the present invention has been
described with reference to sone preferred enbodi nents, they were given
The Tower and upper dlectroda layers Ja, 3¢ of the piezoelectric transducer 3 may ba formed af any electricaily
canductive material which can withstand the.oxidizing firing and the heat-treatment atmosphera at a considerably high
temperaturg condition as explained above. Thus, the electrode layers i'riav be formed of a single metal, an alioy of
matals, a mixture of metal or afloy with an slectrically insulating caramic materiat, 8.9.. TiOy, AlyO,, ZrO,, stc., or an
elactrically conductive caramic material. However, it is praferable to use an electrode material whose majar ::amponent'
is a noble metal having a high melting paint, such as piatinum, palladium, or rhedium, or an alloy such as siiver-
palladium, sitver-platinum, platinum-pailadium or the like. It is more prefarable 1o use a canmet material of platinum
and the ceramic material for the substrate, a cermaet material of platinum and the ceramic material for the substrate
and the piezoelectric material tor the piezoelectric film layer, in view of an improved achesion of the electrede layers
to the piezoelactric film layer anc/ar the ceramic substrate. Amang others, it is more praferable to use a material having
a major component which comprises a platinum. o :
As lor additive materials to be added to the electrode material, use of vitrous material such as silicon oxide should
be avoided becausa such material tends to react with the piezoelectric material during the heat-treatment theraby
deteriorating the characteristics of the piezoelectric device. The amount of the substrate material to be added to the
electrode material is preferably 5-30% by volumne, and the amount of the piezoelectric material to be added (o the
electrode material is preferably 5-20% by volume,

The electrode layers 3a, 3¢ consisting of a conductive material as mentioned above may have a thicknass of 20
wm or less, preferably S um or less. : )

The piezoelectric layer 3b may be formed of any piezoelectric material which exhibits a refatively large amount of
field-induced strain or displacement when apgplied with a voltage, dua to the piezoelactric effect. The piezoelectric
material may be either a crystalline material or an amorphous material, and may be a semi-conduclive material or a
diefecxric or lerroelectric ceramic material. Furthermore, the piezaelectric material.may either require an initial polari-
Zation or paling treatment ar may not require such treatment.

Preler.ably. howevar, the piezoelectric materials which can be used in the present invention has a composition
whose major component is lead zirconata titanate (PZT), lead magnesium niobate {PMN), lead nickel niobate (PNN),
lead manganese niobate, lead antimony stannate, lead zinc niobate, lead titanate, lead zirconats or a mixture or solid
solution thereof. Furthermare, the piezoelectric materials indicated above, whose major component is PZT or the like,
may be added with a suitable amount of additivas camprising an oxide ar compound of lanthanum, barium, nicbium,
zZine, cerium, cadmium, chromium, cobalt, antimony, iron, yttriumn, tantalum tungstan, nickel, manganase, lithium, stron-

tium, calcium, andfer bismuth, so as to cbtain a material whose major component is PLZT. However, addition of vitrous
material such as silicon oxide should be avoided, since lead contained in the piezoelactric materials such.as PZT lands
to react with the vitrous material, making i difficult to achieve a desired compaosition of the piezoelectric film layer,
.lhereby causing undasirabla fluctuation and deterioration of tha operational charactaristics of the piezoelectric davice.

Among the piezaslactric materials indicated above, it is prefarable 1o use matarial of which the major component
comprisas a mixture of lead magnesium niobate, lead zirconate and lead titanate, or a mixtura of lead nickel niobate,
lead magnesium niobate, lead zirconate and lead titanata. it is particularly advantageous to use a piezoefectric matarial
of which tha major component comprises a mixture of lead magnesium nicbate, lead zirconate and laad titanate. Such
a piszoelectric material has a particulary low reactivity with the substrate material during tha heat-treatment, and is
thus Ires [rom segreqation of its components, Therefare, a suitable treatment for maintaining the compasition sarves
to readily realize a desired composition or crystal structurs. Furthemmors, in the embodiment shown in Figs. 8 and 9,
it becomes gossible to maintain the edges of the piezoslectric layer 3b protruding beyond the lower slectrode fayer 3a
in such an incompletely bonded state with the ceramic substrate 2 for assuring a proper opesation of the piezoelectric
transducer 3. Moreover, such a piezoelectric material has a particularly high piezaslectric constant, and can be used
as a material suitable for forming the piszoelectric film layer by the above-mentioned thick-film formation pracess such
as screen printing, spraying, dipping, coating and tha like. .

While such multi-component piezoelectric matarial has a piezoelectric charactaristic which varies depending upon
the composition of componaents, a thrae-component material composed of lead magnesiurmn niobate, lead zirconate
and lead titanate, which can be suitably used in the invention, preferably has a composition in the vicinity of phase
boundaries of a pseudo-cubic crystal phase, a tetragonal crystal phase and a rhombohedral crystal phase. To assure
sufficiently high piezoelectric constant and electromechanical coupling factor, it is particularly advantagecus touse a

" compoasition containing 15-50 moi% of lead magnesium niabate, 10-45 mol% of lead zirconate and 30-45 moi% of iead
titanate. . _ _ . )
- . ‘The piezoelactric transducer camprising the electrade layers 3a, 3¢ and the piezoelectric film layer 3b described
above genérally has a thickness of 100 um or less. To assurs a relatively large amount of displacemant at a relatively
low voltage, the piezoelectric film layar 3b has a thickness which is preferably 50 um or less, more preferably within a
range of 3-40 um, '
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by way of exanples only.

In unimorph- or bimorph-type piezoelectric devices utilizing the transverse effect of the field-inducad strain, when
the piezoelectric material requires a poling treatment, it is a general practice to perform the treatment by applying a
voltage between the upper and lower electrades. In the case of the above-mentioned film-typa piezoalectric device as
in the present invention, it is preferable to pertorm the poling treatment-with the upper electroda fifm layer used as a
positive electrade. That is to say, in the case of the piezoelsctric layer formed in accordancs with the present invention,
strasses generated in the piezoelectric layer during the sintaring or heat treatment tend to {orm domains or arientations
in a direction along the poling direction, which make it possible to subsaquently parform an effective poling treatment.

In order to confirm the advantageaous functions of the present invention, comparative expariments have been
carried out with a series of samples of the piazaelectric davica, each having a substrate with cavities and five piezoe-
lectric transducers 3A, 3B, 3C, 3D and 3€ of the same specification, as shown in Fig. 10. The particulars of thesa
specimens are as fallows.

-Comparative sample S, has open cavities such as that shown in Figs SA and 58, and does not include grooves
- in the thick-walled regions of the substrate. -

Comparative sample S2 has closed cavities closed by a closure wall such as that shown in Figs. 2A and 28, and
does not include grooves in the thick-walled ragions of the substrate.

Comparative sample S, has open cavitias and inciudes shallow grooves in the thick-walled regions of the substrate,
wherein each groove is arranged between adjacent transducers and has a depth which is subsiantially same as the
thickness of tha thin-walled ragion of the substrata.

Sample of the invention S, has closed cavities and inciude groavas in the xhxck-wallpd regions of the substrate,
as shown in Figs. 2A and 2B, wherein each groove is arranged between adjacant transducers and has a degth of 100
um which is greater than the thickness of the thin-walled region of the substrata.

Sampie of the invention Sg has closed cavities and include grooves in the thick-walled regions of the substrate,
as shown in Figs. 2A and 28, wharain sach groove is arranged between adjacent transducars and has a depth of 50
um which is greater than the thickness af the thin-walled region of the substrate.

Sampie of the invention Sg has closed cavities and include grooves in the thick-walled regions of the substrate,
wherein two groovaes are arranged between adjacent transducers as shown in Fig. 7, each having a depth of 100 pm
which is greatar than the thickness of the thin-walled region of the substrate.

Each sample includes a substrate comprising a layer forming the peripherat wall of the cavity and having a thickness
of 150 um, which may be combined with a closure wall of a thickness of 150 pm, wherein the thicknass of the thin-
walled region is 10 um,

Inthe first place, using the comparative samples S, and S, and tha sample of the invention S, which were operated
at the input voitage of 30V, tha vertical displacament or deflection and relative dielectric constant ware measured with
respact (o the piezoalactric transducer 3C arranged at the canter of the substrate. The measurement of tha vartical

displacement amount of the center transducer 3C has bean carriad out using a laser Dopplar-ype vibromater. The
result of the measursment is shown in Table 1 below,

Table 1
Type of Sample | Vartical Displacamant (um) | Relative Dielactric Constant
s, 0.29 2,700
5, 0.21 2,500
S, -0.28 3,400

it can be appreciated from Table 1 that, with refarance to the comparative sample S, and the sample S, of the
invention, both including a substrate with closed cavities, the vertical displacemant amaunt achieved by the cantar
transducer 3C of the sample S, is highar than that achisved by the center transducer 3C of the comparative sampie
S,. With further reference to the sample S, of the invention and the comparative sample S, which includes a substrate
with apen cavities, even though the substrate of the sampla S, includes closed cavities, the vactical displacemnent
amount achieved by the center transducar 3C of the sample S, is substantially as high as that achieved by the center
transducer 3C of the comparative sample S,. Maraeaver, the transducer of the sample S, according (o the invention
exhibits the highest relative dielactric constant. This is beliaved due to the minimized residual stresses in the piezoe-
lectric film layer and improved material characteristics therddf, both realized by the formation of the grooves in the
thick-walled regions of the substrate and the rasultant increased compliance of the thin-walled regions.
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Experiments have been carriad out with respact to the samples S, to S, to quantitatively measura the magnitude
of interaction or crosstalk between adjacent piezoelactric transducars. This magnitude is defined as reducad displacs-
ment rata 0,,4(%), and expressed by the following fonmula:

Dn
(JA-JE)
O = B X 100 (%) {n = : A, 8,C, D, €)

where Ong,.ag is the displacement amount of transducer 3n when all the transducers 3A-3E are sunultaneously in
operation, and On kan) is the displacement amount of the transducer 3n when only that transducer is in operation. Table
2 below shows the reduced displacement rate D, 4(%) for each transducers of the samples S, to Sg.

Table 2
Type of Sample | Reduced Deflection Rate D,.4 (%) of Transducers
3A 3B 3c 3D 3E
S, 62 5 49 52 80
S, 85 75 70 74 85
S, 86 75 72 74 85 |
Sy 95. %0 . 89 .| .9 94
Sg 90 at 81 a2 91
Sg 97 85 94 94 | 98

{tcan be appreciated from Table 2 that, with reference to the comparative samples S, to S,, simullaneous operation
of adjacent transducars tends to reduca the displacament of each transducar and enhanca the fluctuation of tha reducad
displacement rate D . In contrast, with raferanca to the samples S, to Sg of the invention, simultaneous operation of
adjacent transducers does not result in a significant reduction of the displacement of each transducer and fluctuation
of the reduced displacement rate D, 4. Thus, the prasent invention makes il possible to suppress the interaction or
crosstalk between adjacent piezoelectric transducars. With referencs to the comparative samples S, and S,, suppres-
sion of the interaction or crosstaik between adjacent piezoaslectric transducars is still insufficient in the case of grooves
of which the depth is substantially same as the thickness of the thin-walled regions, With refarance to the samples S,
and S; of the invention, a greater depth of the groove sarves lo more affactively supprass the intaraction or crasstalk
between adjacant plezoalactric transducers. With furthar ralarance to tha samplas S, and Sg of tha invention, larmation
of twa grooves hetween adjacant transducers results in aven more effactive suppression of the intaraction or crasstalk
between adjacent piezoelactric transducers,

It will be readily appreciated from the loragoing dataded descnptlon that the piezoelactric dewce accordmg 10 the
prasent invention features the formation of at least oné groove in the relatively thick-walled region of the substrate
adjacent to and surrounding the peripheral wall of the cavity. It is thus passible to provide a higher compliance of the
relatively thick-walled substrata region adjacent ta the paripheral wail of the cavity, with which the thin-wailed ragions
of the substrate can be readily daformed upon firing shrinkage during manutacture of the devica. Theralore, despite
the differenca in the coefficient of thermal expansion of the materials for the substrate and the piezoelectric transducer,
the transducer during manulacture of the davice can be subpcted to the firing shrinkage in a relatively unrestricted
sense, thereby minimizing the residual stresses in the transducer and assuring a highly unprovsd operational charac-
teristics of the device, - -

Moreovar, when the ptazoelectnc device accordmg to the present mventlon includes an array of piezoelactric trans-
ducars formed on a common substrate, the grooves in the relatively thick-walled region of the substrate serves to
effectively aliminate or suppress interaction or crosstalk between the lransducers, and makes it readily possible to
unitormly achieve a desired amount of displacement of the thin-walled regions'of the substrate in a direction perpen-
dicular to the general surface of the substrate,

While the prasant invention has been dascrihed with referance to some praferred embodiments, they were given
by way of examplas anly.
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Claims

1.

10.

A piezoelectric device comprising a ceramic substrate (2) with an outer surface, said substrate being locally formed
with at least one cavity (4) defined by at least one periph_eral" wall surface and a bottom wall surface, said bottom
wall surface being a surface, opposite to said outer surface, of a reduced thickness battorn wall region (2a) and
said peripheral wall surface being a surface of a thick-walled region (2d) acjacant and surrounding said cavity (4),
said device further comprising at least one film-type piezoelectric transducer (3) formed integrally with the substrate
(2) and arranged on said outer surface apposita to said bottom wall surface, characterized in that said thick-walled
region is formed with at least one groove (5) extending alongside said peripheral wall surface and having a degth
which is greater than the thickness of said bottom wall region, said groove (5) being arranged so as to pamnit
simuitaneous dispiacements of said battom wall ragion (22) and said thick-walled region (20} batween said cavity
{(4) and said groove (5), theraby to cause a volume change of said cavity (4).

A piezoelectric devica as claimed in claim 1, wherein said ceramic substrate (2) comprises zirconium oxide as a
major componant, said zirconium oxide having a completely or pantially stabilized zirconium oxide crystal phase.

A piezaelectric devics as claimed in claim 2, wherein said zirconium oxide has a zirconium oxide crystal phase

.which has been completely or partially stabilized by addition of at least one of yttriurn oxide, cerium oxide, mag-
nesium oxide and calcium oxide.

Thae piezoelectric davice of claim 1, 2 or 3 wherein said thickness of the bottom wall region (2a) is 50 um or less.

The piezoelectric device of any one of claims 1 to 4, wherein said piezoeleciric transducer (3) comprises a first

electrede layer (3a), a plezoelecmc layer (3b) and a second electrode layer (3c) which are saequentially laminated
with each other. .

A piezoelectric device as claimed in claim 5, wherein said plezoelecmc layer (3b) comprises a material having as
a major component a mixture of lead magnesium nicbate, lead zirconate and lead titanate.

A piezoelectric device as claimed in claim 5, wherein said piezoelectric layer comprises a material having as a
‘major component a mixture of lead nickel niobate, lead rqagneéium niobate, lead zirconate and lead titanate.

The piezoelectric device of any one of claims 1 to 7, wherein said ceramic substrata (2) comprises a first layer
{22) formed with at least one window-like opening (22a), and a second layer (23) on ona side of said first layer
(22), said opening (22a) in the first layer having a periphery which provides said peripharal wall surface of the
cavity (4), and said second fayar (23) closing cna sida of said opening (22a) in the first layer and thereby praviding
said bottom wall surface of said cavity (4).

The piezoelactric device of any ane of claims 1 to 7, wharein said caramic substrate (2) comprises a first layer
(22) formed with at least ane window-like opening (22a) and a sacond layer (23) on ane side of said first layer
(22), said apening (22a) in the first layer having a periphery which providas said periphaeral wall surfaca of the
cavity (4), and said sacand layer (23) closing one side of said apaning (22a) in tha first layer and thareby providing
said bottom wall surface of said cavity (4), and whersin said ceramic substrate furthar comprises a third layer (21)
on the opposite side of said first layer (22) from said second layer (23), said third layer (21) at least partly closing
another side of said opening (22a) in the first layer.

The piezoelectric devics of any one of claims 1 to 7, whersin said caramic substrate comprisas a first Iaya_r formed
with at least one thin-walled region lar defining said cavity, and a sacond layer on said first layer on the side of an
inner surface of the substrats, for closing said cavity in the first layer.
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Caims 1. A piezoel ectric device conprising a ceramc substrate (2) with

an outer surface, said substrate being locally forned - wth at |east
one cavity (4) defined by at |east one peripheral wall surface and a bottom
“wal | surface, said bottom wal | surface being:iaisurface. opposite to

sai d outer surface, of a reduced thickness bottomwall region (2a) and
sai d peripheral wall surface being a surface of a thick-walled region (2d)
adj acent and surroundi ng said cavity (‘4)'. o
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said device further conprising at |least one fil mtype piezoelectric

transducer (3) fornmed integrally with the substrate (2) and arranged
~-on said outer surface opposite to said bottomwall surface. characterized
~in that said thick-walled region is formed with at | east one groove

(5) extendi ng al ongside said peripheral wall surface and having a depth _
which is greater than the thickness of said bottomwall region, said groove.

(5) being arranged so as to permt =2 5§ nul t aneous di spl acerments of .said
bottomwall region (2a) .and said thick-walled region (2d) between said '
cavity (4) and said-groove (5). thereby to cause a vol une change of

said cavity (4).
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2. A piezoelectric device as claimed in claim11, wherein said ceramc

substrate (2) conprises zirconium oxide as. a mej or conponent, said

~zirconium oxi de having a conpletely or partially stabilized zirconi um oxide
crystal phase. 3. A piezoelectric device as claimed in claim2, wherein

- said zirconium oxi de has a zirconium oxide crystal phase whi ch has

been conpletely or partially stabilized by addition of at |east one of-

yttrium oxide, cerium oxide, mag- - S
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nesi um oxi de and cal ci um oxi.de. 4. The piezoelectric device of claim1l. 2
or 3 wherein said thickness of the bottomwall region (2a) is 50 [err]mor
| ess. 'S. The piezoelectric device of any one of clains 1 to 4, wherein
--said piezoelectric transducer (3) conprises a first el ectrode. | ayer

" (3a). a piezoelectric layer (3b) and a second el ectrode |ayer (3c) which

-4-

are sequentially |am nated
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~with each other. 6. A piezoelectric devi ce as clainmed in claim5. wherein

said piezoelectric |ayer (3b) conprises a material having as . a mj or
conmponent a mixture of-|ead magnesi um ni obate, |ead zirconate and | ead
titanate. 7. A piezoelectric device as clained in claim5, wherein said .
pi ezoel ectric | ayer conprises a material having as a

-5-
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maj or conponént a mixture of |ead nickel niobate, |ead nagnesi um ni obat e,

| ead zirconate and | ead titanate. 8. The piezoelectric devitce of any one
of clainse 1 to 7, wherein said ceramc substrate (2) conprises a first

‘| ayer . - (22) formed with at |east one windowlike opening (22a). and a
second | ayer (23) on one side of said first |ayer (22). said opening
(22a) in the first |layer having a periphery which provides said peri pheral
wal | surface of the - cavity (4). ant said second |ayer (23) closing one
side of said opening (22a) in the first |ayer and thereby providing
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said bottomwall surface of said-cavity (4). 9. The pi'ezoel ectfi_c devi ce
of any one of clains 1 to 7, wherein said ceramc substrate (2) conprises a
first layer (22) formed with at | east one wi ndow | i ke opening (22a) and

“-a second |ayer.(23).on one side of said first- |ayer (22), said opening
(22a) in the first |ayer

havi ng a peri phery which provides said peripheral
wal | surface of the : 7 o , ’
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cavity (4), and said second layer (23) closing oné si de of sai.d opening

(22a) in the first layer and thereby providing said -bottomwal | surface
. of said cavity (4). and wherein said ceram c substrate further conprises a
-third layer (21) on the opposite side of said first layer €22) from

"said second layer (23). said third layer (21) at |east partly.closing
anot her side of said opening (22a) in tQe first layer. .10 . The

pi ezoel ectric device of any one of clai™ 1 to 7, wherein said ceranic
substrate conprises a first layer forned -
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with at | east one thin-walled reg| on for defining said cavity,
| ayer on said first rayer on the sidéibf: anF .. Inner surface ofﬁ&@m%%ﬁ

substrate, for closing said cavity in the f| rst | ayer. Uo7 42§
: ' : afes
i - 12 -

PIEZOELECTRIC DEVICE

ABSTRACT
A piezoelectric¢c device includes an at least

locally thin-walled ceramic substrate (2) and at least one ;
film~type piezoelectric transducer (3) on the substrate.
The substrate is locally formed with at least one cavity (4)
defined by at ieast one peripheral wall (2¢) and a bottom wall
(2a) .having a reduced thickness. The piezoelectric
transducer is arranged on the outer surface opposite to
the bottom wal:!. and includes a first electrode layer,
a piezoelectric layer and a second electrode layer which
are sequentially laminated with each other. The outer
surface of the substrate has relatively thick-walled regions
(2d) . :Adjacent to and surrounding said peripheral wali
of the cavity. Each ‘thick-walled region is formed with
aﬁ least one groove (5) extendingalong the peripheral wall
and having a depth #hich is greater than the thickness

- of the bottom wall. The groove (5) is arranged 'so as to
perinit simultaneous displacements of the bottom wall and
the thick-walled region between the cavity and the
groove, to thereby cause a volume change of the

cavity (4).
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