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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 plazoelactric dévices. 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

8 a reduced thickness. 1In 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

10 thickness and a satisfactory mechanical strength of the
‘substrate, U.S. 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

s 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 thieck green sheet of
‘20 a first ceramic layer having window-like openings

therein, and a relatively thin green sheet of a second
ceramic layer without such openings. Afté: integrating
the two ceramic layeré by firing to form the substrate,
the openings in the first ceramic layer cooperate with

the second ceramic layer to define cavities having thin-

[~
L1}

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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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
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
device, in particular during cooling which follows the
sintering for forming the piezocelectric transducer 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

transducer, which may deteriorate the operational

characteristics of the device as a whole. According to
a recognition reached by the inventors, a highly
iﬁproved piezgelectric device can be reélized by
effectively compensating for the difference in shrinkage
of the materials for the substzate 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 tranzducers, when

neighbsuring transducers are simultaneously actuated, it

—_—
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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
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

substrate. According to another regognition reached by

_the inventors, a highly improved plezoelectric davice

can be realized by eliminating or suppregsing undesired

interaction of the neighbouring transducars.
Specifically, it has been confirmed that when

the plezoelectric device according. to the inventors!

earlier proposal is used, for example, as an actuator

'for an ink jet printing head, there may be lnstances

wharein the {nk £illed within the cavity cannot be
discharged with a sufficient amount or at a high speed,

or wherein it is difficult to achieve a satlisfactory

printing quality. According to still another

recognition reached by the inventors, significantly

" improved ink discharge characteristics can be achleved

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 displacement characteristics of the
plezoelectric transducers and hence in the discharge
amount and apeed of ink.
DISCLOSURE OF THE INVENTION
Tbe present invention thus contemplates to
provide a highly improved piezoelectric device én the

basis of the above~mentioned recognitions.

) It is a primary object of the present invention

to prbvide a hiéhl# improved piezoelectric device which

+ makes it possible to achieve a sufficlaent displacemeht

amount of the thine=walled region of the substrate and
a satisfactory voluminal change of the cavity.

It is another object of. the present inveatlion

to provide a highly ihprovea piezoelectric devise whioh’

is capable of effectively relieving the stregses in the
piaezoelectric transducer, whlch may arise from the
diffezence in shrinkage of the subst;ate and the
piezoelectric transducer 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 t:ahsducer on the substrate.

It is still another object of the present
invention to provide a highiy improved piazocelectric

device provided with an array compfising a plurality of

piezoelectrie transducers, which ls capable of
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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 bcttom-wall having a reduced thickhess.

The device further comprises at least one £ilm-type

_plezcelectric 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
hés a thick-walled,regiop adjacent to and surrounding
the peripheral wall of the cavity.. The thiek-walled
region. is formed with at least one groove wh;ch extends -
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 wall and- the
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
relatively thick-walled reglion of the substrate adjacent

to and surrounding the peripheral wall of the cavity.

\.
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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

thick-walled substrate region adjacent to the peripheral
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 tha materials for the substrate and the
piezoelectric transducer, the transducer during
manufacture of the device can be subjected to the Ziring

shrinkage in a relatively unrestricted sense, thereby

‘minimizing the residual stresses..in the transducer and

a:suripg'a highly improved operational 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,
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
suppress undesirable interaction_of crosstalk betweean

the transducers, and makes it readily possible to
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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

The present ;nvention wlll now be explained in
further detall, by referring to the accompanying |
drawings in which:

Flg. 1 is a perspective view showing the
' plezoelectric dévice according to a first embodiment of
.the présent inventien; |
' 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;

s - Pig. 4 is a sectional view taken along the line’

4~4 in .“ig. 3:
Figs. SA and 58 are sectional views showing the

operation of gnown.piezoelectric davice;
Figs. 6A, 6B and 6C are sectional views showing
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;

Fig. B is a sectional view showing the

piezoelectxic device a fourth embodiment of according to

—_—
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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

Flg. 10 is a perspective view showing the

arrangement of the piez2celectric device with which

- axperiments waere conducted,

15

For the sake of convenience, same reference
numerals are usad throughout the entire figures to
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
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
a pluraiity of thin-walled regions 2a and the
piezoelectric transducers 3 are arranged on the thin-
walled regioens 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,
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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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, 27, the piezoe;ectric
transducers 3 may'be formed integrally with the
substrxate 2 by an ordinary fllh—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. Aas further shown in
Figb. 3 and 4, the substrate 2 may be formed by known
1aminatioﬁ process, wherein a lower green éheet 21
?roviding the closure wall 2b of the substrate 2,

an iﬁtermediate grean sheet 22 formed with window-like

openings 22a corresponding to the cavity 4, and a thin=-

walled upper green sheet 23 providing the bottom wall 2a
of the cavity 4, are seguentially laminated one above
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
othexr hand, the w;d“h Wa of the thick- walled region 24

\
This Sheet Has Been R,

LT

# 18/ 92



02~

10

23

- C RBCEIVED 82/02 19: 8% 1996 AT 5330694 PAGE 19 (PRINTED PAGE 19) 13
98- 02:07:46PM; SUGIMURA PATENT 135800506

- 15 L]

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 2d, it bacomes difficult to achiave

a éufticient lateral 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 substfate 2. |

The grooves S5 may have a-square creus—section
ag shown in Flgs. 2A and 4,'or other appropriate cross-'
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:

-plezoelectric transducer 3, in order to provide an

improved high-speed response characteristie and a high

conversion efficiency of the transducex 3, the thin-
walled region 2a has a thickness which is preferably
50 um or less, more preferably 30 um or less, and

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

_—
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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
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

., 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.
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, | |

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
vertically toward the closure wall 2b, simultaneocusly

inducing lateral displacements of thes opposite

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

Moreover, when the plezoelectric device 1 |

avoording to the present invention includes an array of

_ Diezoelentrie 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
trangducers 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
vertical displacement. Furthermore, even when

neighbouring t:anséucera 3 are simultaneocusly actuated,

the groove 5 gerves to abaorb tensile fé:ces between the

transducers to thereby minimize the fluctuation in the
vertical displacement. amounts of the diaphragms.
For the sake of comparison, Figs, SA and 58

schematically illustrate the operation of the
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plesoelectric device according to the above-mentioned
U.B. 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 undergoss a vertical displacement

. which is assisted by siight lateral displacements of the

thick-walled regions 24 forming the opposite peripheral
walls 20 of the cavity 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

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

_— T
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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

o5

10

18

20

2

to cause fluctuation in the operational characteristics
of the davice, Moreover, due”to the rigidity of the
thick-walled region 24 between adjacent transducers 31,
32, there may be caused an undesirable interaction or

crosstalk between the transducers. These problems are

~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 tﬁat
shown in Fig. 2A. _
~ The present invention thus provides a unique
solutioo for the above?mentioneq 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 present invention
is ghown in Figs. 6A, 6B and 6C, which is similar to,
and directly comparabie with the known device shown 1n
Figs. SA and 5B, in that ﬁha gubstrate 2 has open
cavities 4. Formation of the grooves 5 in the thick~
walled regions 2d of the éubstraﬁe 2 makes it possible
to provide a higher compliance of the diaphragm 2a ané

a resultant increased amount of its vertical displace-

\'\
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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
displacement 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
transducers are simultanecusly actuated (Fig. 6C).

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 Sa, Sb of which tha-depth {8 greater than
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
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
substrate 2. This embodiment is similar to the device

disclosed in the applicants' copending U.S. Patent

e
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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.

o
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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 preclsely 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~circuit between the lower and upper alectrode

. layers 3a, 3c. Moreover, the incompletely bonded

regions 12 batween 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
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
serve to provide a higher compliance. of the bottom wall

and hence significantly improved operational

_\.
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characteristics of the device.

In order to realize highly improved operational
charaateristics of the piezoelectric device according to
the present lnvention, the substrate 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 oxlde, magnesium oxide and calecium oxide.

The amount of the additives reguired for

- partilally 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
in pazticular, the amount is preferably 27 moly, more
prefurably'2-4 mols, because the_zi:conium oxide added

~with the yttzium oxide of such amount hae 2 partially

stabilized crystal phase and thus exhibite particularly
excellent gubstrate characteristics.

A preferred method of forming the ceramic

2
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
This Sheet Has Been Rep

Y
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a 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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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

b1 resonance.,

Advantageously, for forming the groove in the -
_ _
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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 Qwswitch
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 process

at a speed of 50 mm/sec or less.

The piezoelectric transducer 3 on the cearamic
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,
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, lonm
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

makes it readily possible to form a film on the ceramic

substrate by using a paste or slurry whose major

Thiis Sheet 4
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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 excellent operational
characteristics of the piezdelectric device. While the
pattern of such a £ilm mﬁy be formed by screen printing
method or photolithography meﬁhdd, the pattern may aléo
be formed by removing unnecessary regiohs of the film by
lager cutting, slicing, ultrasonic machinlnq or other
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.
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
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
substrate each time a layer has been formed on the

substrate, or simultaneously heat-treated in a single

This Sheet Has B

i

# 32/ 82



{ RECEIVED B2/82 19:09 1996 AT 5338634 PAGE 33 (PRINTED PABE 33) i 135800506 ¢ 33/ 92

96-02-02:07:46PM3SUGIMURA PATENT

-29.

step for integration with the substrate after all the
* layezrs 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

as is generally within a range of 800-1,400°C, preferably
1,000-1,400°C. When the plezoelectric filh layer 3b is
-
This Sheet Has Been

i



2 19:89 1996 AT 5338694 PAGE
‘ REEEIV%DS n02,n02 107:48PMISUGIMURA PATENT

03

]

20

28

3% (PRINTED PAGE 3%) 1
(PRI 1358005086

#

b

- 80 -

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

atmonphére. 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

# 34/ 82
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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

0 matetial_for the substrate and the piezoelectric
mgterial for the piezoelectric £ilm layer, in viaw of
an 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 tha 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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applied with a voltage, due to the piezoelectric effect.
The piezocelectric material may be either a crystalline
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 polarization oz
poling treatment or may not regquire such treatment,

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

10  a composition whose major compoﬁent is lead zirconate
;titanate {(P2T), lead 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 Furtherzmare, the plezoelectric 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
\\
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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 wh;ch'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 niobaté, 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
-
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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.
Whila such multi-component piezocelectric

material has a plezoelectrio characteristic which varles
depending upon the'compositlon of components, a three-
component matexial composed of lead magnesium niocbate,

lead zifconate and lead titanate, which can be suitably

, used in the inventioen, preferably has a composition in

the vielinity of phase boundaries of a pseudo-aubic
crystal phase; a tetragonal crystal phase and
a rhombohedral exystal phase. To assure sufficiently
high piezoelectric constant and"électromechénical
coupling factor, it is particularly advantageous to use’
a composition containing 15-50 mols of lead magnesium
niobate, 10-45 molts of lead zirconate and 30-45 mols of
lead titanate, |

The plezoelectric t:ansducer_comprisipg the
electrode layers 3a, 3c and the piezoelegtric 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
preferably 50 um or less, more preferably within

a fange of 3-40 um.

# 38/ 92
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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 volktage 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

1 poling treatment with the upper electrode £ilm layer
10 used as a positive electrode. That is to say, in the
v case Of the pilezgelentric layer formed in accordanﬁe
with the presént invention, stresses generated in the
plezovelectric layer during the sintering or heats
treatment tend to form domaing or- orientations in

18 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

20 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

28 follows.,

Comparative sample S; has open cavities such as
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that shown in Figs. 5A and 58, and does nat includae
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 regions of

the substrate, wheréin each groove is arranged between

~ adjacent 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

substraté, as shown in Figs. 2A and 2B, wherein 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
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.

sample of the invention Sg has closed cavities

and include grooves in the thick-walled regions of the

$ 40/ 92
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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 substrat@ 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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| 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
the center transducer 3C of the sample 54 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
+ which includes a substrate with open cavities, even

) though the substrate of the sample Sy includes closed

cavitiea, the vertical displacement 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,
thg transducer of the sample 8y acoording to the
invention exhibits the highegt relative dislectric
constant. This is believed due to the minimized
residual streases in the piezcelectric £ilm layer and
improved material characteristics thereof, both realized
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
magnitude of interaction or crosstalk between adjacent

pigzoelectric transducers. This magnitude is defined as

# 42/ 92
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reduced displacement rate Drea(t), and expressed by Ehe

following formula:

- Dn{sa-3z) : '
D!.d F % 100 ‘*) {n = A, Bl €., D, E)
Dn¢aa) :

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 displacement 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 (%) of 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¢ 87 g5 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
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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
tzansducers. With reference to the comparative 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 thickness of the thin-
walled regiens. With reference to the samples Sy 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
ipventign, formation of two grooves between adjacent
trangducers results in even more effective suppression

of the interaction or crosstalk between adjacent

. piezoelectriec transducers,

It will be 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 gubstrate adjacent to and
surrounding the peripheral wall of the cavity, It lis
thus possible to provide a higher compllance of the

relatively thick-walled substrate reglon adjacent to the

)
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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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departing from the scope of the present invention.

18
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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-type pieszoeleetric
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 Claih 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.EEEEEEEE______*_____
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of at least one membar selected from a group consigting
of yttrium oxide, cerium oxide, magnesium oxide and

caleium oxide. .
4. The piezoelectric device of claim 1, 2 or 3 ' \

vhereln said thickness of the bottom wall is 50 ,m or
less. -, | _

5, The piezoelectric device of any one of claims 1 to 4, ,
wherein said piezoelectric 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 peripheral wall of the
R
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cavity, and said second layer closing one side of said
opening in the first layer and theraby providing saiad
bottom wall, N |
8. Thé 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 peiipheral wall of the

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

\ oggning 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 dgfining 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,
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