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PIEZOELEC~RXC DIV%CE 

GS BACKGROUNp OF TR! INVENTION 

1. Field ot the Invention 

:35800506 

5-1§3,945 

The ~resent invention relates to a piezoelectric 

device for convertinq an input mechanical qu•ntity 1nto 
1 an output: electrical quantity, and vice versa. 

10 .2. Description of the Related Art 

As gener•lly known in the art, pie~oelectric 

devices are typically used to oonvert an input mechanical 

stress into an output electric charge (voltage) and also 

to convert an input electric vclkge ineo an o~tput 

u me~hanical ~istort!on. In the latter case, the device 

is ·sometimes called as an electrostrietive device. 

~he term 11pieaoelectric devicett as used herein is to be 

interpreted in its broadest sense, as encompassing an 

electrostrictive device a~ well. Similarly, the term 

20 "piezoelectric material" as usec! he:rein is to be 

interpreted in its broadest sense as eneompaesing an 

electrcstrictive material as well. When the output of 

th~ pie2oelectric device is a mechanical distortion, 

such distortion can be used to ;enerate mechanical force, . 

25 displacement or vibration. 

~~~~~~~~~~Conventionally, piezoelectric devices have been 
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used for various purposes. For example, in the field of 

optics o: precision engineering, there is a progressive 

demand !or actuators gapable of adjusting lengths and/or 

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

as for sensota capable of detecting a fine mechanical 

displacement, There have been various prcpcaals 

directed to aueh demanda in conjunction with application 

of pie1oelactric devices. Specifically, there is known 

'unimorph- or bimorph-type piezoelect:ic device which 

in .un~ergoes bendin9 or flexu~al deformation upon 

'application of an input elect:ieal voltage, and which 

can be used ~or ink jet print!nq heads, acoustic 

radiators '(i.e., loudspeakers and the like), vibrators, 

etc. The unimorph ... or bitnorph-ty.pe piezoeleotrio device 

u can also "'):)a used to convert a b~ml.lii.i;, or flexu:ra1 

deformation into an electrical voltage, e#g., as a 

microphone or sensor. Wi~h reference, for example, to 

ink jet printing heads ineludinq a unimo~ph- o~ bimorph­

type piazoelectric device, in view of euetomers' or end 

20 users• tequirement for a high-quality and high-speed 

printing performance, it is highly desirab1e to reali•e 

a high d.ensity piezoelectric device having a minim!zea 

ai2e, whioh operates at a low driving voltage and yet 

provides a satisfactory ~esponse eharaeteristio and an 

u operational reliability. 

~~~~~~~~~ 

For reali2in9 the ~hove-mentioned desired 

# 6/ 92 



[ RECEIVED lil2/H2 18:59 1996 AT 533069~ PAGE 7 (PRI 
96-02-02:07:46PM:SUGIMURA PATENT HTED PAGE 7) 1 

a: :35800506 

. s . 

properties of the piezoelectric device, because the 

substrate in the region. of eaeh piezoelectric transducer 

funationa as a diaphragm, it has been generally 

considered necessary tor the entire substrate to have 

os a reduced thickness. In many instanoes, however, the 

reduced thickness of the substrate as a whole cannot be 

aohievea ~ithout lo~ering the mechanical atren;th of the 

substrate. Thus, in orde: to simultaneously satisfy the 

1seemingly incompatible requirements fo: the reduced 

io thickness and a satisfactory mechanical sttenqth of the 

•substrate, u.s. Patent No. s,210,455 assigned to the 

assignee of this application 4iscloses an improved 

piezoelectric device whieh includes a locall~ thin­

wallea subatrate and pie2oelectr1.a transaucers formed 

LS on., and integrated with the thin-walled regions cf· the 

substrate. 

As par~icularly disclosed in u.s. Patent 

No, s,210,455, th• locally thin-walled substrate may be 

formed by laminating a relatively thick 9reen sheet of 

20 a tirst ceramic layer havinq window-like openings 

therein, and a relatively thin green sheet of a second 

ceramic layer without such openinqs. After integratin; 

the two ceramic layers by firing to form the substrate, 

the openings in the f itst ceramic layer cooperate with 

25 t~e second ceramic layer to define cavities havin9 thin­

walled bottom walls which are constituted by the second 
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ceramic layer. Furthermore, the piezoeleetrio 

transducers may each in~~ude a first ele~trode }ayer, 

a piezoelectric layer and a aeoond elaatrc~e layer which 

are sequentially laminatea with each other. ~he 

~ piezoelectric transducers are a:rangad on those outer 

surface re9ions of the substrat• opposite to the 

r~levant cavities, and are inteir~ted with the substrate 
; 

by firinc;. 

~ne piezoelectric devioe according to the above-

10 .mentioned proposal proved to be hiqhl¥ adventageous in 

'that tha locally thin-walled regions of the substrate 

opposite to the respective piezoelectric transduaera 

make it possible to achieve a satisfactory operation of 

the transduce:a, and further in .. that the remaining, 

i1 reiatively thick region of the substrate serves to 

re·alize a sufficient mechanical strength of the 

substrate as a whole. 

Nevertheless, it would be hiqhly desi4able to 

provide a further improved piezoelectrio device which is 

20 superior in the operational aharaQteristics, and which 

yet retains the above-mentioned ac!vantages. Having thus 

condueted thorough e~periments and inveatigations based 

on the piezoelectric device disclosed in o.s. Patent 

No. s,210,455, the inventors reached a recoqnition that 

2s ·a siqnif !cant improvement can be achieved. by carefully 

taking into consideration the physical and/or chemical 
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properties, s.tructure and behavior of the substrate and 

the piezoeleotrio transcuoers at ot near the tnin walled 

regions of the substrate. 

First cf all, in the pie~oelectric device 

as accordinq to the inventors• earlier proposal, the 

substrate and the piezoelectric transducer a:re generally 

composed of materials which are different in the chemical 

Oonlposition and henae .in the ooefficient ot thermal 

1 expanaion. 'l'hus, during manufacture of the piezoelectric 

10 r device, in particular during cooling which follows the 

' sinterin; for forming the piezoelectric transduc~r on 

the substtat• or the firinq for integrating the 

substrate and the piezoelectric transau~er, undesirable 

residual stresses tend to be cau&ed in the piemoalectric 

ts t~~naducer, which may deteriotate the operational 

characte:iatics of the device as a whole. A~Qo:aing to 

a recognition.reached by the inventors, a hi9hly 

improved piesc:>ele-ctric device can be reali~ed by 

effectively compensating for the difference in shrinkaqe 

~ of the mate~ials for the substrate ana the piezoeleotric 

transducei. 

!'Urthetmore, in the piezoelectric de~ice 

accordinq to the inventors' earlier proposal ~herein a 

common subst:ate ls provided with an a~ray comprising 

2s a plurality of piezoelectric transducers, when 

nei9hbourin9 transducers are simultaneously actuated, it 
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ia often difficult to achieve a sufficient amount of 

displace'ment of the thi.n"':'walled regions of the substrate 

in a direction perpendicular to the general surface cf 

the substrata, and a satisfactory voluminal change of the 

~ cavity. Besides, the operation of the tranadueers may 

be affected by t·he ope.rat: ion o:f adjacent transducers, 

making it difficult to uniformly achieve a desiraa 

displacemant amount of the thin-walled regions of the 

1 substrate. According to another re~ognition teached by 

10 the inventors, a hiqhly impro~ed piezoelectric devioe 

1 can be reali•ad by eliminating or suppressing undaaired 

intaraotion of the neighbouring transducers. 

Specifically, it has been confirmed tbat when 

the pieioelectric de~ice aocord!ng. to the inventors• 

u ea~lier 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 oannct be 

discharged with a sufficient amount or at a high speed, 

or wherein it is aiff icult to achieve a satisfactory 

2G 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 pie~oelectric transducer and a satisfactory 

25 voluminal chan9e of the cavity. It has also been 

recognized that·a significantly im~roved printing 

iiHii1Ui11iIDMmr 
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quality can be realized by eliminatinq or minimizinq 

fluctuation in. the displacement characteristics of the 

piezoelectric transducers and hence in the discharge 

amount and speed of ink. 

DISCLOSURE OF TJ?t XNVEN~ION 

The p::esent invention thus contemplates to 

provide a highly improved piezoeledtrid device on the 

basi·s of the above-mentioned recognitions. 

It is a primary object of the present invention 

10 to provide a highly improved piezoelectric device which 

' makes it possible to achieva a •ufticient displacement 

amount of the thin-walled region of the substrate and 

a satistactory voluminal change =f the cavit~. 

It is another object of· -the present invention 
. 

u to proviGe a highly improved piezoelectric device whioh' 

is capable of effectively relieving the stresses in the 

piezoelectric transducer, wnioh may arise from the 

difference in shrinka9e cf the substrate and the 

piezoelectric transducer aue to the difference in· the 

~ coefficient ot thermal expansion of the materials, or 

from the shrinkB;e of the piezoeleotric transducer upon 

sinterin; of the transducer on the substrate. 

It is still another object o~ the present 

invention to provide a highly improved piezoelectric 

25 ~•vice provided with an array comprising a ~lurality of 

pie2oeleetric transducers, which is capable of 

# 11/ 92 
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eliminating or suppressing unoesi:ed interaction of the 
neighbou~ing transducars. 

Briefly stated, the piezoelectri~ device 

according to th• pra•ent invention comprises a ceramic 

as substrate with an outer sur~ace and an inner surface, of 

which the 1riner surface is locally formed ~ith at least 

one cavity which is defined by at least one peripheral 

wall and a bcttom wall having a reaucea thickness. 

• The device further comprises at leas~ one film-~ype 

io . piezoelectric transducer which is formed integrally with 

'the substrate and arranqed en the.outer surface oppoaite 

to the bottom wall. The outer &urface of the substrate 

has a thickMwalled regio? adjaoent to and surroundinq 

the peripheral wall ct the eavit~ •. The thick-walled 

11 reqion. is formed ~ith at least one groove which extends· 

along the peripheral wall o! the cavity. The groove has 
a depth which is greater than the thickness of the 
bottom wall. ihe groove is arranqed so as to permit 

simultaneous displacements of the bottom wall and· the 
20 thick-walled region between tne cavity and the groove, 

to thereby cause a voluminal change of the cavity. 

The above-mentioned arrangement of the 
pieaoeleatric aevice accorain9 to the p4esent invention 

teatures the tormation of at least one groove in the 
M relatively thick-walled region of the substrate adjacent 

to and surrounding the peripheral wall of the cavi~y. 
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Because the qroove e~tends Along the peripheral wall of 

the cavity and has a d9pth whieh is gre•ter than the 

thickness of the bottom wall of the cavity, it is 

· possible to provide a higher compliance cf the relatively 

thick-walled substrate region a4jacent to the peripheral 

wall of the eavity, with which the thin-walled regions 

oi the substrate can be readily d~for~ed upon firing 

shrinkage durinq manu~aoture ot the device, ~herefore, 

1 despite the difference in the ooefficient of thermal 

lo expansion of the materials for the substrate and the 

' piezoeleotric transducer, t~e transducer during 

manufacture Of the deviee can be subjected to the ~irin; 

ahrinkaqe in a relatively unrestricted sense, thereby 

·minimizing the residual stresses .• tn the transducer and 

is assurin~ a highly improved operational characteristics 

o: the device. 

Moreover, when the piezoelectric device 

according to the presen~ invention inciuaes an array of 

piezoelectJ:ic transducers formed on a common substrate, 

20 the qroo,,e in the relatively thick-wallecl regiop of the 

substrate can be advantageously situated between 

neighbouring transducers to provide a low vfbration 

transmissibility of the 5ubstrate bet~een adjacent 

transducers. This serves to effectively eliminate or 

2~ suppress undesirable intera~tion or crosstalk between 

the transducers, and makes it readily possible to 
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uniformly achieve a desired amo~nt of displacement of 

the thin-walled regiona ~f the substrate in a direotion 

perpendicular to the general surtaoe cf the substrate. 

9RXEF DESCRIP~ION OF THE DRAWINGS 

The present invention will nQW be explained in 

further detail, by rafarrinq to the accompanying 

drawinga in which: 

Fig. 1 is a pe~spective view showing the 

•piezoelectric device according to a first embodiment of 

~ the p:•sent invention; 

11 

Figs. 2A and 2B are seetional views taken along 

the line 2~2 in Fig. l; 

Fig. 3 is an exploded perspective view showing 

one example cf a multi-layered suhstrace of the device; 

· 'ig. 4 is a sectional view taken along the line· 

4 ... 4 in !'iq, 3J 

Piga. SA and SB a%e sectional views showing the 

operation o~ known .pie2oelectric device: 

Figs. SA, 68 and 6C are sectional views showing 

20 the piezoelecttio device according to.a second 

embodiment of the present invention1 

25 

Fig, 7 is a sectional view shcwin; the 

piezoelectric device accordinq to a thixd embodiment of 

the present invention; 

Fig, B is a sectional ~iew showing the 

pie~oelect~ic device a fourth embodiment cf accordinq to 

# 14/ 92 
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Fig. 9 is a sectional view in ~nlargea scale, 

showing the detailed arrangement cf the pie~oelectric 

transducer in the embodiment o~ Fig. e1 and 

os Fig., 10 is a perspective view showing the 

a~tangement of the piezoelectric device with which 

axperiments were eonduoted, 

For the sake of convenience, same reference 

numerals are used throughout the entire figul'es to 

so denote same o~ equivalent elements. 

DETAILED DESCRIPTION OF ~HE 'REFERRED EMBODIMENTS 

Referring now to Fi9s. l to 4, there is shown 

a fi~st embodiment of the unimorph-type piezoelectric 

device according to the present invention, which is 

11 denoted as a whole by reference ··n'iirneral l. The 

pi•2oeledtric device l includes a locally thin-walled 

ceramic substrate 2 and a plurality· of piezoelectric:· 

transducers l arranged en the upper surface of the 

subatrate 2. More particularly, the •ubstrate 2 has 

za a plurality of thin-walled reqions 2a and tha 

piezoelectric transducers 3 are arranged on the thin• 

walled regions ~a. ~he substrate 2 has a piurality oi 

c~osed cavities 4 therein, each defined by a closure 

wa11 2b on ~he lo~et surface aide of the aubst~ate 2, 

21 perip~eral walls 2c in the substrate 2 and a b~ttom wall 

on the upper surface· side of the substrate 2, of whi.ch 

' 15/ 92 
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the bottom wall is constituted by the thin-walled region 

2a of th• substrate 2. ~he bottom wall 2a functions as 

a aiaphraqm of the piezoelectric transducer 3 in 

operation of the.device 1. The substrate 2 has 

os relatively thick-walled regions 2d adjacent to the thin­

wallad regions 2a, where it is formed with qrooves s 
each arranged to extend along the peripheral wall 2c of 

the cavity 4 and to open at the upper surface of the 

10 

• substrate· 2. 

As shown in Fig, 2A, the piezoelectric 

' ~ransau=ers 3 may be formed integrally with the 

substr~te 2 by an ordinary film-formation process to be 

more fully described hereinafter, wherein a lower 

alactrode layer 3~, a film-shaped-.pieaoelectric layer 3b 

u an~ an upper electrode layer 3c are sequentially 

laminated one above the other. As further shown in 

Figs. 3 and 4, the subst1'ate 2 may be formed by known 

lamination ptocess, wherein • lower green sheet 21 

provi~!nq the closure wall 2b of the substrate 2,· 

20 an intermedi~te g~een sheet 22 formed with ~indow-like 

openings 22a corresponding to the cavity 4, and a thin" 

walled upper 'dreen sheet 23 providing. the bottom wall 2a 

of the cavity 4, are sequentially laminated one above 

the other and subjeoted to a sintering to form 

u an integrated substrate 2 (Fiq~ 4). 

~he pa~ticulars of the three green she~ts 21, 

li1ti11Hitrliinr 

# H/ 92 
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22, 23 forming the integrated aubstrate 2 will be 

explained below, with ~efetence to Figs, 3 and 4. ~he 

upper ;reen sheet 23 has flat regions 23a corresponding 

to the bottom walls 2a of the substrate 2, and slit-like 

~ opening• 23b extending throu;h the upper green sheet 23 

in the direction of its thickness. ~he intermediate 

green sheet 22 has, besides the window-like openings 

22a, slit-like ~reeves 22b with their bottoms situated . 
' close to the lower 9:een sheet 21. The uppe~ green 

io sheet 23 and the inte~mediate qreen sheet 22 are 

' superimposed with ea~h other so that the slit-like 

openings 23b in the upper green sheet 23 a.nd the slit­

like grocvee 22b in the intermediate green sheet 22 are 

brought into alignment with each·~ther to form the 

ts 9%.oove. 5 .. in the subst:i:•t• 2. When the piezoelectric 

device 1 is used as an actuator for an ink jet printing 

heac, the·lower green sheet 21 may have throu~h-holes 

21a to be used as an inlet which is in com.11uni.c:ation 

with an ink reser.vcJ.r and/or as an out:let which is in 

~ communication with a d!scharqe no2zle. 

With further reference to Pigs. 3 and 4, 

assuming by way cf example that the eavity 4 has a square 

contOU%1 the groove S in the substrate 2 has a lenqth L · 

which is.at least 1/S 1 preferably 1/4 or more, of the 

25 lenqth of the longitudinal edqe o~ the cavity 4. 

Furthermore, as shown in E'ig. 2A,· the groove S has 

It 17/ 92 
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a d·apth Dl whiQh is substantially same as, or greater 

than the thickness t o~ the thin-walled ~ottom wall 2a 

of the cavity 4, and which preferably satisfies the 

followinq equation (l): 

• • • ( l) 

where D2 is the depth of the oavity 4. More preferably, 

the depth D1 of the groove 5 satisfies the following 

equation (2}; 

D1 ~ ( t + 2 >c D~/3) • • • ( 2 ) 

Advantageously, the groove S has a width w1 as 

' also shown in Fig. 2A, which is determined suoh that the 

width W2 of the ~hick-walled region 2d measured between 

· the side wall of the groove 5 and the opposite peripheral 

wall 20 of the cavity 4 is within-a range between 20 pm 

ts and 20.0 pm, preferably between 20 f.1fn end .100 µm. When · 

the width W2 ot the thick-walled region 2d is less than 

20 .µm, the stiffness of the thick-walled re;ion 2d is 

often excessively lowered, making it cifficuit to 

effectively induce the oesired vertical displacement of 

20 the bottom wall 2a oi the cavity 4 and thereby achieve 

an efficient voluminal chanqe of the c~vity 4. Moreover, 

cracks or the like defects tend to o~our in the thiok­

walled region 2d during formation of the groove s, 
making it difficult to imp~ove the manufactu~ing 

21 productivity of the piezoelectric aevice- When, on the 

ether h~nd, the width W~ of the thick-walled region 2d 

# 18/ 92 
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i• more than 200 ~m, it becomes often difficuit tc 

achieve a sufficient s~r~sa relaxation during firing ot 

the piezoeleatric film layer, and hence to effecti\Tely 

improve the properties of the piezoelectric material. 

os Moreover, cue to the inc:easea stitfness of the thick­

walled reqion 2d, it becomes difficult to achieve 

10 

a sufficient lateral displaeement of the peripheral wall 

2c of the cavity 4 the~eby to enable a large volwninal 

• chang• of the cavity 4. 

'·It has to be noted in thie connection that the 

• above-mentioned pref erred range of the width W2 is 

applicable also when two or more grooves 5 are formed in 

eaah thick-walled region 2d or the aubstrate 2. 

The grooves 5 may have .cl···Square cn:oas-section 

JS as. sho.wrL. in Figs. 2A and 4, or other appropriate ere••-· 

section such as v-shaped or trapezoia cross-section. 
A• for the thickness of the thin-walled region 

2a of the substrat~ 2, i.e., the bottom wall of the 

cavity 4 1 which functions as the diaphragm of the' 

20 .piezoelectric tra:nsduce:r 3, in order t:o provide an 

improved high-speed response characteristic and a high 

conversion efficiency of the transducer 3, the thin­

walled re;ion 2a has a thickness which is preferably 

SO µm or lass, more preferably 30 ~m or less, and 

25 further more prefe:i:ably lO ,um or_ lea•, 

The piezoeleatrio device l according to the 

# 1_9/ 92 
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present invention includes qroove 5 in tne relatively 

thiok-wallea region 2d.of the substrate 2 adjacent to 

and surrounding the peripheral wall 20 of the c~vity 4. 

It ia therefore possible to provide a higher gompliance 
os ot the relatively thiok-walled substrate region 2d 

adjacent to the peripheral wall 20 of ~he cavity 4, with 

which the thin-walled regions 2a of the SUQStrate 2 can 
be readily deformed upon tiring shrinkage during 

• manutaoture of the device l. This means that the 

io transducat 3 during manufacture of the aeviae 1 can be 

' subjectea to the firinq shrinkage in a relatively 

unrestricted sense, thereby minimi2ing the residual 

stresses in the t~ansducer 3 and assurin9 a highly 

improved operational characteris~·ics of the device l. 

·15 As a r•a..ult, it is possible to provide improved 

characteristics of the transducer 3, including the 

relative dielect~ic constant, and to mere fully make use 

of material properties which are inherent to the 

piezoeleQtric mate%ial. 

20 As can be further appreciated from Pig. 2B, 

formation of tha grooves S in the thick-walled ~egions 

2d of the subat:ate 2 ensures that the diaphragm of the 

piezo•l•ctric transducer 3 constituted by the bottom 

wall 2a of the cavity 4 can be sufficiently displaced 

2s vertically toward the closure wall 2b, simultaneously 

inducing late~al displacements of the opposite 

# 20/ 92 
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peripheral walls 2c toward the center of the cavity 4. 

A re•ultani: higher oomplianc:e.of the diaphra~l'I\ of the 

p!e1oelectric transducer 3 1 in combination with the 

lateral displacements of the opposite peripheral walls 

os 2c, permits 1 rapid voluminal change of the cavity and 

serves to provide a significantly increased dis~harqe 

amount of ink from the cavity 4. 

Moreover, when the pie2oeleotr ic devic:e ·1 

• aooording to the present invention includes an array o! 

10 pie1oeleatric transducers l formed on a co..'t!Rlon substrate 

• 2, the grooves S formed in the relatively thick-walled 

regions 2d ot_the substrate 2 and situated between the 

adjacent tiansduoe~s 3 provide a low vibration 

tranamisaibility of the substrate-~ between the adjacent 

as tunad:uears 3. The g'rcoves 5 thus serve to effectively 

eliminate or suppress undesirable interaction or 

~roastalk 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 cisplacement. Furthe~more, even when 

nei9hbouting transducers 3 are simultaneously actuated, 

the groove s·serves to abaorb tensile fo~ces between the 

transducers to thereby minimize the fluctuation in the 

vertical cUeplacement. amouJ'l.t:s of the diaphragms. 

For the sake of oornparison, Figs. SA and SB 

schematically illustrate the operation of the 

# 21/ 9'2 
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piesoelectric device acccrding to the above-mentionoa 

u.s. Patent No, 5,210,455, which is provided with 

a plurality of piezoelectric transducers 31, 32 on 

a ce:amio substra.te 2 having open cavities 4 which are 

" not closed by a elosure wall on the lower surface side 
of the substrate 2. 

As shown in Fig. SA, when only the 

piezoelectric transducer 31 is aatuated, the bottom wall 
1 2a of the aubatrata 2 undergoes a vertical displacement 

10 which is assisted by slight lateral displaoements of the 

ll 

' i;hick-walled regions 2d forming the opposite peripheral 

walls 2a ot the cavity 4. However, when adjacent 

pie1oalactric transducers 31, 32 are simµltaneously 

actuated, as can be appreoiatad .. f.rom Fig. SB, the 

latera~ £orces applied to the thick-walled •e91on 2d 

between theae transaucers 3·1, 32 are cancelled with each 

other, tbeteby giving rise to a tendency of more or las a 
impeding the desired vertical displacements of the 

bottom walla 2a of the substrate 2. !l'he vertical· 

20 1'1splacement amount achieved by the diaphragm of the 

transducer in such operational state is reduced, as 

compared to the situation when a sin9le transducer only 
is actuat11d. 

When the piezoelectric device according to the 

H present invention is used, e.g., as an actuato•. for 

an ink jet printing head, an insufficient vertical 

# 22/ 92 
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di&placem•nt amcun~ of tne diapht~9m often results in 

• lcw ink aischaige amount. It has oeen further found 

that the diffe:ent displacement amoun~ of the diaphragm 

depending upon the cperational state of the device tends 

to ~auae fluctuation in the operational characteristics 

of the device. Horeovax, due to the rigidity of the 

thick-walled reqion 2d between adjaoent transducers 31, 

32, there may be caused an uncesirable interaction or 

crosstalk between the transducers. These p2:oblems are 

io more significant when the substrate 2 of the device l 

' has a higher rigidity due to the formation of clo$ed 

cavities which are closed by closure walls like that 

shown in Fig. 2A. 

The present invention t-hus provides a unique 

11 aolutio~ ~Q{ the above-mentione~ problems, by torming at 

least one groove 5 in the thick-walled reqicn 2d of the 

ceraJl\io substrate 2. 

A seccnd embodiment of the unimoiph"type 

pie1oelectric.device according to the present invention 

20 is shown in Pigs. 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 s in the thick­

walled regicns 2d of the substrate 2 makes it possible 

2s to provide a higher compliance of the diaphragm 2a and 

a resultant increased amount ot its verticel displace-

# 23/ 92 
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ment in cpe:aticn of the devioe. As oan be appreciated 

from 'igs. 6B and 6C, t~e grooves 5 between ad~a~ent 

tranaduce:a se:ve to effectively suppress intetaction or 

crosstalk between the transducers, and the vertical 

as didplacement amount of the diaphragm 2a can be uniformly 

maintainea substantially uninfluenced by the cperationa1 

state of the device, i.e., regardless of whether one 

transducer only is actuated (Fig. 6B) or adjacent 

10 

• trausducers are simultaneously actuated (Fiq. 6C). 

A third embodimant of the unimorph-type 

' piezoe1ectric device according to the p~esent invention 

is shown in Fig. 7, in which each thick-walled tegion 2a 

of the substrate 2 is relatively wide and formed with 

two gl:'ooves Sa, Sb of which tha 00 depth is greater than 

1s t:he th.i.cJcness ot the bottom ~all 2a of the cavity 4. 

1'his embodiment effectively pro.vides an improved 

compliance of the diaphragm 2a of the piezoelectric 

transducer 3, P•rticularly when a plurality of 

ttansduce~• 3 are a:ran9ed on the substrate 2 with 

20 a relativel~ wide pitch. 

'l5 

A fourth emboOiment of the unimorph-type 

pie2oelectxic device according to the present invention 

is shown in Figs. S and 9 1 which is also provided with 

the grooves S in the thick-walled regions 2d of the 

substrate 2. This embodiment is similar to the device 

disclosed in the applicants• copendin9 U.S. Patent 

' 24/ 92 
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Application No. 08/206,939 or European Patent 

Application No. 94 301. 633. 7, of which the disclosure· is 

here inaorpotated·by reference. 

More particularly, as shown in Fiq, 9 1 the 

" pie2celectrio device 1 acccrdinq to the illustrated 

embodi~ent includes pie~oeleatric transduce~s 3 of which 

the piezoelectric layer 3b has a dimen•ion which is 

sufficient to substantially completely cover the lower 

1 aleetrode layer 3a. The piezoelectric layer 3b has at 

10 least one edge ll in the form of an extension protruding 

' beyond the lowe: electrode layer 3a, which is at least 

locally incompletely bonded to the oeramic substrate 2, 

as shown at 12, The te:r:m 'incomplete bond 11 as used 

berain refers to a specific bonded state between the 

'' ae~amic .... ubatr-ate 2 and at least one edge ll of t:.he 

piezoelectric layer 3b, which allows the pie2oeleettic 

layer 3b to undergo a substantially unrestricted 

movement relative to the substrate ~. Adjacent to the 

e4;es ll of the pie~oeleatric iayer 3b, there may· be 

u provided buffer :esin layets 13 between the uppe% 

electrode layer 3c and the substrate 2, so as to p.t'ovide 

a smooth and flexible connection of the upper electrode 

layer le to the· substrate 2 ano thereby protect the 

~pper electrode layer 3c from possible damages due to 

is i~pact or vibration during the production of the de~ice 

or in the ~se condition. 

# 25/ 92 
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~he above-mentioned arranqement of the 

piemoelectric device.l shown in Figs. 8 and 9 makes it 

readily possible to manufacture the piezoelectric de~ice 

with an improved prcduetivity, because it i• not 

necessary to precisely align th~ edqes of the 

piezoelectric layer 3b ~ith those of the lower electrode 

layer Ja. The edges 11 of the piezoelectric layer 3b ot 

the device l shown in Figs. e and 9 se:i:ve to avoid 

short-circuit between the lower and upper electrode 

layers Ja, 3c. Moreover, the incompletely bonded 

regions 12 between the ceramic substrate 2 and the adge 

ll o: the piezoelectric layer 3b protruding beyond the 

lower electrode layer 3a allows the pie2oalectric layer 

3b to be movec1 relative to the ·Substrate 2 in an 

is un:eat~~oted sense. It is thus possible to achieve 

satisfactory teliability and functions of tha device, 

e.g., generation of large force or displacement, or of 

h!qh output voltaqe level. 

?t should be noted that the present invention 

20 may also he applied to a piezoelectric device which 

includ•s a ainqle piezoelectric transducer formed on the 

substrate. In this instance also, formation of the 

grooves in the thick-walled regions of the substrate 

adjacent to the thin-walled bottom wall of the cavity 

2s serve to provide a higher oompliance. of the bottom wall 

and hence significantly improved operational 

# 26/ 92 
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In o:dex to reali2e highly improved operational 

characteristics of the piezoelectric device according to 

tha present invention, the substrate 2 preferably 

01 comprises zirconium oxide as a main oo~ponent, having 

a crystal phase that has been oompletely or partially 

stabilized.pre~erably by the addition of at least one 

compound eelected from a group consisting of yttrium 

• oxide, cetiLlm oxide, maqnesium oxide and calcium oxide. 

10 The amount of the additives required for 

' partially or completely stabili2ing the ziroonium oxide 

as described above may be l-30 mol• for yttrium oxide, 

6-50 mol,. for cerium oxiC!e, and S-40 molt fot the 

maqnesi~m oxide and calcium oxide·.· Aa for yt~rium oxide 

1~ in pa:ti.culai, the amo~n'c. ie preferably 2-7 mo1', more 

preferably 2-4 mol,, because the zirconium oxide added 

with the yttrium oxide cf such amount has a partially 

stabilized crystal phase and thus exhibits particularly 

excellent substrate characteristics. 

~ A preferred method of forming the ceramio 

substrate 2 with at least cne cavity is to prepare 

a first gteen sheet having a desired thickness and at 

least one window-like opening formed by usin9 a suitable 

mold, punching Yith·a suita~le die, or ~achining 

2s process, such as ultrasonic machining. A second, 

relatively thin green sheet is further prepared to have 

# 27/ 92 
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a thiakness which oorresponds to that of the thin-walled 

%a;ion of the substrate. The second green sheet is 

superimposed en the first green sheet under predetermined 

tempe~ature/pressure condi~ion, and then fired ana 
" inteqrated with each other. 

'l'he material for the ceramic substrate 2 may 

contain a aintering aid, auch as clay or the like. 

In this ease, at least insofar as the seoona green sheet 

• for the thin"walled region 2a is concerned, it is 

10 deairable to adjust the composition and amount of the 

' ainteting aid so that at least the sintered thin-walled 

region ot the substrate does not contain a vitrous 

material such as silicone oxide, boron oxide, phosphorus 

oxide, ge:manium oxide, by an amGunt of lt or more. 

1& Thie is ..because an excessive amount of vitrous material" 

often :eaults in undesirable reaction of the substrate 

mate~ial with the pie2oelectric material during the hea~ 

treatment, making it difficµlt to controi the 

composition of the piezoeleotri~ material, 

20 

25 

In the case of ceramic substrate 2 wherein the 

cavity 4 for defining the thin-walled region 2a nas 

a generally square cpntour, it is advantageous for the 

ca~ity 4 to have dimensions which are determined such 

that the length of the oavity i~ 2-20 times larger than 

its width. Furthermore, for assuring a·sufficient 

amount of displacement o~ force to be 9enerated by the 

#·28/ 92 
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pie2oeleotria transducer 3, the transducer 3 is termed 

on the thin-walled re;iQn 2a ~f the substrate 2 over 

an area which p~eferably corresponds to so-~s' ot the 

width of t_he cavity 4, 

In order that the ceramic subat:ate l whic~ has 

been fotmed as explqined above permits satisfactory 

operational ch•racter!stics of the piezoelectric 

transducer 3 formed thereon, it is advantageous to 

• contzol the surface roughness Ra of the substrate 2 to 

10 ba within a range o: 0.03-0.9 ,um. In this instance, 

the distortion or stress occurring in the pie~oelectrie 

tTansduce: 3 can be effectively transmitted to the 

substrate 2 having the above-mentioned ran9e of the 

surface roughness Ra, and vice versa. Such a. control ot 

J& tbe surf.ace roughness Ra iQ also effec:;tive to assure 

a nigh mechanical strength of the ~elatively thin 

aubstrate. 

~ha green sheet for the ceramic subst~a~e 2 may 

ba subjected to sintering at a temperatu~e of l,000°c to 

20 l 1 BOD°C prier to formaticn of the piezoelectric 

transducer 3. Alter~atively, the gr~ert sheet for the 

ceramic substrata 2 ~ay be subject~d to a suitable film­

formation process to form the pie2oelectric trans~ucer ~ 

and then sintered. Formation of the piezoelectric 

25 transducer l on the previously sintered ceramic 

substrate 2 is often desirable in view of min!m!zation 

# 29/ 92 
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of wa:p in the final product and dimensional aoouracy ot 

the piezoeleotrio transducer s. 
1'ha groove 5 in the thick-walled reqion 2d of 

the substrate 2 may be formed either in the green sheet 

~ before tha sinterlng step or in the already sintered 

substrate, bY. various methods. For example, the ~roove 

may be formed in the sintered substrate by a~ 

appropriate process such as laser beam process, electron 

1 beam process, slicing, blastin9 and_ ultrasonic ptoceas. 

10 Furthermore, the groove may be formed in the green sheet 

• by press or punchiflg with a suitable die .. 1'he groove 

formation process may ba car~ied out ~ither before or 

after the formation of the film-type pie2oelectric 

transducer. Among others / the ·laser beam process is 

is partiauJ.ar.ly suitable in that formation of grooves with. 

a relat£vely complicated shape can be carried out in 

a tacilitated manner. In this instance, it is 

advanta9eous to pay a part1aular attention ta the process 

conditions so as to minimize thermal stress during the 

~ groove formation process, and thereby prevant formation 

cf cracks in the ceramic substrate, From such 

a viewpoint, it has been confirmed that a suit8ble laser 

i• a Nd-YAG laser having a Gaussian or normal ener9y 

distribution in the beam and using a ~EM 00 sinqle mode 

2s resonance. 

Advantageously, tor forming the groove in the 

. # 30/ 92 



[ RECEIVED li1Z/UZ 19:08 199& f.IT S3311169'l 
ss-02-02:01:46PM:SUGl~RA PATENT 

PAGE 31 <PRINTED PAGE 31) l :35800506 

- 27 .. 

thick-walled reqion of the ceramic substrate in 

accordance with the pre~ent invention, the' laaer beam 

procesa is performed by controlling the laser beam width 

to oe 140 na or less, preferably lDO ns or less, by 

" carryin9 out ~ pulsation control by means of a O•switch 

I 

10 

at a frequency of 3.6 kH2, for example, by concentrating 

the laser beam diameter to be so pm or less, preferably 

within a range ot s-10 µm, by means of an·appropriate 

concentration lens system, and by performing che process 

at a sp••d of 50 mm/sec or less. 

The piezoelectric transduoex 3 on the ceramic 

suba~rate 2 comp:ising the electrode layers 3a, Jc and 

the piezoelectric layer Jb may be formed by a suitable 

film-formation process known, pe~· se. ~hat is to say, 

15 the film.-formation J;)roeess which may be applied to form· 

the piezoelectric transducer 3 of the device l according 

~o ~he present invention includes a thick-film formation 

proceas 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 deposition (CVO) or plating. 

In particular, the thick-film formation process can be 

advantageously applied to form a film-like pie~oelectric 

layer. ~his is because the thick-fi1m formation process 

u makes it readily possible to form a film on the ce·ramic 

substrate by usinq a paste or slurry whose major 
~----'--=~===-· ·~ . 

1l11'~iWIDlir 
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component is powder cf piezoelectrio ceramic material. 

In this inatance, when the po~der of piezoeleotria 

ceramic material has an average particle size within 

a range ot O.Ol ~m to 5 ~m, preterably 0.05 µ:n to 3 µm, 

05 it is readily possible i:o realize 1txcellent operational 

characte~istics of the pie2oelectric device. While the 

patte:n ot such a film may be formed by screen printinq 

method or photolitho9raphy method, the patte~n may also 

J be formed by removinq unnecessary regions of the film by 

io laser cutting, slicing, ultrasonic machininq or other 

, su~table machinin; process. 

~~e present invention is not limited to the 

specific eonstructicn, shape and/or pattern of the 

piezoelectric transducer illustfated in the Orawings. 

,5 Fpr exmople, tlepending upon the utility of the 

piezoelectric device, the transducer may have 

triangular, rectangular or other polygonal shape, 

oitou1a%, elliptical or annular shape, comb- or lattice­

l1ke pattern, or any combination of these shapes ~nd/or 

20 patterns. 

The electrode layers 3a, 3c 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 step$ for inteqration with the 

2s substrate each time a layer has been formed on the 

substrate, or simultaneously he~t-treated !n a single 

# 32/ 92 
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step for integration with the aubstrate after all the 

·layers ha~e been fotm~d.into a laminated structure on 

the subattata. When theae methods are applied to 

manufacture the pie2oelact~ia device as ahown in ~igs. a 
as and 9, it is possible to incompletely bond the edges ot 

the piezoelectric layer 3b to the ceramic substrate 2. 

When a film-formation proaeae is used to form the 

electtode layers on the subst~•te o~ piezcelectrio 

' layer, it is not always a prerequisite condi~ion to 

10 carry out the heat-treatment for inte9~atin9 the film 

1 layers with the substrate or piazoelectrio layer. ~hus, 

for example, in order to provide an enhanoed insulation 

between the two electrode layers 3a, 3c on both sides of 

the piezoelectric film layer 3b·; ··there may be instances 

li wpetein_a coating of insulation resin or the like is 

provided on the periphery of the transClucer 3·, or 

wherein dumm.y synthetic resin layers 13 as shown in 

Fiq. g a~e formed on the ceramic substrate 2, befo~e 

fo:mation of the upper electrode layer 3c. In these 

10 cases, thf! upper electrode layer 3c is preferably formed 

by a process which does not require heat-t~eatment. 

~he heat treatment temperature suitable for 

integrating the film layers 3a, lb, 3c of the 

piemoelectric transducer 3 and the ceramic substrate 2 

u is generally within a range of 900-l,400°C, preferably 

l,ooo-l,400°C. When the piezoelectric film layer 3b is 

# 33/ 92 



[ RECEIVED 82/12 19:&9 1996 AT 533169~ PAGE 3~ (PRINTED PAGE 3~1 l 
ss-02-02:07:46PM:SUGIMURA PATENT 

j; 
·(:~ 

:35800506 

- so -

subjeated to a heat-trea~ment, in order to stabilize the 

~omposition o~ the piezoelectric material and avoid 

undesirable Qhan~e in the ccmpositicn in a high 

temperature.condition, the heat-treatment is preterably 

os performed while controlling the atmosphere by heating 

the vaporization aource of the piezoelectric material as 

well. It is also advantageous tg use a method ot firing 

the piezoelectrio fil~ layer while it is covered by 

• a suitable cover member for preventin9 A direct exposure 

10 of the pieaoelectric film layer to the firing 

' atmosphere. In this caae, the co~er me~her consists 

preferably of a material whioh is similar to the ceramic 

substrate material. 

The lowe4 and upper electrode layers 3a, Jc of 

JS the piezoelectric transducer 3 may· be ~ormed of any 

electrically con~uctive material whioh can withstand the 

oxidizing firing and the heat-treatment atmosphere at 

a considerably high temperature condition as explainea 

above. Thus, the electrode layers may be formed ·of 

20 a single metal, an alloy of metals, a mixture of metal or 

alloy with an elect~ically insulating ceramic material, 

e.q., Ti02, Al203, zro2, etc., or an electrically 

conductive ceramic material. Howevet, it is preferable 

to use an electrode material whose major component is a 

" noble metal having a high melting point, such as 

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

# 3'4/ 92 
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silver-palladium, silver-platinum, platinum-palladium or 

the like. lt is more preferable to use a cermet 

mate:ial of platinum and the ceramic material for the 

substrate, a oermat matetial of platinum and the aeramio 

os material for the substrate and the piezoelectric 

material for the piezoelectric film layer, in viaw of 

an imptoved adbesion of the electroce layers to the 

piezoelectric film layer and/or the ceramic substrate. 

1 Aman9 others, it is more preferable to use a material 

io 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 o~ide should be avci~ed because such material 

tenas to reaot with the pieioeleatric material during 

JJ ttie hQa;,-treatment thereby deteriorating the. t::!haractar-· 

istics cf the pie2oeleet:ic device. ~he amount of the 

suostrate mate~ial to be adced to the electrode material 

is pteterably S-30% by, volume, and the amount of the 

piezoelectric material to be added to the electrode 

20 matexial is preferably S-20\ by volume. 

~he electrode layers 3a, Ja consisting of 

a conductive material as mentioned above may have 

a thickness of 20 µm or less, preferably 5 pm or less. 

The pie2oeleotric layer 3b may be formed of any 

2s piezoeleotrio material which exhibits a relatively large 

amount of field-induced 9train or displacement when 

It 35/ 92 
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applied with a volta;e, due to the pie~oelectric e~iact. 

The piezoelectric mate~ial may be either a crystalline 

material er an amorphous material, and may be a aemi­

conductlve material or a dielectric or ferroeleatric 

os aeramio material. Furthermore, the piezoelectric 

material may either require an initial polari~ation o: 

poling i:l'eatment or may not require such treatment. 

Preferably, however, the piez~eleet~ic 

,materials which can be used in the p?'osent: invention has 

~ a ccmposition whose major component is lead zirconate 

,titanate (PZ~), lead magnesium niobat• (PMN), lead 

nickel niobata (PNN), lead manqanese niobate, leaa 

antimony stan.nate, lead zinc niobate, lead titanate, 

lead zirconate· or a mixture ox so-lid solution thereof. 

is Fu;tbe~mc.,.re, the piezoelectric materials indicated 

above, whose majo~ component is PiT or the like, may be 

added with a suitable amount of additives ccmpri1ins 

an oxide or compo~nd o~ lanthanum, barium, niobium, 

:&inc, Qerium, c:iadmium, chromium, cobalt, antirnony,·iron, 

ao yttrium, tantalum tungsten, nickel, manganese, lithium, 

strontium, calcium, and/or bismuth, so as to obtain 

a mat.er ial whose major component is PLZ1' •. However, 

addition of vit~ous material such as silicon oxide 

should be avoided, sinca lead contained in the 

2s pie2.oeleotric materials such as PZT tends to react wi t:h 

the vitrous material, making it difficult to achieve 

' 36/ 92 

ii1liIDli111iIDUr 



.. - --[-RECEIVED 112/llZ 19: 11 1996 AI S331i169'i 
ss-02-02:07:46PM:SUGIMURA PATENT 

i 
PAGE 37 CPRIHTED PAGE 37> l :35800506 

05 

• SS -

a desired composition of the piezoeleotrio film layer, 

thereby causing undesi~a~le fluetuation and 

deteriaration of the operational oharaoteristics cf the 

piezoelectric device, 

Among the pie2oelectric materials indicated 

above, it is preferable to use a material of which the 

major component comprises a mixtu:e of lead magnesium 

niobata, lead si:conate and lead titanate, or a mixtu~e 
1 ot lead nickel niobate, lead ma;nesium niobate, lead 

10 zirconate and lead titanate. It is particularly 

' advantaqeous to use a piezoelectric material of which 

the major component comprises a mixture of lead 

maqnesium niobate, lead airconate and lead titanate. 

such a piezoelectric material has-a pa%ticularly low 

u reaati.viJ:y with the substrate material during the heat;-· 

trea~ment, and is thus free from segregation of its 

compcnents. ~herefore, a suitable treatment for 

maintaining the composition serves to readily reali1e 

a daaiied acmposition or c~ystal·structure. 

zo Furth,rrnore, in th• embodiment shown in Figs. B and 9, 

it becomes pos•ible to maintain the edges of the 

pie2oalaatric layer 3b protruding beyond the lower 

electrode iayer 3a in such an incomplete1y bonded s.tate 

with the ceramic substrate 2 for assuring a proper 

25 operation of the piezoeleotrio transducer J. Moreover, 

such a piezceleotric material has a partioularly high 
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p1ezoelectric constant, and can be used as a mate~ial 

suitable ror forming the.pie2oolectric film layer by the 

above-mentioned thi~k-f ilm formation process such as 

screen ptinting, spraying, dipping, coating and the like. 

'whila such multi-component pie2celectrie 

material has a pie~oelectria characteristic which varies 

depent!!.lng upon the composit:ion of eomponent:s, a three­

component material composed of lead magnesium niobate, 
1 lead miiconate and lead titanate, which can be suitably 

10 used in the invention, prefe~ably has a composition in 

' the vicinity of phase bound1ries of a pseudo-oubic 

e:ystal phase, a tetragonal crystal phase and 

a rhombchedral arystal phase. To assure sufficiently 

high piezoelectric constant and··e·lectromechanical 

15 ceupli·ng- factor / it is pari:icularly advantageous to use' 

a composition containing lS-50 mo1• of lead maqnasium 

niobate, 10-45 mol' of lead 2irconate and 30-45 molt of 

lead titanate. 

The piezoelectric transduee: comprising t"he 

ao alactrode layers 3a 1 3c and the piezoe1ecttic film layer 

3b described above generally has a thi~kness of 100 pm 

or lesa. To assure a relatively large amount of 

displacement at a relatively low voltage, the 

pia2oelectric film layer Jb has a thickness which is 

25 preferably 50 pm or less, more preferably within 

a range of l-40 µm. 
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In unimorph- or bimcrph-type piezoelectric 

devices utiliainq the transverse ·effect of the tiela­

induced attain, when the piezoeleetric material requires 

a polin; treatment, it ia a general practice to perform 

the treatm•nt by applyinq a voltage between the upper 

and iower electrodes. In the oase of the above­

mentioned film•t:ype piezoelectric devic~ as in t:he 

present invention, it ~s preferable to perform the 
1 poling treatment with tbe upper electrode film layer 

lO used as a positive electrode. That is to s•y, in the 

1 case of the pie~oeleatric layer formed in accordance 

with the present invention, stresses generaced in the 

piezoeleotric layer 4urin; the sintering o• hea: 

treatment tend to form domains or· ori$ntations in 

is a .dite.ct.ion along the polinq direction, which make "it 

possible to subsequently perform an effective polinq 

trea-tmet1t. 

In order to confirm the adv~ntageous functions 

of the present invention, comparative experiments.have 

20 been carried out with a series of samples of the 

piezoelect~ic device, each having a substrate with 

cavities and five piezoelectric transducera 3A, 3B, 3C, 

30 and 3E of the same specifi=ation, as shown in 

Fig. 10. The particulars of these specimens are es 

:as follows. 

Comparative sample S1 has open cavities such as 
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that shown in Figs. SA and SB, and does not include 

grooves in the thick-walled regions of the substrate. 

Comparative sample S2 bas closed cavities 

closed by a closure wall such as that shown in Figs. 2A 

" and 2B, and does not incluee grooves in the thiox-walled 

te;icna of the aubstrate. 

Comparative sample S3 has open cavities and 

includes shallow groove1 in the thick-walled regions of 

1 the substrate, wherein eaah groove is arranged between 

~ adjacent transducers and hea a depth which is 

• substantially same as the thickness of the thin-walled 

4egion of the sucst~ate. 

Sa~ple Of the invention S~ has closed cavities 

ana include grooves in the thick~~alled regions of the 

is substrate, as shown in Fiqs. 2A and 2B, wherein each 

9roove is arranged between adjacent transducers and has 

a depth of 100 µm ~hich is greater than the thickness 

ot the thin-walled re9ion of the substrat.e. 

Sample of the invention S5 has closed cavities 

zo ana include grooves in the thick-walled regions cf the 

substrate, as shown in Figs. 2A and 25, wherein eaoh 

groove is arranged between adjacent transducers and has 

a depth of 50 µm which is 9reater than the thickne$S of 

tha thin-walled region ot the subst~ate. 

25 Sample of the invention 56 has closed cavities 

and include grooves in the thick-walled teqions of the 
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substrate, vherein two grooves are arranged between 

adjacent transducers as .shown in Pig. 7, eaah having 

a depth ot 100 µm which is 9reata: than the thieknesa 

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 lSO µm, which may be combine~ 

with a closure wall of a thickness of 150 µm, wherein 

' the thickness of the thin-walled region is 10 pm. 

In the first place, using the comparative 

' eamples Si and S~ and the sample of the invention s,, 
which were operated at the inp~t voltage of lOV, the 

vertical displacement or deflection and relative 

dielectric constant were measur-ed··with respect to the 

piezoelectiic transducer 3C arranged at the center of 

the substrate. The measurement of the vertical 

displacement amount of the oenter transducer 3C has been 

carried out using a laser Doppler-type vibrometer, The 

result of the measurement is shown in Table l below. 

'l'able l 

1'ype of Vertical Displacement Relative Dielectric 
Sample {µm) Constant 

S1 0.29 ::2, 700 

S:i 0.21 2,500 
s .. I o.2e 3,400 
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It can be appreciated from ~able 1 that, with 

reference to the dom.pa~ative sample S2 and the eample'. s4 

of ~ha invention, both including a substrate with cloeed 

aavities, tha vertical dieplacem~nt amo~nt achieved by· 

~ the center transducer 3C of the sample s4 is higher than 

that achieved by the center transducer 3C of the 

comparative sample S2. With f~rther refe~ence to th• 

·sample S~ of the invention and the comparative sample S1 

, which includes a substrate with open cavities, even 

10 though the aubstrate of the sample s. includes closed 

, cavities, che vertica.l displaoement amount achieved by 

the center transducer 3C of the sample s4 is 

substantially as high as that achieved by the cente: 

transducer 3C of the oomparative··sample 51. Moreover, 

u th.e transducer o! the sample S4 according to the 

invention e~hibits the highest relative dielect%io 

constant. This is believed due to the minimized 

residual stresses in the piezoelectric film layer and 

improved material charactetistics thereof, both tealized 

20 by the tormation of the srooves in the thick-walled 

regions cf the substrate and the ~esultant inc:eaaed 

compliance of the ~hin-wall9d regions. 

Experiments have been carried out with respect 

to the samples s1 to Ss, to quantitatively measure the 

2s magnitude of interaction or crosstalk between adjacent 

piezoelectric transducers. This magnitude is defined as 
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:educed displacement rate Ored(,), and expressed by the 

following formula: 
Dn(:1A-3B) 

D.red • :it 100 (ti) (n "'A, 13 1 C1 0 1 E) 
Dl\(3n) 

where DnclA•3Z) is the oiaplaeement amount of transducer 

Jn when all the transducers 3A•3E are simultaneously in 

. operation, and Dn(3nl is the displacement amount of the 

transducer 3n when only that transducer is in operation. 

~able l below shows the reduced displacement rate 

Dred(') for each transducers of the sam~las S1 to Ss. 

Table 2, 

'l'ype Of Reduced Def le ct ion Rate Dred ( i) of Transducers 
sample 3A 3B 3C 30 32 

S1 62 55 49 52 60 
S2 as 75 70 74 85 
S3 86 75 72 ,4 BS . - .. 
S4 95 90 89 91 94 
S5 go Sl Bl 82 91 
s, 97 95 94 94 98 

It can be appreciated from Table 2 that,. with 

reference to the comparative samples S1 to S3, 

simultaneous operation of adjacent transducers tends to 

reduce the displacement of eaoh transducer •nd enhance 

the fluotuation of the ~educed displacement rate D~ed• 

In contrast, with ~eference tc the samples S4 to S& of 

~he invention, simultaneous operation of adjacent 

transducers does not result in a significant reduction 
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of the displacement of each transducer and fluetuation 

of the reduced displacement rate Dred• ~hus, the 

present inv•ntion make• it possible to suppress the 

interaction or crosstalk between adjacent pie2oeleetric 

~ transducers. With reference to the comparative samples 

S2 and S3, suppress~on ot the interaction or Qrosstalk 

between adjacent ~ie2oelectric transducers is still 

inauff icient in the oase of qrooves of which the depth 

• is substantially same as the thickness of the thin- . 

10 walled regions. With reference to the samples S4 and Ss 

1 ot the invention, a greater depth of the groove serves 

to more etfeotively suppress the interaction or 

orcsstalk between adja6ent pieaoelectric transducers. 

With further reference to the samples S4 and S6 of the 

is inventiQn, formation of two grooves between adjacent 

transducers results in even more effective suppression 

of the interaction or crosstalk b•tween &djacent 

piesoelactrio transducers. 

It will be readily apprec:J.a.ted f~cm the · 

~ foregoing detailed description that the piezoelectric 

device according to the present inven~ion features the 

formation of at least one groove in the relatively 

thick-walled ~egion of the substtate adjacent to and 

surrounding the peripheral wall of the cavity, It ls 

25 thus possible to provide a higher compliance of the 

:elatively thick-walled subetrate region adjacent to the 
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periphetal wall of the cavity, with which the thin• 

walled :egions Qf the substrate oan be readily deformed 

upon firing sbrink•ge du~ing menufacture of the device. 

Thetefo:e, despite the difference in the coefficient of 

as thermal expansion of the materials for the substrate and 

the pie2oelectric t~ansduoer, the transducer during 

manufacture of the device can be subjected to the titing 

shrinkage in a relatively unrestricted sense, thereby 

• minimi~ing the residual stresses in the transdticer and 

10 assuring a highly impreved operational ~haraeteriscics 

' of the devJ. ce. 

MQreover, when the piezoelectric device 

aoaording to the present invention includes an atray of 

piezoeleC!trio transducers fotmed·-on a common substrate, 

11 ~~e grQoyes in the relatively thick-walled region of the 

substrate aerves to effectively eliminate or suppress 

interaction or crosstalk between the transducers, and 

makea it l'eadily pcssible to uniformly achieve a desired 

a.mount of displacement of the thin-walled reqions'of the 

20 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 

giYen by way of e~amples only, lt is of couree that 

25 various changes and modifications may be made without 
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departing from the scope of the present invention~ 

OS 

10 

. -

211 

25 
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.CLAIMS 

l. A pieaoele~tr~o.device oomprising a ceramic 

aubatrate with an outer surface, said substrate being 

looally formed with at least one cavity defined by at 

least one peripheral wall and a bottom wal1, said bot~om 

wall having a reduced thickness, said device further 

compriainq at least one film-type pie2oeleotric 

transducer formed integrally with the substrate ana 

• arranged on said·ou~e~ surface opposite to said bottom 

wall, said ou~er surface of th~ substrate havi~g 

1 a thick-walled re9ion adjacent to and surrounding sair3 

pe%ipherai wall of the cavity, wherein said thick-walled 

region is formed with at leaet one groove extending 

along said peripheral wall and ·having a depth which is 

greater-than the thicknes~ of said bottom wall, said 

groove beinq arranged so as to ~ermit simultaneous 

displacementaof said bottom wail and aaid thick-walled 

region between said cavity and said qroo~e, to thereby 

cause a volurnaric change of said cavity. 

2. A piezoelectric device as claimed in Claim l, 

wherein said.ceramic substrate comprises .iirconium oxide 

as a major component, said zirconium oxide having 

a .completely or partially stabilized crystal phase. 

J. A piezoe~ectric device as claimed in Claim 2, 

wherein said aireonium oxide has a crystal phase which 

has been c:cmpletely er partially stabillz·ed by addition 
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of at least one member selected from 6 group consisting 

of yttrium oxide, cerium oxide, magnesium oxide and 
calcium oxide. 

4. Tne piezoelectric device or claim 1. 2 or 3 

wherein s~id thickness of the bottom wall is 50 µrn or 

lesa. 

s. The p1ezoe1ectr1c device or any one or cla1ms to 4, 

wherein said piezoelectrio transducer comprises a first 

, electtode layer, a piezoelect~ic l•yer and a second 

electrode layer which are sequentially laminated with 

, each other. 

6. A piezoelectric device as claimed in claim s, 
wherein said piezoelectric layer comprises a material 

with a major component which comprises a mixture ot lead 

m~gnes.i1l.Jn·niobate, lead zirconate and l.ead titanate. 

7. A pie2oeleotrio device as claimed in Claim S, 

wherein said piezoelectric layet comprises a material 

witt\ a major component which comprises a mixture of lead 

nickel niobate, lead ma9nes!um niobate, lead 2irconate 

and lead titanate. 
a. The p1~zoelectr1e device or 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 outet 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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cavity, and said second layer closing one side of said 

opening _in the first layer and t:hereby providing said 

bottom wAll. 
' g, The p1ezcelectr1c device of any one of cla1ms 1 to 7, 

wherein aai4 ceramic subctrate coltlprises a first la."yez 

formed with at least one window-like opening, and 

a second layet on the side of said outer surface of said 

first layer, said ·open~n9 ~n the first layer having a 

• periphery which provides said peripheral wall of the 

cavity, and said second layar closing one side of said 

' openin9 in the first layer ~nd thereby provid1nq said 

bottom wall, and wherein said ceramic substrate 

comprises a third layer on the side of said first layer 

which is oppo1ite -to· said seoond·-layer, said third layer 

cl_osin~ ~·nether sid• of said openinq in the ~J.rst layf!r ~ 

10. The p1ezoelectl"1C device or any one of claims 1 to 9, 

wherein said ceramic subst~ate has at leaet one thin­

walled region for d~fining said cavity. 

11. The piezoelectric device or any one of' claims 1 to 10, 

wherein said oeramio 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 

closinq said cavity in the fir~t layer. 
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