b
f{| e3e. eX. b| 46TXAI/1 ~~ n ON A SUBSTRATE Technical Field 5 This invention

relates to pi i c devices and, nore particularly, nethods, of
pr oduci ng %\S\M\%‘“‘m\w\ In particular, the invention relates tomm of
fabricatin i'ezoel ectric device involving printing a paste ¢ ﬂmﬁ///////////
pi ezoel ectric t¥%Mic material onto a subktrate so as to forma *150

pi ezoel ectric ceramc thick filmon the substrate. 10 Background of t He
"nvention A nuMETHOD A BROPYCE & RELWELE PIEROELEGTRIG JUCKFILM

effect, being the generation of electricity under nmechanical stress.
Conversely, such materials may unoQNg%SA’EIéERAJE)f physi cal def ormation
when subjected to an 15 electrical field. These piezoelectric

mani festations are utilised in a nunber of "piezoelectric" devices which
generate either an electrical signal caused by pressure (used as sensors)

or def or mat I@shnigakRigldsure to an el ectrical field (used as actuators). This
pi ezoel ectric effect is the result of the anisotropy of the crystalline
structur® (eg. Qlhist invehtion oksllates rfioc piezaeledtic devicest iandnanere PERcLlarly,

ceram cs). Eer lectric ceramcs,, such as PZ re,now used in diverse
t echnol ogi c&?etéﬁg i% a?r_f)gHg'nﬂh%lP% HRUCER; qﬁr‘epﬁﬁgy%éi the e igpgrelates o a
ferroel ectr nfathed @Pfabiricatingfa pieeséletRiceda\ids irfalvile pANPh® al fbte containing
Pi ezoel ectric devices have been made by form n% PZT thin films on a
subst rat e whigzoelagtia iceramiei Blaterial entgi @ Aubgtrale sange doffem amiezodedtrico

1.0 Nm The WV i el 1.croel ectronic and m cro-systens
applicati ong&%ﬁ'é%ﬁ@?é@ﬁroﬁcmges\}‘lb%ggl%ave al so been nmade of bul k

pi ezoel .f)&tri c ceram cs. The bul k piezoelectric ceramics are fornmed by the
sintering of discrete ceramc particles without a substrate. 30 There has,

over recent %gﬁgzlu getefq! gnl ie”&_i%ﬁaSi ng interest in piezoelectric ceramc

thick film ; n to applications that conbi ne device 2
performance requiyr t ppr.oachi n hose , of l.k_pi.ezoel ectrics but. with
Phe m ntature o AnUnhes of BRRIERER 38, kigiR f it e sfodnpb aifapohend e
term "thi cktid | gdndratibmeoretéstntitt Arddrt migmanical f stregdavigihvarddl,cleuers of

bet ween about 10 Nm and 100 pm Thick | ayers of piezoelectric ceramc

mat eri al ar &aiaNAlatagesnderge ardagreaiahyateal defarmationcien subjected eanase
f th | . LAQ: -Si .

Conpar et o el Held.  THeE! pis20cieO6icoiBRReSmutRy oF6 IRSEL I Sf pllibEh of

(eg PZT) t hi'pikzdeleatsicividdvidesy evhighpigenatatensither aar eleotricde\sigred ¢aumeddbpg

chem cal sensors, torque and pressure 10 sensors, roelectric arrays,
buzzer s, m PIESHRSNSSS a5 SPRERTEL Ak JaIPFRALS by eridibince ) dladbcal field
m cr obal ancggsedh$ heR@IAHY. O Ris pRAINEEtAG SHEECEThe %&IIP@P&%'dﬂi%p? Sfthe

m cro-strain gauges and nicro-resonators. Various technol ogies ar

rel ativel y eevistallmvatrdaburet e f GQuaits, oferwelediiie leatnewceratel tianate (B&Tani cs
and bul ceagl[%'nq@ However, the integration of 15 piezoelectric ceramc
thick fTTnms rnto ﬁ}'cro-el ectroni ¢ packages poses a nunber of technical

difficulties rel @t A i 10 p essin nd_jpntegration conmpatibility
with the underl yfkwgl%iéﬁégaﬁ'{ﬁsr egé’g:ﬁt %f’eaeg?’ i fr%agg‘gee%e i SPoVBYEE®t hat
t he deposi t teghnelogicatzagpiRattibhs WReRitke PANiEBE SpiekzelRatice (Afd MerroBlectric)
printing the paste onto the substrate, 20 followed by annealing (ie

firing), ispPepasties ef thaserpatasials ean bepxplgitas oRiezeelectia devdres have 6eeabout
10pm to 100 - Thi i : it
the par ti of D8y Forbithg €23 fin it pR Sdeile Rifde e HflinERGS bR 51

mechani 2al parggesr frors abblvweMeto, 110hpnpr Ghess i deyidesnhaveuseanfmicreélatieoniog
pi ezoel ectric ceram c, 25 such as PZT, is as high as 1, 200C (for several
hours). TenBBfAIGFsSYSeMSARPIIGAINS ude are not conpatible with many of the
substrates, incl g,di n%llel ectroded s'hl i con Ttli&s is b caﬁe at such el evated
tenperat ures, | ekiPZANGGECsILYESS + RaVeoAlsImRaastMade &hdbulk jRiggoelectric

substrat e, i i gﬁm ) intd i
formul at i on%g%rﬁlpg'%ﬁe%ggw gié:egégtrrrllbc%et I ck Flf%ﬁgﬂ%ﬂﬁ%léangég%é gﬁglsstc Feé?es,
t he maxi nuncefdmiagiartcles withgut asabsirateg) tenperature i s between about 900C
and about 1, 000C. r va

30 There has, over recent years, been an increasing interest in piezoelectric

ceramic thick film technology in relation to applications that combine device




Certain sinteri ng aids for PZT and other piezoelectric ceramc thick filns
have been devel oped. Sintering aids for PZT which have been devel oped are
generally lownelting nmetal oxide powders. The addition of these netal

oxi de powders relies, at least in part, on |iquid-phase sintering for
densification of the 5 ceramic. The preseénce of such netal oxide powder

enabl es sin J d ; r ] L 0%i de
powder is t?%ﬁ%gﬁ?@&ame{@é r{t%u%%?lé p(')%{elfbts'}é hrouudg%ﬁeéﬁégeﬁﬁ@%%%f&vftﬁghgnd
this is fol himeturbysizdeschle révireald fbrt usm infmigroedecieonic paekages. (Dhie term
vehicle). The. powders and the organic carrier are well mxed to_forma

bast e Thi o TR R B8 props, CaltPyt mEans i sk MAvi® 8 HhISkRESS K6 LEhyeoR at o
as a wet fi 710 Sn¥'8id fit is then dried and the | ayered substrate then
under goes ahgg%ﬁ HS at qurgg}rr%tur es of between about 800C and 1, 000C. The
above simtering g I i euRehis) tRe KERR n g
terrperat51ure at aqtrg:\'i}elé?%ng‘]ﬁ!e%ﬁlé?%&d)?or rlg ucg:gésr%l cﬁ??fusi gﬁé%ﬂ%egﬁ{rila?ﬂo

t he sili conlasgésachtatingafodcessdarcéin theecaserafethef ravieeseb effeot) lakgart sexksingnd
the 15 substyate. However, the mechanical mxin t hod, of t he

pi ezoel ectr F'@n@_g‘ﬂ* gpﬁy\é\g%gﬁh@!at%l f‘W_‘?’h_&OWQPEﬁ% &ﬁhﬁ%‘ﬂﬁ’&aﬁ}é‘f?swi ch is added as
di'str1buti on of 8 RICEVeSaE PRSI CBGLICR RE TPARCHAES: vihheke

as- deposite i B { OSdH¥o i

non- uni f or mﬁgf)!éc%dr’ﬁ:oggtﬁ? tc\)/ﬁﬁgl#s Pﬁgéle%wlé&gﬁg&aéﬁg?at he ag%gg@&n%g? ipg%%glr%ls in
t he si ntleri AgnNgRTec pyEoelatiiic aithysy delzgers) freicra-pumpss thigh Iffequenty tuitsasonic

resul tant thi fil nd the. pi,ezoel ectri.c pr rties.of the film In
Compar | son IPCRASATR QBFsaBicRoRcssoL roRERBRI%) TRty it Mg  ne
thick film hecalbighetars)insibrésitaiprdaigebeinempiror@séiiflotsOng sintering tinme
are not allowed 25 in order to mnimse the damage of the bottom el ectrode
and the substrat gari6gs Wwehritdddiestdie RIARRRE welViditvi® fol thelforfdtRp sowands a
met hod of producing a piezoelectric thick filmon a substrate wth inproved
uni f or m di sfilnm iezegieetfict erragiess ango hulkngersraiss. i awrves dredniegratian of
ceram terd O I Ng: i i |l ect .

per  or minceplezgeligfiicorsiti RCk fima b HicHPEbokBhl backRes TR H hliiter
ot herwi se, bdhetesbnital cdifficulies’ melatray i ptimaniy stoc hprees$singprarsesinhtegration

"conprising”, will] be understood to inply the inclusion of a stated

el enent, i nP%@QP{'E'PR/sW@bﬂ‘%W&r&W 6‘f'g§)trgiﬁ- el enents, integers or steps, but
not the excl usi op of any other elenent, integer or step, or g%roup of .

el enents, intege rsrqg:,engg;@@@_, it i3y ke §§‘P‘fﬁ{981th@659r?&99§',“08& Piezaglegliig) s

devi ces, artj K § h i u i h §
specificati %Jra]l%lnﬁé g%‘?’%% klgrs?ﬂghfﬁﬁﬁ‘gbgz Eﬁﬁ@%?gél ﬁa gntg)omegxs?@sg%tef he
pr esent2Q nvailbived. by taninsaling (ieofifreg)t &k an efficient aktheditorformaa pegoedectdt | of

these mattefs formpart of .the prior art base, o £ commun ner al
o edge | gk PEAROVE] W e s bmetn pdlERrBle  This SR PeTeR IS tape
before the poi &g itdysiARirethel paariest kdhethef td osmaBptokesived Film1QithuUstdble Of
the Invention According to a first aspect of this invention, there is
provi ded a fiecH@l and prerharical proRgrtiedel ectric ceramic thick filmon a
substrate, said nmethod conprising: providing a piezoelectric ceramc.
materi al in powdEeweyer themprocessing demperajuiedfor sinteriag pezastestyc wesamic,

powder ma ial. webth.a Liguw d.p recu i 0 .
v meieS ngo it 26 PEL I g Lk &7 RIB G G 30 ChodeTo BeBfasnor i
subsequent aryRitldeGire inot eohipatibks with ananhe of thlr Julietrdtbs, includirg slestrodedt o
forma precipitate;, 20 mlling the precipitate to forma powdered

preci pitat e?'"c%'ﬁid-irhiﬁ ignbefayssi 8t sush ielgvater dermpgmtiasedead siffusasainto the
furth il K t i pi & at: t 8- L I f th
past e as ol PRCWOEE Shd MiRchy shRSaE, BAY fius HRPSTLSUAR R (PHiod, 1N
substrate aAcaomdéngjyzrhtt thee fathlatimn anftpigzoela{:friccbenairnibgthixﬂxuﬁ@s on silicon .
B g e

pi ezoel ect r pgo&f SRPL) asd 8bo@s1 bbged.erroel ectric ceramcs. A preferred
ferroelectric ceramc is lead zirconate titinate (PZT). O her ferroelectric



‘5 ceramics which may be used include PbTi 03, BaTi 03, Pbzr03, Pb(Mj, Nb) 03,
Pb(Zr, Nb) 03, Pb(N, Nb) 03, KNb03, KTa03, NaNb03, LiNb03, The netal oxide may
be any netal oxide which pronotes the sintering process of the

pi ezoel ectric ceramic at a |ower tenperature. Preferably, the 5 netal oxide
is one which is adapted to forma gl ass Phase upon annealing at el evated

tenperature. Sui bt@ﬁéfﬁ ?@Bﬁ?@goﬁrbg?ér P25 44§ ot 96288 n%@trﬁfcé'rér%@? trﬁ%@‘ﬁﬁnénd

PbQO. Preferably, ase precursor is a co nat Iquid
phase precuhave beeh devadpedd Sintéihg &ius for RET witiets bape deensdevelbped 2fe i s

r ef er abl 10 li thi um et hoxi de di ssol ved in efha The_liquid ase
P et oo oneraby IR rieilng ragie] oK beNCRR: | The HHdih ot thase mellrNda g
These Ilqumwﬁwrﬂéscw@aéﬁr rfaéergg mgere Jd'sintdrl gBI'or%‘ﬁ%lf%aﬁGh &f the

sol ution ( i's transparent p| ezoe ectric ceramc
mat eri ald (swrarms PhE)prasgndsco stbbometal okide powder enakes siateringstol aaduo at
However,

f d that t 15 t I th f
suspensi on. I%rﬁg&ﬁ’?ﬁ%ﬁﬁ%nmy&%&ﬁgi ’E@Y%r%xt? %EW%&IE? éﬂf)@&d %5?41 rl%u%no?
The powder epzrapswdat thidu Ehehﬁé}‘\amcéﬁfﬂn“%lﬁgh ahbetHis qy'i’@llé\ﬂé&b)ﬁ’%héoﬂﬁharng
the powder susFensmn with the Li-Bi acetic acid solution to formt

l'i qui d i xt additiomied ani efganicneartiar tor @hiclehed hsypqwd@ragandw&\ep@rgaerc carrler

ompgenei e aeh i itylf fivetge rlistshatt i Bior Mo, iR ORESE B0 o
mat eri a0 Wi the $uistriate Bs aafet filen. aThid wel filbd iertheAdrigangid thel Iﬁyerféﬁiesu‘ﬁrtake
oxi de may be PbO in which case the |iquid phase precursor woul d

sol uti on of theBadnderdagse anngaling safcég'é‘,pefﬂﬂr%?ocﬁfe WWQ!JU ﬁQ@(?Q/ea'ﬁqu S
| ead acetat g oppby! irRg %e%ﬂté?n tQi‘as#'algghegﬁﬁer}irll&?ﬁ% et HEROR kgép ke 1 S

preferable that The p cer enston IS
fine-grai nednmeahnrggenfp:arahureaaadevelamhlelvmragrts @T&BdUG@&)&ilﬁMlowodllﬂad rnlo ONm

It is parti uIa referred that the average g e i

The. quant i (§eosied SBTAG BRAJEtseR ek Gr apeiiiahRurator Sl P i ¢ o
smal | ag5 ongyhargigrl | anount of gl ass phase is desired. If too nmuch gl ass
phase 30 is produced, the piezoelectric performance of the resultant thick

L iImwill be si QHbTNbQéPtihBé \“ﬁé&ﬁ%ﬂ?dé{ Aqrx.ﬂbasnaﬁea 60w Zdléféeré&ﬁcpé@raﬁﬁé ed
opi ng amount of he netal oxide (eg Li20 and Bi I S between about
1 to about Bowéergmthpl@ecmtal ofide rw@mieovwh\ehtIS@ddedmme smtermg aid, results
in a significant lack of homogeneity in the distribution of the metal oxide powder
throughout the PZT powder in the as-deposited film. In turn, this lack of
20 homogeneity results in a non-uniform distribution of the liquid-phase of the
added sintering aids in the sintering process. This adversely affects the stability
of the resultant thick film and the piezoelectric properties of the film. In
comparison with bulk ceramic, this problem is particularly serious for the thick
film in which a high sintering temperature and long sintering time are not allowed

25 in order to minimise the damage of the bottom electrode and the substrate.

Accordingly, the present invention is directed towards a method of
producing a piezoelectric thick film on a substrate with improved uniform
distribution of the glass-bonding phase in the piezoelectric ceramic materials

and, therefore, having more reliable piezoelectric performance.

30 Throughout this specification, unless the context requires otherwise, the
word “comprise” or variations such as “comprises” or “comprising”, will be
understood to imply the inclusion of a stated element, integer or step, or group of



The abovenentioned |iquid m xture should be dried at an el evated
tenperature so as to forma dried precipitate. Preferably, the drying
procedure is 5 carried out between about 75-150C for about 1 to 10 hours.
The dried precipitate is then fornmed into a powder, preferably by mlling
with a ball mll. The organic carrier is 4hen added and the ball nilling

rocess is L le t r i i : xi de
Gopant bei ng BRaSemuaderR or feps phthd 3hp ekt bFRHY dingCelefifor=hioge?

pi ezoel ect r ioe stegy, amgeoupnbdeelemtentSintegergorlStepse |1 qui d phase precursors of
the netal oxide (eg. Li20, Bi 203, or Pb0), these precursors forma coating
around t he grai nanyfdigeusdion ofedodunmerts] acts, atérials ey anticlés of thelike,on
of the dopant nmaterial. The main purpose of the organic carrier is so as to

give the drWhchhhagbgepincudedintng presgrkspegiiicationy is srlelydrr the auposgiaianl e

or gani ¢ sol ifind 5 i v MeeRESH fRURd 1

cel | ul os%, Pgé%?'rq o?%ﬁﬁogoiﬁga icé:evrgﬁll}ﬁg?e and g?‘%aﬁ%ﬁw prggf‘?’ﬁfﬂ%ﬁ
preferred cadmissionshd&IAmMO6r allbbtreisevaatartsi formacparbet thei pridrharh bdeg os iverd
onto a surface of the syhstrate as t film This, depositjion is typically
achi eved by CRYTRGRRRTa IoWIedeR ot deld relfkanta esBiasent SventiphiAs f
process. 20 gkied\Bbford tHB PRATitY HRife BEcHEh BRIMLfINIS BppReRfyrat ure or at an

el evated tenperature for a shorter tinme, for instance at a tenperature of
about 150C. The printing and drying process nmay be repeated to achi eve an

i ncreased thickness. The | ayered substrate is then generally annealed at a

terrpera?g:;goggjm,%gsgglttyggg\é%q 800C to about 1000C. Tenperatures in the

range o OC are particularly preferred. The | ayered
substrate will b i éélfg& bk Far Wate [

bet ween about 10%@#@{@&%&?&/&*10 rsF%EW%#ﬁ@t|Pﬁi Eﬁéﬁﬁigﬁ.ﬂ’h‘%&s?é’g,@mﬁﬁ of

i sostatic ppesduairg naypibzoelpplrice detamich¢hick filim ron Thi subistnates seidi mpetboed t he
green densit m(Piée. t he density before final annealing or sintering) of the
fil m and tocé BEY: during the annealing step, the bonding effect of the
dopant netal oxide.

7.4[he rel evant, substrate be silicon (eg a Si
warer). The silidon sRERIAIG & REgOSlPECaTamE Rglaald BAWHPLEm ont o

whi ch t b ti d. teis d ited.. Thi | at i i b
APl 1 eclBy  sput t i ngfomming ot fatid BHBHELhEdbe TheSodBEY (a5 BpartY 8 of
the thick film the fiimuSpidde ?lté_bﬂi'é‘cﬂ dfya HRétar aRide @Plﬁ-hﬁﬁquBoﬁﬂ,egaidThi S
hel ps to achi eve good piezoelectric properties of the thick film In order

for the piezoel ectri cpegaqussar theing wrdapteddto t Hecampese meHpodnSUbsequery
needs to incorporate . by . whi ric field may either be applied
or detected. Therefor gﬁﬁgﬁgﬁl?%é@g@aﬁ)ﬁﬁﬁéal |y placed across the thick

. drying the liquid mixture to form a precipitate;
20 . milling the precipitate to form a powdered precipitate;
o adding an organic carrier to the powdered precipitate;
. further milling the precipitate to form a paste;
o depositing a layer of the paste, as a wet film, onto the substrate;
and
25 . annealing the layered substrate at a temperature and for a time

sufficient to cause transformation of the paste into the thick film.

The piezoelectric ceramic material may be any inorganic ceramic material
which exhibits the piezoelectric effect, such as the ferroelectric ceramics. A

preferred ferroelectric ceramic is lead zirconate titinate (PZT). Other ferroelectric



20 film Accordingly, the above nethod may include additional steps such as
the formation of a netal electrode material on the thick film This netal

el ectrode may be formed of silver and the el ectrode may be deposited on the
thick filmby printing (eg screen printing) processes. The | ayered
substrate may then be fired so as to forhthe el ectrode. 15 In order that

n . el ;
the | nventi SROATFr ARIEEDRaRREAERUPIPEACE, BTRs MERGHFRIMEN
and exanpl ePb(Z;NBfOLPb(NI| NI AN KNbOH K TACHMNaNLD;, EiNtDg 1 schenmatical |y

illustrates the processing flow for preparing the PZT piezoelectric thick

filmaccording tThexasl @xideeaybe 498t fridtaldoiidaowhighi pronwtes ke Istenhgon A
preferred enbodi nent of the method of this invention is described 25 bel ow

by ref er encBrAc§serRf thel pisgpalgcticappramic athadewskdampetatdre Frefaraply; ithes
B . f : . . TR ,
only of @ pPreharshde ‘?ﬁ%‘?\%ﬂﬁl&h i8 @é{}gﬂ Irfc‘é ga%oé‘ﬁla&epﬁé%epggﬁ%g(n%ﬁgﬁ% al 4,

however) |imted tot atures sp I'n tHese exanp

I n exanpl e élevateshienhperatutte. Suitabld metahoxidedeinckede e ecmede afLibOe BiO;

sintering aids. 8 An ethanol solution of 0.003972 nol |ithium ethoxide

was ni xed V\Ff‘a FPGag of glacial acetic acid by stirring. 0.003972 nol of

bi smuth nitrate Be taa drtgte was dissolved in 14g of gl acial acetic acid at
it

a tenperature of J ¢ lighidh PhRpIRRASUSET i ArRorabipatian af the hgid phageit n
nitrate sol Yid P iHh t ] t i | Ut d

t enper at ur eHg%&@%%@SQFﬁ'é{@ m?é;'?'gdmI %%I”'ut%n“%a; d{‘l'%sté}gﬁ%’%gf éﬁtué?ggtﬂﬁésfgfab'y
sol ut i of0 colithitimi ethoxide dissalwed lin ethaneint Thedliquid pifaseeprbcarsas avfaBeOs is

titanate (PZI S With . in si. f 0. di d
' 700 of - cPraABDNGyBEmY e &A% PLasRHE ot a: ToR® 1Bl RShEC
Bi - Li precuppestursdsts dre Phixe@so farked LvBi Acétlitcadld bohmtpedicis tharsparedtyr e was

dried at 78C overnight to obtain a precipitate of the PZT powders wth the

added Bi and Li ghgnpoWwderelhpid¥oefddiid &lePamits niatehigd (utrARsaptrs dall pdor 3
hours at a speed of 300 rpm and then 32g of ESL400 bi nder was added and

t he bal | - mi Bftled tor thie dd-Biascetihtacidisoluton. andowever3 ihdar preferrédrthat tiee PZT

Process®  Rondefetk Ml ts LR fotniica RSB MR This FisnelisicREial LBt "0
substrat e oof wd pbwtbe sbddermist i stanbh Teedsgwdéretdmateral 4 therBbypimined er
was (100) oriented, and was coated by a sputtering process with a Pt er

. . | ; .a Pt |ay
of 0.5 to 1“4!”?) the liayict ﬁﬁé@%b&ﬁ&"?smn'ﬂﬁttbﬁr%’v%ﬁresuﬁpem&?@rWH%\H‘%@-"@'teWPBRness
of 0.05 Vi mp Wy %](nuﬁor?% #rht e I?dﬁlhia.tr‘f-‘ufxfcurfeheTﬁ’éTqufi‘:SFn‘*r‘xtlﬁ’ﬁa’S dﬁbﬁéuﬂ%@.tﬂb’ in
squeegee through the open patternin a stencil 'screen an eposi t'ed onto
t he Pt-coat the powder suspersiometthftherhixgiacetic edichsolLtion, has ayrentertdegreand

the prigtin nd _dryin ocess s fepeated twice tp.increase the

thi ckned off chmogdnally et aRpul atheNise “Pe bl pY SImpY qpixine the
tenper at ur e pgivddR miasrial Wilhome i dcetié aBRVSIbtith.or gani ¢ binders. The Si
substrate wth the PZT filmwas |oaded into a flexible soft plastic bag

wi th good tenaci AternBiQefOtHe Rlcdsildidd athy B8 PHR FH Rt élé;éé%ealid(ﬁ?&PHHk@UWp
and then the bag was herfretically packaged. The package was conpletely

i mersed i npEequrspr would dieuansplutian dfdead acetateyrla dkigraaseathe akovesstep 3o uWd
isostatic p [ &: Of [ ) . fOL iputes. The
pressed 11 | G fistead 2eete SERMRTnRERY Bl fotc &ip SR
25 It is preferable that the powdered ceramic material in the suspension is
fine-grained having, for instance, an average grain size below about 1.0pm. It is

particularly preferred that the average grain size is about 0.5um.

The quantity of the liquid phase precursor of the metal oxide will be quite

small as only a small amount of glass phase is desired. If too much glass phase

30 is produced, the piezoelectric performance of the resultant thick film will be
significantly weakened. It has been found that the preferred doping amount of



m nut es. 9 A commercial silver paste from Dupont was deposited by screen
printing process on the top of the fired PZT film and fired at 520C in air
for 10 mnutes to formthe top electrode for the PZT film An el ectrical
field of 150 kV cmwas applied to the PZT thick filmfor 5 poling. Exanple
2 In exanple 2, |lead oxide was selected & the sintering aid. 0.02298 nol

| ead acet at I C C

el evat ed teﬁqpéera?éfeag)og @&%C@W%@ﬁz#%ﬂ gﬂsgb\nb ﬁlafr? g\%lrjég R’%r‘qabt

si ze of 0. 5pememasfthesalmmlemtmn'édgoa§teet hanol by stirring with an
ultrasonic vibration. After the |lead acetate precursor solution was m xed
with the PZT susPpheshboverhbaticnebdigsid mikaredshedldabe’8fefioat larh @ksvatedd
then 110C for 2 hours, and finally at 78C 15 overnight to forma )
preci pi t at etINPEIREUNRAD A iRitare o Iﬁdtnfemaaa@d Psngfeéatgv@th@ dryiRg ripredure is

3
PnaCt Pord s gl YethefiT aBOAE 720750°C Jbr SN . ff 1D HOGRE The fed P
conti nued f precipititéds tRemdoimied dntged pobricPZBrafesibty byt hillngs withad bzl il

viscosity and rheol ogy for, the printing Rrocess 20 The subsequent printing
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The abovementioned paste is then deposited onto a surface of the
substrate as a wet film. This deposition is typically achieved by any suitable
printing process, such as a screen printing process.

20 The wet film may then be dried at room temperature or at an elevated
temperature for a shorter time, for instance at a temperature of about 150°C.

The printing and drying process may be repeated to achieve an increased

thickness.

The layered substrate is then generally annealed at a temperature of

25 between about 800°C to about 1000°C. Temperatures in the range of about
820°C to about 950°C are particularly preferred. The layered substrate will be
subjected to such annealing for a period of time of between about 10 min to a

few hours.

Prior to this annealing step, an isostatic pressure may be applied to the

30 film. This tends to improve the green density (ie the density before final

annealing or sintering) of the film and to enhance, during the annealing step, the
bonding effect of the dopant metal oxide.



'I't will be appreciated by persons skilled in the art that nunerous

vari ations and/or nodifications nay be made to the invention as described
herein wi thout departing fromthe spirit or scope of the invention. The
present enbodi nents are 10 therefore to be considered in all respects as
illustrative and not restrictive. 11 C7ains The clainms defining this
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accor di ng t@radHW%ﬁB GXapP®Ss 1 to 10, wherein the powdered piezoel ectric
material is in the formof a suspension in ethanol. 10 12. A nethod
according to claim 11, wherein the powdered piezoelectric material is

fine-grained having an aver a%e grain size of bel ow about 10pm
Brief Descrl tion of the Drawin

20 Figure 1 schematically illustrates the processing flow for preparing the
PZT piezoelectric thick film according to example 1(below).

Detailed Description of the Invention

A preferred embodiment of the method of this invention is described
25 below by reference to the following examples. These examples are illustrations
only of a preferred embodiment of the invention. The invention is not, however,

limited to the features specified in these examples.

Example 1

30 In example 1, bismuth oxide and lithium oxide were selected as the
sintering aids.



13. A nethod accor di ng to claim12, wherein the average grain size is about
0.5pm 15 14. A nethod according to any one of clains 1 to 13, wherein the
total amount of the netal oxide in the thick filmis between about 1 % and
5% by weight. 15. A nethod according to claim 11, wherein the suspension

is mixed with the Li-Bi acetic acid solut8on, or the |lead acetate sol ution,

to forma liquid A%Oemaﬁb}”sgluti]oﬁ- of RIS A AftAiuRY ettﬁoﬁaé‘i\ﬂ%&%ixg’?f\élfgﬁ d

the liquid nmixture 1s dried at an elevated tenperature to forma
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15, A et nonoateBuREAgves drsalvad it dA9:erBlackl acairand ati thimpegetre o
precipitateyssof | L] i Lk ng
o cl ai m 15w Cog el By A Sa e AR R, bt kO A ARR g
dried prici mixed evithi the hthiurhlethokile stutioh akhiethperaturdiofg63°C. CTe mitéd or
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preci pi t at eSolutign1was1 then transpsdentc PEeeHraer tRlion moptainipge the Bt M Ldani ¢
carrier is é@nﬁ%{tgd fromone or nore of ethyl cellulose, terpineol, and ESL
400 organic binder. 22. A nethod according to claim 21, wherein the organic

carrier s ESL 480 o §IBaR oA ian S R TTHOIRGE A A1 Bk Be o,

clains 18 to 22, "wh ereéed preci organic catrier are

mlled to fof 5aumasasedispérsed MEXGPEF @banobby stifringaliti ah Akrasumid eibratiohe
paste is deposited onto a surface of the substrate, by a_Eri nting process,
as a wetO fi Afier toe oBi-Liapregusser sebdeni wast @ixadamwithoihe R%Er suspensiopr ithe i ng
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dried. 27. gitehdeddadBirehdrd lémants. The pécipltaie®ad niikedin, ainaga®i tall foki or
to 15 annealing, an |sostat|cws)ressure I S 1%gpl iled to the film 28. A nethod

accor di ng t 8 hauss @t 263peadepied00 rpm. angdithen S ERk4Q0 Fg‘dﬁé%@ﬂ%%d 20C
d ab 1 = . . .
and aboul 1iaCha s FSARY AERS SR B IR RUSIGIGR, nd Boichalher el

and 20 ‘Hbouwith@DStabdd visbosity brd rizeaiogyifordhé folwingpaatingyeooeiss. t he
anneal ing is conducted for between about 10 m nutes and about 4 hours. 31.

A net hod accor di Ag4tinctasihgleecrgstat isilicon Wafep B85 selepted st e substrateteni s
e O S Which Hie, Pt pasts Was fo be daposited.” ke %4-neh & wardr was (108) >t
oriented, and was coated by a sputtering process with a Pt layer of 0.5 to 1 um
in thickness and an intermediate Ti layer having a thickness of 0.05 um. With a
20 screen printer, the PZT paste was forced by a squeegee through the open
pattern in a stencil screen and deposited onto the Pt-coated Si wafer. The wet
film was dried at 150°C for 3 minutes, and the printing and drying process was

repeated twice to increase the thickness of the films.

The dried film was first fired in air at a temperature of 400°C for 10 hours

25 to remove the organic binders.

The Si substrate with the PZT film was loaded into a flexible soft plastic
bag with good tenacity. The soft plastic bag was evacuated using a vacuum
pump and then the bag was hermetically packaged. The package was
completely immersed in a liquid medium in an isostatic pressure machine, and

30 an isostatic pressure of 3500kg/cm? was applied and held for 10 minutes.

The pressed film was fired at a temperature of 925°C in air for 30

minutes.



the substrate has a coating of platinumand the paste is deposited on this
pl ati num coating. 33. A nethod according to any one of clains 1 to 32,
wherein a nmetal electrode is formed on the piezoelectric ceramc thick
film .. 14 34. A method according to claim 33, wherein the nmetal is
silver and the electrode material is depc&ited on the fiImby a screen
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Fi gure 1 anéP foremibtedop ejectrasleionthe BZI filmy. A substrate having a
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a piezoe ecb ceramc thick film wherein said thick filmhas been forned
on said P ‘e according to the nethod of any one of clains 1 to 36.
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20 The subsequent printing process and poling process were the same as

for Example .

The piezoelectric ceramic thick films formed according to the methods of

the abovementioned invention have porous features and exhibit reliable

25 piezoelectric responses. The stable piezoelectric vibration module of the film

under AC electrical stimulation was observed with a laser scanning vibrometer.

They possess a very high piezoelectric voltage constant (g*) of 32 mmV/N.

This is largely due to the porous nature of the films and their small dielectric

constant. The piezoelectric voltage constant for such films is generally higher

30 than that of typical bulk piezoelectric ceramics. This makes these thick films
very attractive as integrated piezoelectric sensors for a variety of applications.
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'+ 310%1 & Qpaddahfiod Jar Fejtgttﬂlf‘ o iLeOnow/S'ér%‘ttgl)e_s. 10 Yo enables piezoelectric
ceramic thick films to be formed on substrates, such as silicon and glass, for

5 which excessively high temperatures (eg in excess of 1000°C) is not technically

feasible.

It will be appreciated by persons skilled in the art that numerous variations
and/or modifications may be made to the invention as described herein without
departing from the spirit or scope of the invention. The present embodiments are

10 therefore to be considered in all respects as illustrative and not restrictive.
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liquid phase precursor of a metal oxide of low-melting point, said
precursor being adapted to decompose, upon subsequent
annealing, into the metal oxide;

10 o drying the liquid mixture to form a precipitate;

. milling the precipitate to form a powdered precipitate;

. adding an organic carrier to the powdered precipitate;

. further milling the precipitate to form a paste;

J depositing a layer of the paste, as a wet film, onto the substrate;
15 and

o annealing the layered substrate at a temperature and for a time

sufficient to cause transformation of the paste into the thick film.

2. A method according to claim 1, wherein the piezoelectric ceramic material

is an inorganic ceramic material which exhibits the piezoelectric effect.

20 3. A method according to claim 2, wherein the piezoelectric ceramic material

is lead zirconate titanate (PZT).

4, A method according to claim 1, wherein the metal oxide is adapted to
form a glass phase upon annealing at elevated temperature.

5. A method according to claim 4, where in the metal oxide is selected from
25 one or more of Li;O, Bi,O3 and PbO.
6. A method according to claim 5, wherein the liquid phase precursor is a

combination of the liquid phase precursors of Li;O and Bi,O3.

7. A method according to claim 5 or claim 6, wherein the liquid phase
precursor of Li;O is lithium ethoxide dissolved in ethanol.
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5 solution.

10. A method according to claim 5, wherein the metal oxide is PbO and the

liquid phase precursor is a solution of lead acetate.

11. A method according to any one of claims 1 to 10, wherein the powdered
piezoelectric material is in the form of a suspension in ethanol.

10 12. A method according to claim 11, wherein the powdered piezoelectric
material is fine-grained having an average grain size of below about
1.0pum.

13. A method according to claim 12, wherein the average grain size is about
0.5um.

15 14. A method according to any one of claims 1 to 13, wherein the total
amount of the metal oxide in the thick film is between about 1% and 5%,
by weight.

15. A method according to claim 11, wherein the suspension is mixed with the
Li-Bi acetic acid solution, or the lead acetate solution, to form a liquid
20 mixture.

16. A method according to claim 15, wherein the liquid mixture is dried at an

elevated temperature to form a dried precipitate.

17. A method according to claim 16, wherein the liquid mixture is dried at a
temperature between about 75°C and 105°C for up to 10 hours.

25 18. A method according to claim 16 or claim 17, wherein the dried precipitate

is formed into a powdered precipitate.

19. A method according to claim 18, wherein the powdered precipitate is
formed by milling the dried precipitate with a ball mill.

20. A method according to claim 18 or claim 19, wherein an organic carrier is

30 added to the powdered precipitate.
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23. A method according to any one of claims 18 to 22, wherein the powdered

precipitate and organic carrier are milled to form a paste.

24. A method according to claim 23, wherein the paste is deposited onto a

surface of the substrate, by a printing process, as a wet film.

10 25. A method according to claim 24, wherein the printing process is a screen
printing process.

26. A method according to any one of claims 1 to 25, wherein, prior to
annealing, the layered substrate is dried.

27. A method according to any one of claims 1 to 25, wherein, prior to
15 annealing, an isostatic pressure is applied to the film.

28. A method according to claim 26, wherein the drying temperature is
between about 20°C and about 175°C.

29. A method according to any one of claims 1 to 28 wherein the layered
substrate is annealed at a temperature of between about 800°C and
20 about 1000°C.

30. A method according to claim 29, wherein the annealing is conducted for
between about 10 minutes and about 4 hours.

31. A method according to any one of claims 1 to 30, wherein the substrate is

formed of silicon.

25 32. A method according to any one of claims 1 to 31, wherein the surface of
the substrate has a coating of platinum and the paste is deposited on this

platinum coating.

33. A method according to any one of claims 1 to 32, wherein a metal
electrode is formed on the piezoelectric ceramic thick film.
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37. A substrate having a piezoelectric ceramic thick film thereon, formed
according to the method of any one of claims 1 to 36.

10 38. A piezoelectric sensor or actuator having a piezoelectric ceramic thick
film, wherein said thick film has been formed on said substrate according
to the method of any one of claims 1 to 36.



