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vapor depgsiid QR4 thick piezoelectric films, where, in general. thin and thick films are of
thickness of less than about 2 microns and greater than about 2 microns,
respectively, started in the 1980's. Piezoelectric films are applied in the production
20 of high dot per inch (DPI) ink jet printing nozzle arrays for printing heads, and for
functional devices possessing specific electrical. mechanical, and piezoelectric
properties or characteristics, such as solid state devices including actuators, micro-
machinery, ultrasound transducers, pyroelectric sensors, electro-optic displays,
ferroelectric field-effect transistors, high value capacitors, non-volatile memory
25 ﬁeld-feffect transistors, infrared sensors, and optical switches. _
- It will be appreciated that application of piezoelectric films is an important

basis for next century's electronic and electro-optic devices.
Several methods are currently used for manufacturing piezoelectric films
and elements by deposition, varying greatly both with respect to methodology and
30  with respect to obtained results. These methods include physical vapor deposition
(PVD) such as sputtering, laser ablation and evaporation or molecular beam epitaxy
{MBE), chemical vapor deposition (CVD) methods such as metal-organic chemical
vapor deposition (MOCVD) and plasma enhanced chemical vapor deposition
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processing techniques combine the advantages of high compositional control, thin

20  coating capability. and low equipment costs, but sol-gel processing techniques are

limited by the occurrence of large volume changes during the deposition process.

Sol-gel techniques are useful for thin film production, but are relatively slow for

producing thick films having thickness larger than about 1 micron because multiple

deposition is required. Tape casting and slip casting are part of wet methods of film

25  deposition, and are used for conventional production of piezoelectric elements of

thicknesses of tens to several hundreds of microns, and are not thin film
technologies.

Electrophoretic deposition (EPD), a relatively new ferroelectric materials

processing technique, in which charged ferroelectric particles, typically submicron

30  in size, dispersed or suspended in a liquid medium are attracted and deposited onto

a substrate acting as an electrode of opposite charge, during application of an

electric field through the liquid, has been successfully applied to the production of
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20  while preventing particle sedimentation and agglomeration, prior to and during the
migration stage of the EPD process (ii) charging the ferroelectric particles, prior to
and during the migration stage of the EPD process, and -(iii) binding of the
ferroelectric particles ‘to the selected substrate and to each other, during the
deposition stage of the EPD process. Exhibiting all three characteristics is critical -

25  for enabling the manufacture df piezoelectric elements or devices having suitable
electrical and piezoelectric properties such as high' dielectric constant, and other
physico-chemical properties such as uniform film thickness, and high film strength.

Commonly used EPD liquid media include pure, or mixtures of two or more
miscible, polar organic solvents such as alcohols, ketones, aldehydes, providing:

30 strong ionization effects to the dispersed particles. Typically, ferroelectric particles
are initially dispersed in a selected pure solvent; and if it is determined that there is

insufficient dispersion, or particle charging, mixtures of varying concentration
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An example of electrophoretic deposition of ferroelectric BT thick films is

that reported by Nagat et al., Communications of the American Ceramic Society,

20 January 1993, in the Journal of Am. Ceram. Soc., 76, 1993. BT films 10 - 70
microns thick were formed from EPD suspensions featuring BT dispersed in a
range of mixed ethanol-acetylacetone liquid media. It was observed that colloidal
suspensions of BT powder were difficult to deposit from either ethanol or
acetylacetone alone, however, upon adding acetylacetone to ethanol, BT films were

25  successfully deposited onto the platinum cathode. The amount of BT deposit,
measured as mg BT film per square centimeter of film area, increased with
increasing concentration of acetylacetone in ethanol, became independent of the
concentration ratio between 20 to 80 volume percent of acetylacetone/ethanol, and
gradually decreased until from pure acetylacetone BT was again difficult to deposit.

30 It was proposed that this solvent effect was due to the presence of free protons

arising from the aldol reaction between acetylacetone and ethanol.
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20 preventing particle agglomeration, prior to and during the migration stage of the
EPD process, charging the ferroelectric particles, and binding of the ferroelectric -
particles to the selected substrate and to each other, during the deposition stage of
the EPD process.

Until now, however, there are teachings of only single or dual functioning

25  additives used for EPD of ferroelectric particles, and no teaching of a tri-functional
additive. Enhancement of ferroelectric particle binding characteristics of an EPD
suspension is currently accomplished by addition of either a separate binder, or ofa
dispersing agent which also acts as a binding ageht, to the EPD liquid medium or .
suspension. _

30 _In EPD of ferroelectric films, the function of a binder is to improve physical
characteristics such as green film density and quality of the deposited film-on an

electrode or surface activated substrate, immediately following the stage of charged

|l
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desirabl €the suspended PZT particles increased with increasing nitric acid concentration in

the range of 0.04 ppm to 400 ppm. High values of zeta potential are desirable,
since migration velocity or electrophoretic mobility of the ferroelectric PZT

20  particles is directly proportional to zeta potential of the particles in the EPD
suspension. They proposed that the nitric acid additive promotes a reaction at the
PZT particle surface causing an increase of the electrical charge of the PZT particles
in suspension. In this particular case, nitric acid as additive also functions as a
charging agent of the suspended PZT particles. In this particular case, nitric acid

25  behaves as a dual functioning additive with respect to enhancing dispersion and
charging characteristics of the suspended PZT particles.

As indicated above, the presence of a binder in a suspension of ferroelectric
particles can cause undesirable effects during the migration stage of the
electrophoretic process, such as a decrease in particle charge and particle migration

30  velocity, translating to a decrease in rate of film deposition. This was confirmed by
Sweeney and Whatmore, where they observed that the presence of the nitrocellulose
binder had an extremely deleterious effect on the zeta potential of the suspended
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this particular case, " nitric acid as additive also functions as a charging

ggegt hohittdcelhﬂd&pmisldﬂ]]'cing%{'[l’@op&ptpiaﬂi?glilfacetréﬁuﬁlwh int 2 signsﬁt i tcantiys dgrgei tric acid
ehaves as a.dual functionipg ive with respect enhanci ng

di spers1"‘?515r‘|‘°téfmzlOf é%oéq“ﬁ‘@f%‘f{%séggé&?&qdc%‘@e i%r- sﬁg‘b’@}‘ﬁi ke Ze?%i%rt icles. As
| ndli cat 6l uglig\Psopbiife RGNS Binder iR ion o hiRitS RAR HaBftivR e 0! ect 1l ¢
particles can cause undesirable effects Jurlng the mgration stage of the
el ecd r o ERDr atspensiprowes & insprobe bindingdeharaetesisti¢snofpthe PZ3 Almd)duget and particl e

mgration 3Q velocity, translating . to a decrease in rate of film
deposi t FOf .o?q*?ﬁrgasw&sm&ﬁ?an cwstlmmfetgﬁrtaﬂas-'?mghﬁﬁ%?uwwt hey

el ot or 1 ous. 4P ok O GRERES B b Re et I86E ) 4 oty MARlncdfob M She0s

PCT/ 1LO@mpPfdeé® methddZdf ¢ledtiophbrtic depesitidir obfemedletthiatfilhmiiavelving the zet a
potential is caused by the nitrocellul gse adsorbing onto the garticle

sur f ace upeeli tri-funationd] addifiverin iR syspensiefts, which elimisates the peedolot ent i al
acr p§s 0%, Ags Y %ﬁﬁ iy E@ﬁ@r LVEE- %u§g$1%sliogl\ée%n? 'ilr{.\ﬂ{an%&s?%t;egg%{ctek‘s' ng a

separate nitrocel ose nder mn : - ATTTTCacl fve in the 5
EPD sus gegigbi¥ ands nédesdafpr diyierdthg)d chatginbar=adt Bindidd GhabtetibteesPéf fil ns,  but
at a. cost of decreasing mgration characteristics of the particles

t hr ough sespendadsfeneleeric pattislesneltinrately impravipg shanufacture of piegeglectritere i s a

clearly _defined need for. an jnprove thod of elegtrophgreti ¢ deposition.
of "t er ) BETEPT fevire s Febgby FyF i HReERGpane, et B b aeafial s ve
EPD suspe&siMdsit Whilé 'bechighlynadvastagbsus@ekhveOimpréed: Beihpelitishsafopeparate -
bi nder in the suspension, and sinu taneously enhances desirabl e and

e

nec &8s aeffectingpibe samg, anwh fordiaving mpfovidhfemeg

a cl ear addfi@i9€, caaNQAlsot a¥toh _dS)}ﬁQrg?' &t vffedingn EROL Qépodifotl aWRh | SIREQVed
conpositions for 15 effecting the sane, and for having inproved .
f er r oel senventional] gispessing.fhinding ardeliarngjng pdditivest s obt ai ned thereof. It wll
however be appreciated that such a tri-functional .

20 SUMMARY OF THE INVENTION

The present invention relates to methods of manufaéturing piezoelectric "

products, devices, and elements used in the ﬁélds of electronics and electro-optics,

by deposition of ferroelectric films and, more particularly, to an improved method

for electrophoretic deposition of ferroelectric films by using a tri-functional additive

25 in EPD suspensions, compositions of suspensions for effecting same, and
ferroelectric ﬁims formed therefrom.

_ It is therefore an object of the present invention to provide an improved

method for electrophoretic deposition of ferroelectric films by usirig a tri-functional

 additive.
30 It is a further object of the present invention to provide an improved method

for EPD of ferroelectric films by using a tri-functional additive in the

. . ! . gleetiar Blmseandsfreestanding suspended - |
or oclact SrodtefcBibe L BRar.cloniTicSteker SpR-Re TR b5 Ak RORCiGRET " Sl o
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addi ti vewgrpi/a86080 act in synergy for effecting EPD deposigdmamonedety ot her,
conventional, dispersing, binding and charging additives. 20 SUMWARY OF THE

| N\VENTI ON The present invention relates to nethods of manufacturing
pi ezoel ectric products, devices, and8el ements used in the fields of

el ect r oni glectipHorekie Cdusper@itini 68 ferrdt¥ecHRP Paiticled 'whith faay, OB &c desiredf i | M5 and,
nore particularly, to an inproved nethod for el ectrophoretic deposition of

f er r oel ecpretind¢ themsedipr additign of a separatabioddrdemam EBDguspensior5. in EPD.
suspensi ons, c oshtions of,.sus sions f.or effecting,sanme, and
ferroelectric ﬁ:}?ﬁ@'} forfrett ?tr%%ﬁ'f&??@%?feﬁmi‘%"e{‘ﬁ@ g? gfogg%enazbgfngrgye%f “the
present | p@li B BPY RE Réirédeciic 'ﬂmé%&eﬁkinﬁtﬁioﬂnéﬁﬁnaﬁb&&i%@%%@t I C
deposition of ferroelectric films by Using a tri-functional additive. 30

It is S felettrophomsisestuspehsiomewhichs emdy isimreltdneouslyt oenhances ddispersionpr oved
nethod for EPD of ferroelectrjc filns b i.n tri-fynctiqnal additive
T fhe WBHOSEOShEERE ERPOOEEST e Siaden SHERARES RAEIEh B,
ferroel echiLi [ i Ch. [ ' , u : eed for
ndd 41 o P el dlor aByey MY £ Bl 1o he SRAFHCIE, sosbfiRfin dendilP P | DL
obj ect of inifreved lexmphoresie nligration andadepudition behaviop vHthe gartiekishod for EPD of
ferroelectric filng by using.a tri-functiaognal additive in the 5

el ect r ophor esi ¥ 18 sdkhanfurtber ohiect 1of ¥as) Prcsentinvention 40 prandmae dupgveber si on,
| eotront af . gl ; _ ‘ .
par 11 1 o ReliAFSR T e BRGeiRAE il By, bl BSPERATRA] BAGHSE S e ©

el ect r ophele@sdphoresis P epeiion | WEieh Ningroves Al Qiedekbeiet hapealegSusd m grati on
and deposition behavior of the particles. It is still a further object of
t he pr esethardctsristies ofithe deposited femoelectiigfilosed 10 nmet hod for EPD of

f lectric fi ing.a trizfunctional ..additive,in th
el ectrophor esi & % Suibavaf e hifte e PRSI SPTRe BN B BiVad P BUBPYRL 1 es and
char act er insthiol Sfof fFEPI @f GeRedéde iRk myehesd ki ®i-fubbithal biditive Shithé a further

obj ect of the present invention to provide an inproved nethod for EPD of
f err obl ecele¢trophpresis sugpemsionghat israpplicatde ite differemidferroelecttin particulats

| ect h i i that i | i bl.e to di.ff t f | ectri
ar L1 cul TEETAR APt 3 TPt P Bk Porat ot s e T E Rt AERRC ur | ng
pi ezoel ecyydeticRL SARRbS effective manner.

It is another object of the present invention to provide improved

compositions of suspensions for EPD of PZT ferroelectric films by including in the
20 compositions a tri-functional additive, whereby the improved compositions enable
achieving each of the above described objects.
It is a further object of the present invention to provide an improved
ferroelectric film formed by electrophoretically depositing ferroelectric particles on
a surface of a substrate, from a suspension including ferroelectric particles, a polar
25  solvent, and a phosphate ester additive.
It is a further object of the present invention to provide an improved method
for EPD of ferroelectric films by including in the compositions of the suspensions a
tri-functional additive, whereby the improved compositions enable forming both
stand alone or coated products, devices, and elements.
30 Thus, according to one aspect of the present invention there is provided an
tmprovement to a method of depositing ferroelectric particles on a surface of a

substrate, featuring the steps of (a) preparing a suspension of the ferroelectric



or devigRpissdesd cost effective manner. It is another obpggsy dafooéfde Present
I nvention to provide inproved conpositions of suspensions tor EPD of PZT
ferroelectric filnms by including in the 20 conpositions a tri-functional
additive, whereby the inproved conmpo%itions enable achieving each of the -
above degghilihed l&\C LS | : Ngnidvention to
provi de g%ﬂ“%%r%‘%@ %%‘r:trré)‘g’log%crﬂlli la%ﬁ%%%@ﬁi?%@%ﬁft%%r gt ically

deposi t i agfaceraf aht substiate, (far fornlings acgreemafibnrdoating oft the w@w af ghe from a
suspensi on i nclyding ferroel ectri,c E}grticltﬁé _ a.lg)o*har- 25.solvent, and a
phosphat sibstte, ths dmprovemeny comprising thestep, ol ) during,the; siep Bf BEBHS hyent i on

to provi |3 : . : el 4i6n Tl e | ncl udi ng
in the cg%po |e}1|g;§{r}§b\f§€e ?ﬁt&g&g&%}lgﬁg agﬁm%?i[)_t ﬁrsl‘géti{egﬂgrll aa%igi§ It,%e, wher eby
t he i3mr estechddiive hiaving aconesntdation fess thian §0 lvolume percenti inmthesaspensionat ed
products, devices, and elenments. 30 Thus, according to_.ogne,aspect of the
present i nvendeeprdingetoefurther, feafurgedn pre e‘F?igPB‘%@ ts gf theinveption,r

deposi ti ggs(g;ig%cg?e%\%ct%xéEplﬁ%%%étteiegt!e?%cﬁﬁveais§§lrut>ﬁ(e‘iﬁ a oldt sPﬁ/‘éﬂﬁ rate, featuring

t he step pre suspension o rroelectric WO 01/ 33608

PCT/ 1 LOO 0067 Accdtdftg {0 filrier feddtes i pedfereéd epbodimientsbf yhel @peation ng t he
ferroelectric particles on a surface of the substrate, for form.ng a green
fi | m coadéeserjbehbelnw, ther ddditionpef the ehosnhete: estaradditive tp ihe suPsRHEN €bnpri sing

t he ep,of. (c uring the step .of pr [ - e pensi on of the

ferr Iegferff:%o%lﬁ‘%??&'?%'g,esﬁﬁ%ﬁeﬁ dpcres i‘%ﬁs&’gg“nﬁ“ eng}bp osphate 5 ester

addi tive havi p@cerdifdNfe RirfiRt ifedture€ S8 préfefied @ribolinentpef abd inventiome
suspension. According to further features in preferred enbodi nents of the

i nvent i odescdbed belowy theetdsition pbtheinbopphatecestertagditivgdptthe suspension @bl e in a

pol ar solvent. According to-further features_ in preferre | rent s of
the i nvetfi§ fgﬁoe'a@ge PF“B’@%SG@'I’W“ {arEeasy th (EOPgHCtB'ftytﬂgﬂepﬁuﬁgpﬁg‘{Hg&gé er -
addi ti ve ghpddigicphrfi@esi on of 10 the ferroelectric particles causes a
decrease I n pH of the suspension. According to further features in

pref éfred enbddicomding toofurthee featyesntin ameferred embiodiments oF the Arveatigm t i on of

t he phosphat. ter diti.ve tp.the suspensi o f ric
par | of cSeieatoed B M pdlitGn b e FhaSHRRC PGy Bve 0B sBERERAEF T [
ferroel eghd fefroBlREtric Pafifcles causes a decrease in pH of the suspension and an increase

. in conductivity of the suspension.

Y/

According to further features in preferred embodiments of the invention
20  described below, the addition of the phosphate ester additive to the suspension of
the ferroelectric particles above an empirically determined concentration of' the
phosphate - ester additive in the suspension, pH of the suspension remains
. approximately constant.

According to further features in preferred embodiments of the invention
25  described below, the addition of the phosphate ester additive to-the suspension of
the ferroelectric particles above an empirically determined concentration of the
phosphate ester additive in ‘the suspension, pH of the suspension remains

approximately constant and conductivity of the suspension increases.
According to another aspect of the present invention there is provided a
30 method of depositing ferroelectric particles on a surface of a substrate, the method
comprising the steps of (a) preparing a suspension of the ferroelectric particles, the

suspension of the ferroelectric particles including a phosphate ester additive having




15 Accor swog/asénsf urt her features in preferred enbodi nent speafmbélfoshgrvent i on
descri bed bel ow, the addition of the phosphate ester additive to the
suspension of the ferroelectric particles causes a decrease in pH of the
suspensi on and an increase in conducktpvity of the suspension. According to

further fgagdsic@frdtidnPiat efagd 16 danEepéreef i NBe | &ié?élfsidﬁﬁ‘ artD (@pscri bed
(0}

bel ow, the addition of the phosphate ester additive t he suspensi on of
t he ferr odeastphorstipalint idepesitingh thee faroekentricr particley aetler sivfeng obribentrati on

of the phgsphat ster additLve in the suspension, pH of the suspension
remai ns %‘%ﬁ&%ﬁiﬁﬁ PPUDEHHEE: .WE&PB@FQS“%C??&B%&%SF@& ures in preferred
enbodi ment s of sL&g4d N8B Chyl | tlRnRisf the
phosphat e ester adgilng?/tée to&tﬁeéﬁgél}gﬁpleﬁgfég%d(b)%ﬁ%ﬂ%éﬁffoe tie’%:‘ftﬁrhlugzH particles
above %an despribédcllldw, te phosphate dsteroaddétivieriasolable f a pblar sqivems,phapelaest er

additive in the suspensjon, pH of the suspension remains approximtely
const ant W%HWE‘H@EP‘?/ 9@3#‘%?\’@%‘%% Sﬁlap‘hlcreases. Accordi ng to anot her
aspect of the 'n%ﬁﬂ ' ere.l oV .

depositing fer'rp‘ggﬁg@ rt%oc pa%ljt %g?%% %lnpﬂgﬁg%?fe\gé%%g?&és ?85@?%}{3@“&{ he met hod

conpri si ndesthieedsbelpw, the addtioprof ey plitgpkats estpeadiitor tofthé baspbaviemwef ectri c
particles, the suspension of the ferroelectric particles including a

phosphat etheferseleciris partielencapsesg daereass is P60 thowspErONO0679 10 a

conceyjration { han VO B percept I.n t.he.suspensd on: and (b)

el ectir\{}ophoreti‘(!':kg'%ﬁnﬁi/151 3 oSl Efrn%fgﬁ[ﬁ? ]f’e?rgge&egc bfogh ea{ﬁ{)logﬁjéesl%’ﬁn e surface
of the sghsfibedl BolowOthe (2ol Bf IhIpIRAPhdié bseCOREGVRG0QRe khpessiod 8£e of the
substrate. According to further features in preferred enbodi nents of the

i nvent i onthedermuedestridpaiticies eansestandngreass pheanduetivieyrof shidiuspensions sol uble in a
pol ar sol vent, ,the.pol ar ol yent i.ncludes . an .al.cohol, .the.al cohol includes
et hanol . Accor‘éfx.ﬁ’édlgg tPLﬁ’{tﬁ rye?glﬁﬁsdfegegﬁegreé?@ﬂ%ﬁ’?%%é}&? RO, ¢ the

i nvent i ondesesed beiow, el @uitioh b¢ trdidshiRite @lter ARIIAROBRAA@pRRGG opddi tive to

the suspension of the ferroelectric particles causes a decrease in pH of
t he skispethsifemoclactricparticles caystsn dagraabein i af thessspensipn efidar dreasdodi ment s
of the inyention. .described helow, the addition of the phosphate ester
addi tive ¥F° ﬂ‘écné’l}gﬁgﬁ?isﬁﬁ’eﬂ?‘on't he ferroelectric particles causes an

increase in CORufRdiny thYrufther! fAGRldSREREfR8d embodiments of the invention
described below, the addition of the phosphate ester additive to the suspension of

the ferroelectric particles above an empirically determined concentration of the
20 phosphate ester additive in the suspension, pH of the suspension remains
approximately constant.

According to further features in preferred embodiments of the invention
described below, the addition of the phosphate ester additive to the suspension of
the ferroelectric particles above an empirically determined concentration of the

25 phosphate ester additive in the suspension, pH of the suspension remains
approximately constant and conductivity of the suspension increases.

According to further features in preferred embodiments of the invention
described below, the green film on the surface of the substrate is selected from the
group consisting of stand alone product, patterned films, and non-patterned films.

30 According to further features in preferred embodiments of the invention
described below, the green film has a thickness uniformity to within about + 2

microns.



Accor urther features in preferred enbodi nents vention -
Qté‘gldbsﬁ?z{ (ilg}r{ll ve t‘;b

descri the addition of the phosphate ester a 0 the
suspensi on of 15 the ferroel ectric particles causes a decrease in pH of

t he suspension and an increase inlqonductivity of the suspensi on.
According t fﬁ%g{ I ' LRHES R $hefindedBoh NVENt i ON
descri bed bac%yv{dﬁt faoa |e?if§%1ﬂoe ’Hrfﬁ f%ﬁosp at eﬂgésl{%r addln:[ll veoto t he
suspengestfibed beldve, fher methiod cfutther panpnmbelheadﬁepseoﬁr(c)amparmglthy -det er-ni ned

concentration of the 20 phosphate ester addit] he .suspensi.on, pH of
t he su§1é’ép?f‘§|‘lfrﬁhﬁéﬁﬁt‘i4§e foﬁﬁﬂﬁcﬁﬁphﬁ?@ ?R%H@Paﬂft e[\ ?’% Q’ﬁrther '

f eat ur r f GFH b el-ow,
addi ti %gc% hgo pho %ha e es é%‘jt?é \r}ﬁ 0‘? gécgégséfe&ﬁlzfﬁgﬁ %?up

f er soelcefdisting dfatdndalicte, pheste caited‘,rmdrﬂoﬂqia{wrndbh&dmmh(ﬂ)chmmﬂyr at i on of -
t he 25 phosphate ester additive in the suspension, pH of the_suspension

r enai ns*.)rO‘&Eﬂ@lﬂg)ﬁlermEQ@I }lnb@hﬂleaﬁﬁtfam%ﬁmgﬁfﬁ\?ic?%ld@g to ke gﬁ%’b@ﬁ%l on
to furt. t- f th
| nvent eercieEdh b bl siplifile bF 2R, dloff BIERECREIROLRRRLS 0 TS o

s sel qﬁé(ﬁﬁtfromthe group consisting of. stand al one product, patterned
films, ‘and non-patterned filnms. 30 According to further features in

preferred erfmdrdmﬁ@ father Hieaturescint preferred quntwfdhp ipyRstigReen fil m has

pct L olsretedelors Yot Hspht ooty Bpotonng e ekl i 0P BB i ront o
of the s mieidreGhRoduct, the gfégﬁ filRSErh&l evthel Suefab@bhe shibstiabefeattoidpr | ses the

steps of (c) preparing surface of the substrate for el ectrophoretic-
deposi ta mandyél ﬁ)hhol‘dmgthelgeﬁnrﬁlm ﬁmﬂh&rtﬁbm@rlse&thaé@r@ tiyheasingmndf act uring a
pi ezoel ectric product elect gro 5. consi st of .stand

al one, sﬁ%r?%‘?gw&&ﬂ?eé’dﬁ %E&F el feﬁﬁ'ﬁ‘“@cﬁ CETEMR 2@ Ply -
process&l eﬁ{,;g&,,{ %]{He%'fhnfdfh?orﬁ r&ﬁﬁ? of the substrate according to the
green f| m se ecte the group consisting of the stand al one product -
and5t he coatmd:orqmg)dmcfmther featurescinoprdfemgdt anbadimpets dfethe ipeention pref er r ed
enbodi nvent i descri.bed bel ow,..t he step of thermal__l y
proces: eﬁ%ﬁ?ﬂéﬁ V%et efsﬁprﬁfotgm&yr@o?eés?ﬁghe green film sccording 1o th

stand alone product, the green film formed on the surface of the substrate featuring

a multi-component fixture for holding the green film, further comprises the steps of:
(i) separating the green film held by a second component of the multi-component
20 fixture from a first component of the multi-component ' fixture, -the second
component featuring a consumable material; and- (ii) heating and separating the
separated green film from the surface of the second component, thereby forming the
stand alone product.
According to yet another aspect of the present invention there is provided a..
25  suspension comprising (a) ferroelectric particles; (b) a polar- solvent; and (c) a
phosphate ester additive having a concentration less than 10 volume percent in the-
suspension.
According to further features in preferred embodiments of the invention
described below, the phosphate ester additive is obtained by reacting phosphoric
30 acid with two different long-chained alcohols.
According to further features in preferred embodiments of the invention

described below, the phosphate ester additive is soluble in the polar solvent:-

|:EH:



st-and al Weoym3suct, the green filmfornmed on the surfacep@faiolgosss0strate
featuring a mandrel for holding the green film further conprises the step
of (i) heating-and Separating the green filmfromthe surface of the
mandrel - featuring a consunable - - nb2erial, thereby fornm ng the stand

al one product . AceordingbtoAfnthies fe@ure0 i preffinsd émBddimestsiof e ahedntiod
enbodi nent.s q%g he invention described below, the step of thermally
processi nge¥ “"éﬂoé‘é’ﬁ's fhe sddiionoefcthe ghesphatg ester additivntp thecmepepsionwdt , t he

green fil e.of the bstrate featuring - - a

mul ti - con%%%ﬁ@??@?@%@gkgg&kgfﬁﬁ?ﬁe#%gpg'rgéﬁfeisﬁpﬁ’im?rhrt her conprises the
steps (i) sepamabomdihg tefigther feabirbd Vi pleferRd AnBAERABSEs CIMMONARMntioR! t he
mul ti-conmponent 20 fixture froma first conponent of the nulti-conmponent

fixture, described belows the additiomufribe phospheta restey additivntouteBuspensiorofal ;  and-
(11) heati n eparating the .separated green filmfromthe surface of
t he secongpeg%ﬁﬁ%ﬁéﬂ? ,pa‘%ﬁiﬁ g‘ﬂ‘ie‘? %}lﬂf’rﬁﬁsﬁﬁﬂ&‘m‘g’ﬁ%‘ﬁa’ ‘gjlti}?\?sﬁ?’@%t. -
According to y@cc@@g;gh@r ARGRE Hanls frf‘?re?efrf‘eﬁe&ﬁbdd?x%&%id?rthé h%@ubﬁ provi ded
a_. 25 suspension conprising (a) ferroelectric particles; a pol ar-
sol vent; destribed belowpthespldition efsthe phasphiatt ievter hdditivegtoathe sngensivatbifon | ess

than 10 vgl ercent in the syspension. According to further features in
preferr ed%’gﬂﬁﬁgﬁf ?‘“@Pﬂ"? REISEHY EFEFASH Of theewsprasionand ga EeASphat e est er

addityye is d;}gh@tg,qg,q)fl&y gﬁég i.ng phosphoric ---- 30 acid with two different
| ong- chai ne%l al cohal s. e-sfu- t(s:f((:)g'rdi ng to further features in preferred

enbodi ment s- - oActdrdingnteefutrthemn featuresdis prefdired dabalmenth @ fahe Spwatien est er
additive is Sg%f?' e i awt he. pol ar solvent.-- - H_ k WO01/ 33608 PCT/1L00/ 00679
12 Accor dAfR§TIPRs Pelpwh e addittonrafshe phosphate epteradditivasiontbatsestsnsionef i nvent i on

descri bedghe Litd f, 1 er addit.ive to the
suspensi OHQO%BWF ]ﬁ%@?e‘?#%g ée%‘?()r‘gcanpgrrgp %ﬁ@@r@{gﬁg@agogg%&@ég% 0|fntﬁf)H of the
suspensi ophosphater ekiterg additifeirinh e Eﬁ%‘eﬁﬁi@ﬁ, pH Bf ether siBgediROGemmRE S of the
invenfion 5 described below, the addition of the phosphate ester additive
to the sudpEaRmsielneonstagk ferroel ectric particles causes an increase in

conductivity o . L.OR. . Accor di t.o further f ures i.n preferred
efmbodi ment s of A{’%@‘.”%&én | o%r Ranm&R prepcgred embodiments o‘ta'%e invention

described below, the addition of the phosphate ester additive to the suspension of

the ferroelectric particles above an empirically determined concentration of the

phosphate ester additive in the suspemsion, pH of the suspension remains
20  approximately constant and conductivity of the suspension increases.

According to still another aspect of the present invention there is provided a
ferroelectric film formed by electrophoretically depositing ferroelectric particles on
a surface of a substrate, from a suspension including ferroelectric particles, a polar
solvent, and a phosphate ester additive having a concentration less than 10 volume

25  percent in the suspension.

According to further features in preferred embodiments of the invention
described below, the concentration of the phosphate ester additive is selected from
the group consisting of less than seven volume percent, less than three volume
percent, and less than one volume percent, in the suspension.

30 According to still further features in the described preferred embodiments
the phosphate ester additive functions as a dispersing agent, an electrostatic
charging agent, and a binding agent in the suspension of the ferroelectric particles.



descri b%ﬂqgl%&w, the addition of the phosphate ester addptiySoledsrone
suspension 0 the ferroelectric particles causes a*decrease In pH of the
suspensi on and an increase 10 in conductivity of the suspension. According
to further features in preferred enbggli mrents of the invention described
bel ow the adgilyieGh siflSARSRARES HhE'dcaabel pfErchod LhBoahiiadnsi on of
the ferroelectric pﬁr i'cl'es above an enpirically “determ ned concentration
of the pBOsHY3plife @sfepraddilivet isvebtained b reactingnphasphond-acki with spensi on
remai ns 15 approxi mately constang. éﬁcor di n?f.t_o ,furta‘eﬁg feété{f s in

pr ef er r edifferas deng:phained; alcakols.ashtafdhe twesuffetsat 1onerdipined ACORPl t i on of

t he phosph t |54 to the suspension of the ferroelectric

parti cl ege'g%g(\)fégac%{bgﬁ%f [ 4cl\e(_l)ﬁg'y determ ned concentration of the phosphate
est er5 addi ti vacidtdingeoSstisiPRifther featupts B the Mdesaribedepreferrad reptwidinsent0

approxi mately constant and conductivity of the suspension increases.

Accor di nthetphosphate esiercadditivesis selublesin 2 helap pel¥enic sUch\As AN Aep ®is

provi ded @ ferroelectric filmformed by el ectrophoretically depositing
ferroel eEHpRQ- particles on 'a surface of a substrate, from a suspension

i ncl udi ng f er neeh@fsl foCstitPfiirihet Gaturds #Pthar destribedegitfered bnibodhnandat e ester
addi tive having a concentration |ess than 10 volunme 25 percent in the
suspensi additien ofr the rphosphate) rester radtlisiye utoethej suspensiasy & dhe ferseplertii¢ s of the -
[ nveféi on ,.d@scri beddbel OW,. tge ncent r%t i on of the phosphate ester

addi 19 ve PREICEE CRLSER A IPLEIHC 1R R ﬁ?@%ﬁ’%‘ﬁgf‘su ng of |ess than seven vol une
percent, | ess AhaRiddHCQill Mt feRGES flthe dddetibedsprefehRn editbditabitse per cent ;
i n the suspension. According to still further Teatures in the described
pr ef er r eddditibm difrhet shosplute mEstes mdditivectot the susgensiore of (the tieweelecirc a '

di spersing agent, an e)Jectrostatic .chargj,ng agent bi ndi.ng agent in
the susp®@RRicls @psesAR %W%Fe%‘b&?f}‘%%&%% ?? Cels %%1%‘%83&“‘53%“??00/ 00679
13 Accorﬁ%ﬁglego still further features in the described preferred .
enbodi nents  the phosphate ester additive is obtained by reacting

phosphori ¢ aciAtcusdidg tonstill durtlee feateres dm thecdesicribed pieasted| embadivpntdf t he two

diff | ong- i ned hol L. 1Q- 15. o) IS, | i A di
Lo st |1 AtipRart TeabeRspest itk HELey ool rerind! dbaaTRaRzGe ~oco "

particles causes a decrease in pH of the suspension and an increase in conductivity

of the suspension.
" According to still further features in the described preferred embodiments
20 for addition of the phosphate ester additive to the suspension of the ferroelectric
particles above an empirically determined concentration of the -phosphate ester
additive in the suspension, pH of the suspension remains approximately constant.
According to still further features in the described preferred embodiments.
for addition of the phosphate ester additive to the suspension of the ferroelectric
25  particles above an empirically determihed concentration of the phosphate ester
additive in the suspension, pH of the suspension remains approximately constant
and conductivity of the suspension increases.
According to still further features in the described preferred embodiments
the green film on the surface of the substrate is selected from the group consisting
30 of a stand alone structure, a patterned structure, and a non-patterned structure.
According to still further features in the described preferred embodiments

the green film has a thickness uniformity to within about = 2 microns.

| ElBl
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PCT/ 1L00/ 00679 14 14 According to still further features in the described
pr ef erlded &nisusnended sferoplectrier padiclest rultimpielym ieproving | menufscwknees | ar ger

t r_]an abOUtpiQZO%le%%rp?'Qducts, devices, and elements, in a cost effective manner.

BRIEF DESCRIPTION OF THE DRAWINGS
The invention is herein described, by way of example only, with reference to
20  the accompanying drawings, wherein:

FIG. 1 is an illustration of a plot of the variation of conductivity and pH of
the pure ethanol EPD liquid medium as a function of the phosphate ester additive
concentration, in accordance with the present invention;

FIG. 2 is an illustration of a plot of the variation of conductivity and pH of

25 the PZT EPD suspension, as a function of the phosphate ester additive
concentration, for a PZT concentration of 50 grams/L in the suspension, in
accordance with the present invention;

FIG. 3A is a photograph of an exemplary coating of a stainless steel
substrate with PZT, in accordance with the present invention;

30 FIG. 3B is a photograph of a comparison of two exemplary coatings of
PZT, formed by using the phosphate ester additive (top), in accordance with the



Accor dighgei/Sesd i || further features in the described prqj&rﬂiﬁgo(ﬁgg)odi ment s
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DESCRI PEkdbhiGhvehifenDRAW NGS The invention is herein described, by way of

exanple only, with reference to 20 the accorrpani\{i ng draw ngs, wherein:
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D aDued Mt PEL: ogrmer oY detngr B ditioneh MR ShBE efer MAGARCIED Er oo

s an i lLyshsRtvath @ presbhtQhvédtiohhe variation of conductivity and pH of 25
t he PZT EPD suspensi OR, as a function of the phosphate ester additive

concent r at i orFIGf o6 isa Rfitragnapheof faatddges of aSan ghaped/nattemm eantedswithensi on, in .
.accordan with the present inventign; FI 3A is,a.phot ograph of an
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W th th%ﬂ{ﬁé%seﬁﬂﬁ%}ﬁiio?f‘; 30 FIG 3B is a photograph of a conparison of .

two exenplary coatings o PZT, formed by using the phosphate ester

addili ve (toBIG. i hisacgraphl shaveingiatplott ¢fe A e®en SBe0BickeTs ps odroRERY 15 |

present SR L oMk Yona o A9 ASELY S5EHE 0 Wik ¥ LRBIARBha 11 e EPD
| phosphate ester additive. in accordance with the present invention; and

FIG. 8 is a micrograph of a cross section of one of the PZT coated
conducting lines of the pattern shown in FIG. 4, obtained by using the tri-functional

20  phosphate ester additive. in accordance with the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention is of an improved method for electrophoretic

deposition of ferroelectric films by featuring for the first time the use of a low
25  concentration tri-functional phosphate ester additive in an EPD suspension of
ferroelectric particles. Provided in the invention are also- compositions of
suspensions for effecting same, and ferroelectric films formed therefrom. The
effect of the low concentration tri-functional phosphate ester additive can be
augmented by the addition of one or more, conventional, dispersing, binding and

30 charging additives to the EPD suspension. -
It was unexpectedly, yet advantageously, observed that the phosphate ester

additive is tri-functional, in that as an additive by being present in very low




FI'G 3C i%0O8&133688 ogr aph of a conparison of three exenpl ar pcegBjoRgsdanp! es
of PZT, fornmed by using tartaric acid additive (left), phosphate ester
additive 5 (mddle), or acetylacetone additive (right), in the EPD
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wi th PZT, comisntmitivacinithe EPDnguspémsionrduringribe electadphptatic phigratiopgiregesaddi ti ve,
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coated co I.ng L n : ' : WS : Lo shagal
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FIG 8 is niedirfif @asaubntf indreadins futtF il epbsituie Iafpréving i€ pramadesd
conducting lines of the pattern shown in FIG, 4, obtained by using the

tri - f unct iapdgharacteristies opthadepaesited ferrpaleciricfm inplude inereasing BlpidersiWhe present
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tri-functional phosphate ester additrve in an EPD suspension of
f erroel ectandelepmmtsi cl es. Provided in the invention are al so conpositions of

[ f f.fecti d f l.ectric fdil f t.h f
The effect of THRATPHI LB PSEPOrRRPIEF dRet sl pHelsin medber o
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di spersin I ndl ng and charging additives to the EPD suspension. It
was unexpemsgeibipn ofeferrkenicagenickes yof ties preserd inhentionhis pplicgblgt @ est er

additive is tri-functiognal,, in that ,as an additiye by being present in very
| ow W0 1/dHersnt @WIF‘F%M’G?@%‘B?‘GEQW P%\P‘FrSYF\(‘i“ﬁ é’ogif%s’g‘ﬂgsp si on
during theper et LORRAF Ghi Go Mk skuReCOF Sxample, metals, silicon, gallium

arsenide, metallized ceramics, and glasses, with or without a specific pattern

according to the desired application, such as conducting lines and element arrays,
used for manufacturing piezoelectric products and devices, such as imaging and
20  therapeutic ultrasound probes.

The method of the present invention is applicable to manufacturing a wide
variety of piezoelectric objects, including piezoelectric oriented films, stand alone
products, porous films and bodies, layered structures having a porosity distribution,
and solid state devices such as actuators, transducers, and micro-machinery. Linear

25  or two dimensional, films, e.g., in the several microns range, as well as thick films
of up to 250 microns thick, and free-standing bodies several mm thick, can be
produced by implementing the improved EPD method according to the present
invention.

It is to be understood that the invention is not limited in its application to the

30  details of construction, arrangement, and composition of the components set forth
in the following description, drawings, or examples. For example, the following

description refers to the widely used ferroelectric material PZT, in order to illustrate
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conet r ugtrdsoe Bibteh B boimpleCcompuBRP Rt R0 o A ISR RS (oren i
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followng description refers to the widely used ferroelectric nmateri al
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temporary substrate.” A thermally consumable mandrel such as graphite is readily .

20  separated from the EPD film following the deposition process, enabling production-
of a stand alone piezoelectric produ'ct, device, or element. -Alternatively, a multi-

" component fixture, for example, featuring one component such as a disk, covered
with a second component such as fibrous material, is specifically designed for -
temporarily holding a stand alone product formed during the deposition process.

25  For the deposition process, the fixture second component covering material, for
example, fibrous material, is removed from the substrate along with the EPD
deposit, followed by separation of the EPD deposit from the fibrous material, - -
thereby enabling production of the stand alone piezoelectric product or element.

In order to form a ferroelectric PZT film, one of two substrate treatment.

30 procedures is applied, depending upon the substrate being non-conductive or
conductive. In the first procedure involving a non-conductive substrate, the non-

conductive substrate is covered with a selectively deposited electrically conductive

| EIR.
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selecting electrode material for use in an EPD cell is high corrosion resistance in the

20 EPD solution, where the corrosion resistance is independent of pH change during
the electrophoretic process.

In step 4, there is preparation of a suspension including ferroelectric
particles, for example, commercially available PZT powder such as, but not limited
to, Hizirco-L, 0.5 micron average particle size (manufactured by Hayashi

25 Chemicals, Japan) by dispersing the ferroelectric particles in a. polar solvent.
Depending on the specific application, preferred concentration range of the
ferroelectric powder is between about 1 to about 1000 grams per liter of EPD liquid
medium. For thin-film applications about 10 to about 100, preferably, about 20 to
about 50 grams ferroelectric powder per liter of EPD liquid medium can be used.

30  Higher concentrations can be used for stand-alone articles or thicker coats.

In order to obtain efficient deposition of a smooth and uniform ferroelectric

film, the commercial PZT powder is washed with a polar solvent, preferably,
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range of the po I's bet ween abo to a 000 r ans
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about 1QBjunk¥ PEREAD! et ABRUprefltaBlf less than 0.3 volume percent, yet more

preferably less than 0.2 volume percent, and yet more preferably less than 0.1

volume percent, tri-functional phosphate ester additive to the EPD suspension of
20  ferroelectric particles. A commercially available phosphate ester, of brand name .
Emphos PS 21A, manﬁfactured by Witco Chemicals, USA, may be used as this
unique tri-functional EPD suspension additive.
This is the critical step of improvement in the method of the present
invention, implemented for stabilizing and controlling several suspension
25  characteristics and properties during the electrophoretic migration stage, and for
obtaining highly desirable dimensions, characteristics, and properties of the
subsequently formed ferroelectric deposited green film during the deposition stage.
After addition of phosphate ester additive, one or more other solvent
additives, such as acetylacetone, oﬁtionally, may be added to the EPD suspension,
30 depending on desired characteristics and properties for the final application.

Additional additives including dispersing, binding and charging agents may be

| Bl
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nore preferab S Qurrs r.cent ri-functi.onal phosphate
ester additiv!gy?t ? h%tdﬁgg susBteﬁgéugg%ggfﬁﬁgﬁ%ﬁt?%@%BW?‘th’ﬁ%‘f’g(bi t@Fes. A
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ctabi | | 7 RgriaioBE THE IBfel adndfy BhAaTbn i o0 BPor BRORTT L8 cs "and
properti soud 0.5 ngArdmZ. el Tiedse DI cRIli Sonditind! dridBleSHgCconddll JofiIPDt ai ni ng
hi ghl y desirabl e di nensions, characteristics, and properties of the
thickness and uniformity. Typical deposition duration is in the range of between
about a few seconds to about a few minutes.
20 In step 8, there is removal of the green film, or deposited film from the
suspension, followed by drying, for example, by air drying. and thermal processing,
for example, by sintering, of the obtained ferroelectric film. Sintering is done by
firing the EPD film, deposited film, at a temperature in the range between about
1000 °C to about 1300 °C for a period of about 0.5 to about 1.5 hours. Sintering of
25  the film is preferably performed in a lead rich atmosphere. Step 8 is performed on
the deposited film in both cases of forming a patterned or non-patterned coated
product, or, a stand alone product.
In the case of an EPD film coated product, the substrate, patterned or non-
patterned, and the EPD film that coats the substrate are together put into a furnace.
30  Following consolidation of the EPD film coating and the substrate, the combined

entity functions as a piezoelectric product, device, or element.
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becomes the stand alone piezoelectric product, device, or element. -

In step 9. there is electroding of the end terminals of the connectors that
20  connect the deposited film substrate to the other part of the circuit. This can be
done .by'any conventional metallizing technique, starting with hand brushing of a
metal paste, and including, if desired, sputtering of a thin metal film on to the
element.  The specific method used for electroding is not critical, as long as it
results in a metallic film extending from each side of the piezoelectric element,
25  enabling the following polling step. '

- In step 10, there is polling of the obtained deposited film: A standard
polarization, or polling, process is performed on the film by subjecting it to an
electric field of appropriate magnitude accompanied by heating, for orienting the
piezoelectric domains of the ferroelectric material in the desired direction.

30 * Physical analysis of PZT deposited films was performed. Phase
composition by XRD analysis of sintered PZT films repeatedly showed the presence
of a single phase of PZT. SEM micrographs showed a microstructure of PZT grains
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15 separated fromthe first conponent of the fixture, and together are put
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connectors that 20 connect the deposited film substrate to the other part

of tHE ciWheimore qefergnceniheie thew pitainsd lewsls ob picapriednaprapsttiesof silyg |
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desi red, spu er| hg of a m on ‘el ement. The specific
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metallic filmextending fromeach side of the piezoel ectric el enent,
enhance dispersing and stabilizing characteristics of an EPD suspension of
ferroelectric particles via effecting pH, conductivity, and viscosity, of the EPD
20  suspension, while preventing particle sedimentation, thereby improving the process
of electrophoretic deposition. migration and deposition stages of the EPD process,
ultimately leading to an improved piezoelectric element or device. Depending upon
the electrochemistry of a specific additive, an additive may also perform a second
function as a charging agent of the ferroelectric particles, thereby further enhancing
25  particle migration during the migration stage of the electrophoretic process and
formation of a deposited film having improved dielectric and piezoelectric
properties. However, in the present invention, the phésphate ester additive, used in
relatively low concentration of less than 1 volume percent of the suspension,
performs these functions simultaneous to performing a third function of binding
30 agent during the deposition stage of the EPD process. This exhibition of tri-
fimctional behavior is not evidenced by using other currently known additives such

as acetylacetone, nitric acid, or tartaric acid.
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It is well known that obtaining a high density and highly homogeneous

20 green film microstructure depend primarily on the extent of dispersion of the
starting ferroelectric powder raw material. Phosphate ester is a known additive

used in 'tape' casting operations, when the objective is to obtain thin planar tapes,
primarily for manufacturing multi-layer capacitors based on using BaTiO3 (BT) as

the ferroelectric material. However, unlike typical applications of tape casting,

25 electrophoretic deposition featured in the improved method of the present .invention
enables using sub-micron sized powders in order to overéome. sedimentation
problems associated with using large ferroelectric particles, requiring a minimal
amount, for example, less than 10 volume percent, in contrast to typically about 30
volume percent, of the EPD liquid medium, of an organic additive for suspension

30 stabilization and parametric control of the deposition process. In EPD of
ferroelectric materials, in strong contrast to tape casting systerhs,’ the final product

obtained is not necessarily a planar device having a specific pattern.

B
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char gi ng- g behavior I's unique to ate ester use 'as an EPD
suspensi datepsdtibglyyand bitvantagesls tokihe VEPD padcesd)tinithe megion lof ghsedalli ty and
highl'y hocréongtgrrl]tegllilsﬁmher addition of the phosphate ester additive to the ethanol EPD

liquid medium causes a continuous increase in the conductivity, but without further

20  decrease in the pH, and therefore, no additional acidification of the EPD liquid
medium. This effect supposedly occurs due to an increase in free protons,
concurrent with an increase of ionic strength, in the EPD liquid medium by
dissociation of the phosphate ester additive.

The same behavior of establishing a lower, but ultimately, constant pH,

25  while causing a steady increase in conductivity of an EPD ferroelectric particle
suspension, is observed when phosphate ester additive is introduced into an EPD
suspension featuring low concentration PZT particles dispersed in pure ethanol
EPD liquid medium. This behavior is illustrated in FIG. 2, which is a plot of the
variation in conductivity and pH of the EPD PZT particle suspension as a function

30 of phosphate ester additive concentration, for a PZT concentration of 50 grams/L in
the EPD suspension. Addition of phosphate ester to the EPD suspension causes an

increase in suspension conductivity. Again, advantageous to the EPD process, in
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phosphate ester additive and ethanol involve both electrostatic and steric interaction

mechanisms. There is an increase in repulsive forces as a result of an increase in
20 positive charges at the (solid)/(liquid), (ferroelectric particle surface)/(liquid)
interface. A brief descriptioh of a possible mechanistic sequence of events taking
place in the EPD suspénsion immediately prior to, and during, electrophoretic
migration and deposition is provided here. ' _
As mentioned above, the phosphate ester used as EPD additive in the
25 present invention is a product of phosphoric acid and two different types of long
chained alcohols. Phosphoric acid has three hydroxyl groups which can be
converted into esters by replacing them with alkoxy groups. Once formed, there is
a degree of dissociation and ionization of phosphate ester in a non-aqueous solvent
and such a system would have freely mobile hydrogen ions in solution, as illustrated
30 here:

LR



const ant Wo{p1/33608 her addition of the phosphate ester addi Pb’l‘/ﬁ.dﬂﬁﬂ&r@e
et hanol EPD |iquid nedium causes a continuous increase in the
conductivity, but without further 20 decrease in the pH, and therefore, no
additional acidification of the EPD I26quid nedium This effect supposedly
occurs due to an Pncrease in free protons, concurrent with an increase of
ionic strength, in the EPD Iiquijd nmedium by dissociation of the phosphate
ester additive. The sanme behavior of establishing a |ower, but ultinmately,
constant pH,  Rop.whohe caysingoapsieady i perease piy LQREyetivity of an EPD
ferroelectric particle suspension, is observed when phosphate ester
additive is introduced into an EPD suspension featuring | ow concentration
PZT particles dispieirsed in pure @gthanol EPD |iquid medium This behavior

is illustrated.in FlI , which. js a plot aof th variation in conductivity
and pH of the jI5I§53’r5 S?ér‘f“i © ef@p@ﬁg‘flﬁﬁ“rg%"eaw %Fﬁ%stﬁhﬁr‘i‘nﬁl‘bFndegsphate
ester addhili i I 10 G t : /L in the
EPD sus pghg ?igghﬁ%%%ﬁa%zﬁa B?%ﬁ%tgﬁﬁtg't%%g? éejér}ﬁ?‘g&{ ﬁemgg?ﬁéﬁegggnsgég] causes an
i ncrease panticde syréavs] thereby rinkiredsing staric Wgdiance anoha P&Uparticles, iBus=PD
process, jin WD 01/ 3?608 PCT/ 1 LO0O/ 00679 25 the region of essentially

const ant ipfreasing stalafitypfdhe suspension; he phosphate ester additive to the EPD
PZT pgrticle suspension causes a continuous increase in the conductivity,
but without further decrease in the pH, and therefore, no additional
acidification of the EPD suspengion. This effect due to the presence of the
5 phosphate ester additive, is |y explained, by a proposed nechani sm
descri bed bel ow, mherebyg]l‘/re@.; r ofonssretgasgd-duri ng dissociation of the
phosphate ester in alcoh ar eiadsorbet-om-o-tHe surface of the
ferroelectric PZT particles, ca g an increase in the positive charge on
the surface of the PZT particci'é &t hus contributing to an increase in
suspension conductivity. 10 TheTappareni. buffering capacity of the

phosphate ester additive i1t at ' SLStnSCEre8C+ and 2 translates to nore
effective el ectrophoretic.m

m gr #Pigyn and deposition of the PZT particles,
possi bly by m ni m zi ng corrp}tqﬂﬁ ve el ectrochem cal processes, or parasitic
reactions, occurring on the cat

ode, such as the discharge of hydrogen. 15
Presence of the phosphate ester'additive in an EPD suspensi on havi ng

ADSORPTION OF PHOSPHATE ESTERS

The suggested model of ferroelectric particle surface charging and
stabilization by the phosphate ester is based on lyophobic-lyophilic reactions of
amphipathic long chained hydrocarbon molecules (see scheme below). In this type

15 of multi-component organic system, the anionic end of the amphipathic molecule is
attracted to the positively charged particle surface by Coulombic electrostatic
forces. The hydrocarbon lyophilic tail, being non polar, extends into the non-polar
organic media. The tail is soluble in the bulk solution and, therefore, there is no
attraction of other amphipathic molecules. The negative charge of the anionic end

20  is small in comparison with positive surface charge and therefore it does not offset
the positive charge. This positive charging of the ferroelectric particle surface,
caused by the adsorption of ionized protons, is a probable driving factor for
achieving high levels of dispersion, both by attracting the long chained phosphate
esters, which provide the steric stability, as well as enabling a double layer

25 electrostatic charging action of the particles.



et hanol wegof#¥epgd | qui d nmedi um i nproves stabilization of t rroelectric
PZT particles. Mst likely, stabilizing forces arising ;}r%é[{ﬁ?&g“%

i nteraction between the phosphate ester additive and ethanol involve both
el ectrostatic and steric interactior27 nechanisns. There is an increase in
repul sive forGiRgactdristicd, QfittehsiOds, Ald IperepfciCof Beplit@P Pzt gﬁe& Higes at the
(solid)/(liquid), (ferroelectric particle surface)/(liqurd) interface. A
brief de¥ese idgtermmedfasaa fanctionl of phwspla sster additive wvoacentratem rinsthe aki ng

pl ace in_the su si.pn i medi at el riaor and during,

el ect roﬂ?&ﬁpe?lﬁgel P S(ﬁé:? '8 Herﬁgﬁﬁﬁofglﬁﬁf _F%If’#@i%‘éﬂenﬁ’éme?"rﬁgzﬁent i oned
above, tcBficeptiagiist ?O(Rﬁéﬁﬁls}l,sﬁﬁDasﬁ,sﬁRBoﬁ.d%Eg¥§m‘s @g&@? in 33bIMERENT
invention is a product of phosphori'c acid and two different types of |ong
chai hed strbugii indicativh of phprovemertiobtaisesl inlgreea fiignddeprsitiogr oups whi ch can be .
converted into esters by replacing themw th al koxy groups. Once forned,

there is a degree of dissociation and ionization of phosphate ester in a
non- aqueous solvent and such a woul d have freely nobil e hydrogen

1
ions in so igp ' . 051251 .egra - 19 %3 §, /I)_ i02679 2? |
AN e T A

S
i onit2ed phosphat e eSEHAenSIBa 0L ailimiyute depostiiop duralonosi ti vel y char ged

particle sucrface thereby jncreasing steric hindrance anpng the PZT
parti cl ejGontdntration of dPepmsitiory [Blimabi | | Kilm RensitytjeHs os pengConluctivily oHf  oH=
ADSORPTI| (HyosphatpEagPHRIE ESTHMEkTie] GumgentldEPRPodel §of BPBY r oel eftric. -
particl ejAdditvace chdfmg/amf) af(eicrapslabi | i zat i difusppnsione ?ﬁwﬁh'at e pster is
based on | Wi c- I[PEIMPi ¢ reactfons of | micro-S/cm) -

0.0] o [ o 0 - 8.19 34 -

0.02 46.5 923 5.0 6.75 35

0.03 199 397 5.02 6.54 4

Combining results shown in Table 1, with results shown in FIGS. 1 and 2,
clearly confirms the tri-functional nature of the phosphate ester additive as a.
15  dispersing agent, a charging agent, in addition to functioning as a binder, which is
in strong contrast to the results obtained when using other known prior art additives
such as acetylacetone, nitric acid, or tartaric abid._ Moreover, in the present
invention, using tri-functional -phosphate ester as additive precludes ihe need of
using a separate binder in the EPD ferroelectric particle suspension, in contrast to
20  that described by Sweeney and Whatmore, as discussed above. o
Visual inspeétion- and physical examination of coated elements, and
different patterned substrates, featuring PZT deposited films obtained by using the
improved EPD method of the present invention shows the excellent quality
obtainable in manufacturing a diversity of piezoelectric products, devices, or
25 elements, especially in comparison to products obtained by using methods
involving other known effective EPD suspension additives such as acetylacetone or
tartaric acid. _ -
Exemplary PZT coated elements, formed by employing the same EPD
method except for differences related to using a different additive in the EPD

iR



anphi pat WQ0W3360¢ chai ned hydrocarbon nol ecul es (see schenpe ldag7e | N this
type 15 of nulti-conponent organic system the anionic end of the

anphi pathic nolecule is attracted to the positively charged particle
surface by Coul onbic electrostatic fdces. The hydrocarbon Iyophilic tail,
bei ng norsugpsansion, axtshods inrfIGSt BA thesughdGir FIGY 341k @ pltdgaphlbeat ai | is
soluble in the b %#thol utioon and,  therefore, there is no attraction of

ot her anp%eﬁ’ﬁfaﬂ? cpositedcoatng formed by usingH ke ghosphatetestes sidifive iend 20 i s

[ i ' i § d f it d t
offset 't DOERY Pl TRASHE ie ottt BiCoP { RbBe R o toh PPl oot ri .
particl e BZF tieposited coutings] fopmdd ey asiﬁg)th@tﬂh@ﬁpﬂlafe s Iad8RIvE (RPN, by S @

probag[e driving factor for achieving hi evel s of di spersion, both by

attracti ﬂ&‘q%écq%ﬂﬁ‘&t%aﬂ%@v%mnﬁt én the (HAY suspensibn.pr BiG.d2Ctikea st eri ¢

stability, | ' doubl e | r.. 25 electrostatig, charging
action oquoﬁ@%%réﬂ@gﬁmg@ %(%@B@W ?%@(#W?‘Scoa?ﬁg QFﬁi‘f istics,
di mensi onssingandrt@to Pid | &Rlive (RIDS| fRGpIAET &’i&e%dﬁiitib@’?%mi&k@, dgt ernined as
a function of phosphate ester additive ‘concentration, in the” range of 0.01

to 0.03 \asriylascione additivehoighhatie the BRI ERBpensiopenJhose figuresPZEarly

t ' 0 .L EPD [ . The. lts shown.in Table 1
are o saepRiplue 1R RO HERges e pBRRRete oiex A s LarPer I _
deposfi(t i aighly Aftthact bbdldagie€ Sndoitien) th{,*ﬁgygh Q-?%arsﬁ‘{aéﬂmlgg{roﬂs%r Béifsar gpaxf" function

of phosphat e ester additive concentrati concentration of 1000
grans/ L dZEpmtingdfomep withiusing ahothepadditivierit the ERIp ssspeasion.dur at i on.

Concentration Deposi ti.on FilmFilmDensity PH of Conductj vit Phosphat e
Ester Rate Thi@ﬁé@@“@% Q?Fs?%?n‘ﬁj)g}ﬁﬁﬂaéqe ditiye; sables @akiewing)P4Ini cr ons)

S AP o0 oo PR Ot ExCel oty nigiPploety (S @by ik | B0 1
resul ts sdiswbution, Tald| repiodusibility rteswithia SHoMmicronk! 165.20 neibfbng, filel ear |y

confi,.ne the tri-functjonal npature of the phosphate ester additive as a
15 tincﬁness. 'If'hlils gs fllustrated ?n FIGS. 4 - 6, h%re FIG. 4 is a micrograph of a

conducting lines pattern coated with PZT, FIG. 5 is a micrograph of a fan shaped

pattern of an alumina substrate coated with PZT, and FIG. 6 is a micrograph of fan
edges of a fan shaped pattern coated with PZT, respectively, where each pattern is
obtained by using the tri-functional phosphate ester additive, in accordance with the
20  present invention.
Reproducibility of the improved method is further illustrated in FIGS. 7 and
8, where FIG. 7 is a graph showing a plot of PZT green film thickness as a function
of PZT coated conducting line number, obtained by using the tri-functional
phosphate ester additive. The results shown in the plot of FIG. 7 are representative
25  of the conducting lines pattern coated with PZT shown in FIG. 4. Using the
phosphate ester additive enabled achieving high reproducibility, for example, to
within + 2 microns, of a series of many electrodes, each coated with a PZT film, for
a distance between two conductivity lines of about 20 microns.
FIG. 8 is a micrograph of a cross section view of one of the PZT coated
30  conducting lines of the pattern shown in FIG. 4, wherein, consistent with the results

shown in FIG. 7, only very slight variation in PZT film thickness is noticeable at the
top of the PZT conducting line coating.



15 di speyconssesent, a charging agent, in addition to fu I On sa -
bi nder, which is in strong contrast to the results obt amﬂgﬂ%ﬁ7€si ng

ot her known prior art additives such as acetylacetone, nitric acid, or
tartaric acid. Mreover, in the prese® invention, using tri-functional .
phosphat e est erTeaguriiéflishbwethe! Sshifeas ipRovearst Vbtaintd BP iAcla@pgrdL e bi nder
in the EPD ferroelectric particle suspension, in contrast to 0 t hat

descr i bed fimctisnalephopphatel esteraadditive, inatbe EPEX suspensictbfor perfoimingt ERID ofect i on

d physi cal i nat i f coated_ el d_.different patterned
Subst r at eJemoelsiis Filghes FOmEBO o TERTEL SUET ReECHPIRARES Fhact pr oved
EPD met hO%eﬂfreeh*&@ld%%&%&‘?ZWﬁ&%ﬂﬁb@ﬁ}?é&% pRSsinEPEEIJeRES ablRdink Yo a

obtai nabl e i n manufiacturing a diversity of piezoel ectric producCts, devices,
or 25 £l eronvenfioralpwdaxadlipressmethodyand EPD PAT plisks premmrabacadrding toythe usi ng

met hods i.nvol vi nlg tgtnser nown effective D suspensi on dgdditivlg:i such as
acet y| acet®REPVSH metapd of jthe peqsgut BYERHANa ﬁpmo%wgﬁ Aeh@hitd F45r med by

i Tt o ent Podaet FAS uped in AP GIRIe RO iy foidd B SRR BB ket 550
suspensi orpntained stvophvsplnatéesiesr adifitivdr Dirgénsidis dfithe cdld pressad disks @agdaph of an
exenpl ary PZT deposited, coating formed by using_the phosphate ester

addi ti ve ithe EPR: Ieprstapdingedisks, were-plogut 3he jsams. pRisiesticaand prezgelsefigari son of
t | -P7 ' [ ' : . t t
N e R

suspensi obeldW.G. 3C is a photograph of a conparison of three exenplary PZT
deposited coatings, formed by wusing tartaric acid additive (left),
phosphat e est erdnaidle 2,v& tgmBdly.eind Ny, reprasaat diekeotriocenstagtli losttengent,ght ), i n

oy ng phodiREE SR fon LSRR Trpkiands ReRst Gt oY (e | "o°

boundar i es,d ERP{RI0) rélt o ditRRenRaREhRARMs of P sﬁ%&ﬁ@ifms HOANWhidh T
coatings fornmed wth”using another additive in the EPD suspension. EPD

i ncl udbng thé\BZTslisks fwephomgdea EBDeformeed BT idisky gensmallyl gsultinhbayitighjgfZT coat ed
patterns with exceptionally high green fi]muniformty, depth or _thickness
di st ri but ivgHes §h8, diglselig Fonyant; b@ﬁgtbsfomwﬁ@ﬁer@ﬁ%rceﬁg’ rtoyalugs &rons fil m

cold pressed pellets, and values of resonance impedance, Np , are slightly lower for
" EPD formed PZT disks compared to cold pressed disks.

Based, in part,"on these comparative results, EPD formed PZT films are

20 significantly more effective for manufacturing high quality piezoelectric devices or

free standing objects.
| | Table 2 |
Comparison of dielectric and piezoelectric properties of EPD PZT disks and cold
pressed PZT pellets.
25
Before Poling " After Poling
Sample £ Tand £ Tand % Np (KHz'mm)
Cold 1330£10 0.019 1500-1600 | 0.019 0.575-0.59 | 201010
Pressed ’
EPD(750) 1390 0.019 1660 0018 0.535-0.56 | 1800-1970
EPD(1000) 1300-1430 0.020 1460-1600 | 0.019 0.45-0.57 1600-1800

Additional objects, advantages, and novel features of the present invention

will become apparent to one ordinarily skilled in the art upon examination of the

(|



15 thi ckN&38/3308 s is illustrated in FIGS. 4 - 6, where Bé&mboloferat

m crograph of a conducting lines pattern coated with PZT, FIG 5 1s a

m crograph of a fan shaped pattern of an alum na substrate coated with

PZT, and FIG 6 is a micrograph of fad0 edges of a fan shaped pattern

coat ed wi tfolleWifig exemples whiehare uétdnenésicts Relirhiimg, | Add@bhaly)actbyf usi ng the
I n accordance with the 20 present

tri-functitﬁnal, hosphate ester additive, ( C V )

i nventi on. ‘Fiéfﬁrl“gﬁtfé’ﬁtﬂ gafs gad aspects of the present invertionsast delinpated hereinst r at ed in
FIGS. 7 a | how a ot. of PZT.green film

t hi cknessr%gvga?%%glfsggeh%ﬂ %3%%@8‘%%%@#8&9%':8 1) lmir)lf}f%’ P,lggﬁ ai ned by
usi ng t he followlngrexhinples! phosphate ester additive. The results shown in
the plat of FIG 7 are representative 25 of the conducting |lines pattern
coated i th PZT shown in FIG 4. Usi ng the phosphate ester additive

enabl ed achi evi ng hi gh reproduci bili r exanple, to within 2 mcrons,
of a series of many el ectrodes, gggﬁﬁ%%%%d wth a PZT film for a

di stance bet weeReféréReeCioMIUChadE foVthé FOIRWiIRS eBlgiLs, %@xidﬂt%g&ﬂ withthe 8 15 a
m crograph of a cross section view of one of the PZT coate 30 conducti ng
lines of tdbevpdescrptionshiblvptratntheirenton ivhe nendimitmnfaslsioent with the results
showmn in FIG 7, only very sligh%mt'on in PZT filmthickness is
noticeable at the top of the PZ ilng | ine coating. WO 0153608
PCT/ 1 3@0/ 00679 29 To further shpwrifg.ssigpi ficant inprovenment obtained by
including tri- functional phosphate ester additive in the EPD suspension
for perform ng,AAPEPDfsuspension aVas prepacedf byl dispersing 6 gnafrdosmtercibl carasier ed film

I i cal ti ' bet | d d PZT disks f db
ol o pr oo dPRABBvREdsie T2 aoniont 1 403 1o ehbubicohels ANFTERS RZTor cos
e aon: ez bl 059 nBEERANGH AEGHL LORER s ale ST OF PP

present invention. The sane source a was used in all

met hods. RWwddr whswhshedirdethyl atahdl witd 9biairind™d dordattiwitysof lcarkaSnad no
phosp D nensi ons, of the cold pressed disks and the EPD

free gg;ﬁ_diefltge::ﬁugggémsﬁ%?sﬁrl‘%‘d%’ﬁﬁaﬂdék@é% ithe: suspensinte 28l thet ri c é?
. . s 5
e v | 1 PELRPATR Beeien RUGHE 3™ 4R el nge RGN 30 1OCTRORERSL T oot

tangent, S/cm. No other additive was added to the suspension. The suspension was

subjected to an ultrasound treatment for about 4 minutes with cooling.
Platinum foil was used as anode, and an alumina substrate with selectively
20  deposited electrodes, serving as the cathode, were immersed into the suspension. A
constant direct current having current density of 0.1 - 0.4 mA/cm2 was passed
through the suspension. During 0.5 minute of film deposition, field strength varied
in the range of 10 to 30 volts/cm.
The obtained PZT film was about 20 microns thick. After deposition, the
25  deposited film was dried. The green density of the PZT film was about 60 % of
theoretical.
EXAMPLE 2
Piezoelectric device — PZT coated pattern of conducting lines
An EPD suspension was prepared by dispersing 50 g of commercial ceramic
30  lead-zirconate-titanate, PZT, powder in 100 ml of ethyl alcohol. PZT average
particle size was 0.53 micron. For reducing conductivity of the suspension, the

powder was washed in ethyl alcohol until obtaining a conductivity of 1 micro-S/cm.



coupl i ngyseRdskesci ent (a), and resonance i npedance, respe%ﬁég@; and, EPD .
U

(750) and EPD (1000) refer to different concentrations pensi ons
fromwhich 15 the PZT di sks were made. EPD formed PZT di sks generally

result in having higher values of E3jdielectric constant, both before and

after poling, pg ee&téroaduﬁwe%sf%edq@tﬂk Bispaiich BEtb o Juarififioral Ues of

resonance i npedarice , are sli ower di sks

conpar edabaut dbl dnlpfoes&eohaénﬁktmn %abnlll;t 0.1 vphunte % runtih éle pEospadied | ve
results, EPD fo med,, PZ ms are 20Q significantly npre effective for

manuf act h'?ti“ﬁﬁn gt duafti a8 Hiecsondnelpvty wag ahoutcl T’é)‘Fm‘$ cEe Noaptehg obj ects.
Tabl e 2 'v?é%na&iedd{og#tsﬂ r“..é.f,}? pgﬁ%%ﬁ%%ﬁglé% N wer %Rﬁte&egéoogn EPD PZT

di sks an co ressed | Thg Sanple 6
Tans ¥ Talﬂasdﬁmd‘dféaﬁhéﬂtfﬁmﬁoutmlﬁiutéﬁﬁﬁﬁeo&lnfgl9 1500 1600 0.019 0.575-0.59
201010 Pressed EPD(750) 1390 0.019 1660 0.018 0.535-0.56 _1800-1970

EPD( 1000) 130&latinym foibxps1used-ascumde, end ap. ajgminas substragofeating Addi ti onal

borone: it Phads or Bt ine: BBGHbRERR kAR BHE Yads D BRUME RS o o
the | tadid calfade l iverbEnélsdd inkdMeQApeRsior0 A ebhstatit '@ﬁke@@ﬁﬂnﬁﬁavm\@l ch are

not intended to be limti ng. Additionally, each of the various enbodi ment s
and aspeétllselmdenﬁé’ pf ©86ham wiap passed dﬁbﬂgfeﬁﬁeﬁﬂlsml@nn Duiing/30 and as

| t tion.b fi ! h
Fort B ngepdsef a8 ABBSiaeRid el eI ST ST R fof Tow no
exanpl es, whi qihe bBBSAdIEPZ VIR Mseaboamesd@ﬁefdns&mems Afiek ldesdsitdne t he

invention in a non-limting fashion.
the deposited film was sintered at 1200 °C for 0.5 hr. Procedure and results of this

example provnde the basis for the preceding discussion relating to FIGS. 3 and 6.

15 | | EXAMPLE 3
PZT Disk

An EPD suspension was prepared by dispersing 50 g of commercial ceramic
lead-zirconate-titanate ( PZT) powder in ml of ethyl algohol. PZT average particle
size was 0.53 micron. For reducing conductivity of the suspension, the powder was

20 washed in ethyl alcohol until obtaining a conductivity of 1 micro-S/cm of the
suspension.

Phosphate ester additive was added to the suspension up to .Ia quantity of
about 0.01 ml for a concentration of about 0.01 volume %, until the pH steadied at
about 3.5, and the range of conductivity was 10 - 12 micro-S/cm. Acetylacetone,

25 0.5 ml for a concentration of 0.5 volume %, was also added to the suspension. The
suspension was subjected to an ultrasound treatment for about 4 minutes with
cooling. -

Platinum foil was used as anode, and stainless steel substrate with special
fibrous coating, se'rving' as the cathode, were immersed into the suspension. A

30  constant direct current having current density of 0.4 - 0.5 mA/cm?2 was passed
through the suspension. During 4 minutes of disk deposition, field strength varied
from 30 to 50 volts/cm. '

| EEE).



EXAMPLE Iwodi33sdd Thick Fil m An EPD suspensi on was prepar hajdersing 5
g of commercial ceramic |ead-zirconate-titanate, PZT, poﬂ%gg}riﬁ?oﬂio?go m of

et hyl al cohol. Average PZT particle size was 0.53 mcron. For reducing
conductivity of the suspension, the p88der was washed in ethyl alcohol

until obtaini ng Thecstgided IPAT Miskf wis @b&ito2 PfiMhickd Adteri ddpesitiophaephat e

ester additive was added to the suspension, until the pH st eadi ed bet ween
about 3 - 4lepesited disk wamepsily rerooned with thiet §bronssconting and dried.o The/gteen No ot her

ot asound POl tant Pgr B BaE Shou e v RRADCP AR 48 AR BT | o
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const anb di rect Rhuse eninpbsitiorn @f ahié rsiméred PBT tdiskoivad . determihed BPVXREP was
passed through the suspension. .During 0.5 mnute of filmdeposition, field

strengt h vapplysls, avd shawed the peesencerd asingle PE 5 phasee HEM iseicrosr: thezT film

efi
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EPD suspensi on was prepared by dispersing SOn? of commercial ceramc 30
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ester additive was added to the suspension up to a quantity of about 0.1
m for a concentration of about 0.1 volume % until the pH steadied

bet ween about 3 - 4, and the conducwlﬁ about 6 mcro=S/cm No ot her
additive was added to the suspensi ot pensi on was subjected to an 5

ul trasound treatment for abouyk,4..m el ,,c‘ﬁ(;{ g. Platinumfoil was
used as anode, and an al um n?’gu%@?ﬁig f%”éygﬁt}ri gz;l
15 in the presence of phosphate ester and other additive(s)

An EPD suspension was prepared by dispersing 5 g of commercial ceramic
lead-zirconate-titanate (PZT) powder in 100 ml of isopropylalcohol. Average PZT
particle size was 0.53 micron.

In different experiments, 8 - 10 pl of phosphate ester (Emphos) and 8 - 10 pl

20 acetylacetone (1:1 v/v of phosphate ester to acetylacetone) were added to the
suspension, following which the pH steadied between about 3 - 4, and the range of
conductivity was 1.0 — 1.5 micro-S/cm. Without limitation, it is assumed that both
the phosphate ester and acetylacetone act as charging agents.

Thereafter, 90 - 100 pl of fish oil and 90 - 100 pl of ethylene glycol (1:1 v/v

25 of fish oil to ethylene glycol) were added to the suspension. It is believed, without
limitation, that the fish oil and ethylene glycol additives increase the suspension’s
viscosity which decreases the PZT deposition rate. A lower deposition rate allows
for the formation of a denser and more uniform layer with a lower tendency for
cracking. The suspension was then subjected to an ultrasound treatment for about 5

30 minutes with cooling.

Platinum foil was used as anode, and a ceramic substrate with an (deposited)

electrode layer, serving as the cathode, were immersed into the suspension. A



speci alwgdis of conducting lines positioned in alternating |i ne spaces,.
serving as ﬁ&g cat hode, were imersed into the suspensﬂfﬁ:fr’"-i %t ant
direct current having current density of 0.001 anp/cn2 was passed through
t he suspensi on. Duri ng 30 10 seconds of filmdeposition, field st rengt h

varied fr %{éﬂﬁ% fai )
m crons t %n%x?ﬁa eﬂ(gs%(fg](cm‘?ﬁ%gﬁ osl F}'Zg 14 llf‘m/&ﬁz; vgﬂgﬁ#élr%g at 1200
C for O. 5fd1r1 orl?nmeeﬂmnES.aﬁ‘He de;msité&lasaérvtrdsumedexmmie epatirde t he basis for
t he preceding_di sc) S|on relating to FIGS. 3 and 6. 15 EXAMPLE 3 PZT Di sk
An EPD suspe R?H onleppsition tige, mesqbémmdﬂjz"s‘éﬂ@ YS?S wothaammgeal0-2@ranic -
| ead-zirc ng of. RLl- aver age
particle Rg%gs %%1?0 ?gr éneﬂ(?rz%-l)ﬁ’n m‘b c‘ﬁ?& CT(')hn |V|nt(§3;I8 tl}elZZTI‘ '
suspansi ofilmivae apowdrd%nwas 20 vvashed |n et hyl al cohol until obtaining a
conductivity of 1 mcro-S/cmof the suspension. Phosphate ester additive
was added to the suspension up'to a quantity of about 0.01 m for a

concentrati on 0.01 vol une til H st adl bout 3.5,
concentrat ! on AndRek ind ifentiSh 1E nen Hillncl ", GHISIERN. P JpeciBlOOs 5 2
m for a eRboiniants itieest] iP.i® éubﬁtieﬂﬂ&he% méa$ ﬁ{eﬁﬁhtﬁéﬂeﬁoﬂﬁidaﬁ&lss ‘dﬁ@en5| on.
The suspenS| on was subj ect ed to an ul trasound treatnent for about 4

m nut es wivatatiops ovill ihg apparentita direst skilledinsthe st Ascordingly, itdsintendsdid ess st eel
su rate with speci.al flbrous atln ervin S de
imaPsed FHbHe AL SBHE psrurties. o Bgies snd festafihe B slf wERE BRSPS “Clr ¢ on
denS| ty 0otn@bfbad sCope JTNECApendsdl ddamsed through the suspension. During 4

m nutes of disk deposition, field strength varied from30 to 50 volts/cm

i a WD 01/33608 PCT/ I LAQ 00679 . 32 The obtai ned PZT di sk was about 2 mm
thick. After deposition, the deposited disk was easily renmoved with the
fibrous coating and dried. The green density of the PZT disk was about 70
% of theor et i&ghoug& the cinvenfionf hzzShbeem described pepnippetion athisweific. for 1 hr.

15 embodiments thereof, it is evident that many altematlve_s, modifications and
variations will be apparent to those skilled in the art. Accordingly, it is intended to
embrace all such alternatives, modifications and variations that fall within the spirit

and broad scope of the appended claims.
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5 ‘Phase &UnpLiasees on of the sintered PZT di sk was determ nwomg
anal ysi s, and showed the presence of a single PZT phase. S m cr ogr aphs of

the PZT disk cross section showed a m crostructure having PZT grains of
2-4 microns in size. Electrical propé&dties of the sintered disk were
measur ed DWHADHESCLARYPIOIS: and bottom el ectrodes of gold filmof about 1
m cron thick, followed by 10 polarization of the disk in a 2 kVfmmfield.
The results were conpared with cold pressed PZT pellets, having the sane

di mensi ons as the EPLD. € VPLE ctr.ophoretic deposition of PZT
15 in the pr esefr]ice o@’g’h@@%’ﬁgﬁ%gﬂ% %@%P?Fé?gga%ﬁo?ﬁe%f FSE98D
suspensi ora nafce b paubsiraby fofl nsRafshiig 3 Gatlg ARATE 5%&&&1-&&{@;{%8#1

yl al cohol . Average

| ead-zircopate-titanate (PZT) powder 1n 100 m of isoprop
PZT partiﬁsv@nggﬂv@moﬁ. 53 micron. In different experinments, 8 - 10 d of

phosphat e ester, { Enphos). and 8 - .10 | 0 etylacetone (1:1 v/v of

phosphat e est er(aﬁo ak %881‘%’#?%&)‘04/@‘83%6’&2@#%%5655 ensi on, fol | ow ng
whi ch the pH st@pdi eibchebRaiafPa i xe1%0} e uctivity
was 1.0 - 1.5 m('B)gro-S/crrllB Wthoﬁt oisgtnmtgat#?gn, fe%ﬁl?: assgsrrg%at at both the
phosphat e ester and ofiche substeteprfor &nining acpreerifihg ageid surfddscofdfet er, 90 -

100 .d of fish oil a 90 - 100 d of ethylene glycol (1:1 v/iv 25 of fish
oil to ethylene glySHPSalfeths mamysment qoRtprising eRPf 1t is believed,

wi thout |imtagy on,guhipat fi e (o] I.1ives

i ncrease the sgsjpensi onélsthé *ﬁ?cggfb{@a%%ggﬂe %@ﬁggsﬁﬁ% kﬁ%g'geg%%si tion
rate. A | ower deposipaitiziesy addingaiol thevsuspémsion Hiphdsphdtetitanadditive Idetiper and
nore uniformlayer with a | ower tendency for cracking. The suspensi on was

then subjected to a® GPEsnHadmMigss tham i Greplume percapidn thesusprasionnut es wi t h
cooling. Platinumfoil was used as anode, and a ceram c substrate with an
(deposited) electrode |ayer, serving as the cathode, were imersed into

the suspensi on.2. A WITHR hABRGDE IREil 1, e+ §al@ cordenteAida oA RAid phbipdae Of
140- 220- V (current densi t% of 0,12-0.14 mA/cnR) was applied for | or nore
m nut es. T AAREYE s selegtpd (fropa heyerawp eqnsistingnof degscthar ewen volapwndi ng on

depositi O']:)e}éeﬁf Teds MarP B PHGmE %Ircfeﬁtl, ThAERs ' B8 oR14E p%r%éx%t? in the

suspension.

3. The method of claim 1, wherein said phosphate ester additive
functions as a dispersing agent, an electrostatic charging agent, and a binding agent

in the suspension of the ferroelectric particles.

4. The method of claim 1, wherein said phosphate ester additive is
obtained by reacting phosphoric acid with two different long-chained alcohols, each
of said two different long-chained alcohols being 10-15 carbon atoms long.

5. The method of claim 1, wherein said phosphate ester additive is

soluble in a polar solvent.

6. The method of claim 1, whereby addition of said phosphate ester
additive to the suspension of the ferroelectric particles causes a decrease in pH of

the suspension.

A



m cronsvmnh?jigl‘ogé\fter deposition, the filmwas dried. Theggﬁégg%&gii ty of

the PZT 5 m was about 70 % Although the invention h cri bed
in conjunction with specific enbodinments thereof, it is evident that nany
alternatives, nodifications and vargsqtions will be apparent to those

skilled in t ar t Th et st o 'tgﬂﬂﬁﬂl Iﬁ’@é ' such
alternati vesbﬁrmdiﬂlcat i odr?s@glr% valr’ ivgl%%lrégﬁs' t hat B?S.%P W t llﬁ‘rﬁéa% e spirit

and br oaaliditivepeo ale tshepeagipa nafethec fearoetectriél pirtiolgh dalgesi my danérease imas been
described in ¢qnjunction with specific: , 15 enbodi nents thereof,. it is

evi dent ‘E"rﬁ‘é’t"’t}fﬁ%ﬁ’%ﬂ‘? ﬂsﬁ%siwtﬁ?ﬁmﬁ%%im@njdf variations will be
apparent to those skilled in the art. Accordingly, it is intended to
enbrace all such alternatives, nodifications and variations that fall

w thin. the s@iritThanttiodafl chimpe wlier¢byeadiigian df daidl ghiosphatel estdrAM VWO
01133608 PCTII LOX 00679 , 34 WHAT IS CLAIMED I'S: "1. An inprovenment to a

met hod ofddifgvsote; the syspeasip of e femoelsainici particlesogauses & deqrease ipHhokupst rat e
for manu ri ing-fil .St - . product, featuring the
st eps ofIh?%ﬁlébﬁJég%%?%%?g{c%%@n@géc@ﬁtoﬁg% f%%ﬁ%gﬁaaabtri c particles; and (b)
el ectrophoretically depositing the ferroelectric ‘particles on a surface of
the substrate, for formng a green filmon the surface of the substrate,

the inmprovemeht cokhe msthag afiedaim: b pvhereby(fey additiomef saidphasphateestet epar i ng

t he suspension. of.the ferroel [i articles, adding to_the pensi on a
phosphat BRAYE 16 it Trbaisieh of e FeroftRit mafisy” RELR ahchbiedly e
percent jdefniifed bGREARALRIA ofsaid PlospRite ester04d ditival i the siidpensibn) f}ﬁlibﬂ |
concentration of said phosphate ester additive i's selected fromthe group
consi st i thg su$pension rethains appreximagdly penstasbr cent, | ess than three vol ume

percent, and | ess than one volune percent, in the suspension. 3. The
met hod of claim 1, wherein said phosphate ester additive functions as a

di spersing agept. &he Hebidd SRdidh £, vIRAEHY 0P addiBOH of 418l pRosphiiessr agent

additive to the suspension of the ferroelectric particles ‘above an empirically

determined concentration d_f said phosphate ester additive in the suspension, pH of
the suspension remains approximately constant and conductivity of the suspension

increases.

11.  The method of claim 1, wherein during the step of preparing the
suspension of the ferroelectric particles at least one additional additive is added 0

the suspension.

12. A method of depositing ferroelectric particles on a surface of a
substrate for manufacturing a coating film or a stand-alone product, the method
comprising the steps of: )

(a)  preparing a suspension of the ferroelectric pérticles, said suspension

of the ferroelectric particles including a bhosphate ester additive
having a. concentration less than 10 volume percent in said

suspension; and
_ —
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in the %Wé)n of the ferroelectric particles. 4. The nethod of claim1,

wherein said phosphate ester additive is obtained by reX&SITHSVWEWsphori c

acid with two different |ong-chained al cohols, each of said two different

| ong- chai ned al cohol s being 10-15 carggn atons |ong. 5. The nethod of claim
.V

1, wherein saigypho . addi t.l.ve | soluble in_ a,pol ar ,solvent. 6.
The nmethod of )ai mag%\ﬂigﬁé%@[yaa%sﬁdﬁg o#lgsme%ﬁ%’é:pmlegsto& theadg:li tive
to the suspension ogurfdte of ehd Qfisate! for fOMAnE Gl @eerf HUEH e d8ERRASE I N pH of
t he suspension. 11111111112111 111 111121127111 WO 01/ 33608 PCT/1L00/ 00679

35 7. The nethod of thelsybshate. wher eby addition of said phosphate ester
additive to the suspension of the ferroelectric particles causes an
increase in conductivity of the suspension of the ferroelectric particles.

8. Th hod | &1 dighi S i
e et hod 98, ¢ %@n%ethdﬂ‘?ft@ﬁ}eﬁnaﬁ %bfégk%:?ﬁnégaﬂﬂ Qé}papg&?aus ?fe; decr ease

additive to the suspension o fefroe ric particle

in pH of sudpensiors pEtiei ferrocleddria paitioles et kast onecxalditiont) addityveois adfiel wuspensi on.
9. The nethod of claim1l, whereby for addition of said phosphate ester
additive tOF R18I08nension of the ferroel ectric particles :above an
enpirically determ ned concentration of said phosphate ester additive in

t he suspension, pH of the suspension renmains approxi mately constant. 10.

The met hod of dHai mThe wathodbyf fodimadd| twissteial sdidi corpbmeatioat of aaider
additive to the suspension of the ferroelectric particles : above an

enpi ri cal Phosphatecastar ndditive i selested fom dre grappl cpnbsingaeiclessthan sawmi tive in
th i f t i i i el { t d
Conduct s viobk pREE less diin PNEPYCIRRS Bl BRP BT 10RER Vo finkc BEPERCTT 27

wher ei n dus s4ig sidpensidrep of preparing the suspension of the ferroelectric
particles at | east one additional additive is added to the suspension. 12.
A nmet hod of depositing ferroelectric particles on a surface of a substrate

for manufacturiigy a (oalida’df Bl 3, AR Ll SrBLRM st Bl PO
functions as a dispersing agent, an electrostatic charging agent, and a binding agent

in said suspension of the ferroelectric particles.

16.  The method of claim 12, wherein said phosphate ester additive is
obtained by reacting phosphoric acid with two different long-chained alcohols, each

of said two different long-chained alcohols being 10-15 carbon atoms long.

17.  The method of claim 12, wherein said phosphate ester additive is
soluble in a polar solvent, said polar solvent includes an alcohol, said alcohol

includes ethanol.
18.  The method of claim 12, whereby addition of said phosphate ester
additive to said suspension of the ferroelectric particles causes a decrease in pH of

said suspension.

19.  The method of claim 12, whereby addition of said phosphate ester

additive to said suspension of the ferroelectric particles causes an increase in

R

conductivity of said suspension.




conpr i wotdss steps of: (a) preparing a suspension of rroel ectric
particles, s&z}?d suspension of the ferroelectiic parti ckg:g’lf‘ﬁ%?nﬁm ng a

phosphate ester additive having a concentration |ess than 10 vol une
percent in said suspension; and 13%1111 ME 11111 IN 11111 HE WO 01/ 33608

PCT/ 1 LOO 0044 9 Hh?h r ehil I | L erroelectric
particles o%(it hei}ﬁesur atgiegg{;ﬁ@ﬁg%%g%?gt%@gﬁ%%%%sgga%rﬂé,n filmon the
sur f acadditive tohsaidssuspénsidreof ths ferfdetectid pardcies cakses @ deereasdimr i Bfdur i ng t he
step of preparing the suspension of the ferroelectric particles at |east
one ad¥fid FuspemsiorHand anjacreaseinganduchvity pEsaid SyPeRSiOM. 14. The net hod of
claim 12, wherein said concentration of said phosphate ester additive is
selected fromthe group consisting of |ess than seven volunme percent, |ess

than three 90l unFhpehaBod of Aml €5 Swhéteby facaddilionrof RaIACHRYsphaten sai d
suspensi on. 15. The method of claim 12, wherein said phosphate ester

addi t i gster gdditivei torsaidasnspensianel the derreglentric pamiclss sbeyaan ampiricellsir gi ng agent ,

and a Qi.ndi. ent . _in d sphensi f.the ferroelectric,particles. 16.
The et EREHaoh Gl RHRBERG IR Rihiedn SBHPSBSR SRR, ' Corai nea
by reagdid SaspehePRadifs Afprékimately éoistadit. T f erent | ong- chai ned al cohol's, each
~of said two different |ong-chained al cohols being 10-15 carbon atons | ong.

17. The nmethod of claim 12, wherein said phosphat.e ester additive is
soluble in pol ar, sol vent, .sai d pol ar sol yvent, .i.ncl yudes al cohol , said

al cohol i n??udes % H'éﬁqéﬂdt 0&8‘%”%}2’ PP&FFF%H %f aé?‘&f-’%"% ,a“‘/\ﬂag‘-?sgb?/teaddi tion of’
sai d pRQePifhtveRt Gid sipehdion 6f the f%x?béie&ﬂé peARiRbBle bR eniphidaBg! €Ctric

particles causes a decrease In pH sal d suspension. 19. The’ met hod of
cl ai m d@ermined etnceattatidn aivsatd phosphiate ksispduditevecintseid suspension, pH of

said suspension remains approximately constant and conductivity of said

D

)

suspension increases. -

23.  The method of claim 12, wherein said green -.ﬁlm on the surface of
the substrate is selected fro:m' the group consisting of stand alone product, patterned

coating, and non-patterned coating.

24.  The method of claim 12, wherein said green film has a thickness

uniformity to within about + 2 microns.

25.  The method of claim 12, further comprising the steps of:

(c)  preparing the surface of the substrate for eleétfophoretic deposition
of the feirOelectric particles according to manufacturing a
piezoelectrié ‘product selected from the group consisting of stand
alone, pattern cbated, and non-pattern coated; and

(d)  thermally processing said green film on the surface of the substrate
according to said green film selected from the group consisting of

said stand alone product and said coated product.

MmN
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addi ti vaydeysshgl suspension of the ferroelectric particl Wﬁﬁ’ n
increase in conductivity of said suspension. 11111111 1 1J WO

01/ 33608 PCT/1L00/ 00679 37 20. The nethod of claim 12, . whereby addition.
of. said phosphate ester additive t@ggaid suspension of the ferroelectric
particles cauges. fhe ARHLAITCIAIMR B3 Whereifidhé! sRETTRRSAMyAdcdsing NCTr €ase in
conductivity of sal cf suspensi on. @3" eheel nmet hog of clai % 12, Wn%reby for
addi ti onsa;dagresmﬁﬂn ptmchhgtaesm(esmm alad@lpmoduet. $aid gueniﬁkn§gmﬂd| @rthef t he

ferroelect ticles a, bove an enpi deIermn cangentrati on of
sai d phoSp é’Eléé? &wbsgats; feptying 2 %’égg‘ L ;Iéor\é%r?mdpﬂeﬁ? Wai spensi on
remai ns ggﬁ;% g onstant. 22. The nethod of. claim 12, whereby for
addi ti on of" sali gﬁ Eéggg?late ester additive to said suspension of the
ferroel ectric part{iyl esheatib@\uad aspaaming saddigrsen filet drom tedswface eft r ati on of
sai d phosphate ester additive in said suspension, pH of _  said suspension
renmai ns approxi mat el y cepidt mardrel, featuring, o3 | sonsymalle smptgriak | teeEh¥i on

i ncreases. 23. The neth d of i, m n said green filmon the
surface of the substrat®™ Séeqa,“(‘:.de%oqe\rlﬁgé@h‘e group consi sting of stand
al one product, patterned coating, and non-patterned coating. 24. The

met hod of claim 12, wherein said green filmhas a thickness wuniformty to
wi t hi n about 2'2. mi Chemethadsof alaien 251 whereist the| stapnefi thermalist h@ﬁesé@ﬁprl sing the

st eps of ) aring.the surfac f the substrate horetic
deposi ti 5‘?(18 %‘?ff’%ﬁ%éﬁlf‘ F’é‘“ﬁ&ﬁ’f‘fgé’ %“&%@ﬁaﬁeﬁf 1& %%@féuri ng a
pi ezoel e‘s‘&rﬂc‘é ﬂ%trét@'f Sty { HRIB-LHBpakeat Bx@d Sroldifg @&dsg*r&ﬁd al one,
pattern coate non- pattern coated; and (d) therrrally processing said

green fi If'ﬂmpfmrm&:ecomprfses:meefepshﬁ substrate accordi ng to said green film

selected fromt he oup consj stin ai and al o e roduct and said
coat ed product. %SI | | FFParalng 153} qgg‘Tan feid Yy a secon poneiit of

said multi-component fixture from a first component of said

p.

-

multi-component fixture, said second component featuring a
consumable material; and

(ii)  heating and separating said separated green film from the
surface of said second component, thereby forming said

stand-alone product.

28. A suspension comprising:

(a) ferroelectric particles;

(b) a polar solvent; and

(¢) a phosphate ester additive having a concentration less than 10

volume percent in the suspension.

29. The suspension of claim 28, further comprising at least one

additional additive.

30. The suspension of claim 28, wherein said concentration of said

phosphate ester additive is selected from the group consisting of less than seven

L



* o~ ~ ~6b%316$§ I'l 1 isl~a WD 01/33608 PCT/1LOQO 00679 38 26. The method of -
claim % erein the step of thermally processing sai d®GFHESNOIGTP m
according to said stand al one product, said green filmfornmed on the
surface of the substrate featuring aggrandrel for holding said green film

further ' e of (i) heatin nd .separati said green film
fromthe 05“ur¥éécr§§l(§)’f ﬁgs%?%%ﬁ&?@ﬁef%eéfﬁ’i a%‘&al Ssc%ﬁ@ﬁﬂ%ﬁ?@%?aﬁeé?e{"gl . thereby
f or m ng i teGuspeasidnal one product. 27. The nethod of claim 25, wherein the

step of thermally processing said green filmaccording to said stand al one
product, said green filmformed on the surface of the substrate featuring
a nulti-conpanent £Lixture for | di said.green, film further conprises
the steps of gq(i ) SEPAFBTFHY %tgﬁaﬁmb ?gewﬁ?ﬁe}nﬁﬁglpﬁowa}f A ponent  of
sai d nMulfimctoAYROR Apedsing dgeft %em&ﬁééh&@f{gagaﬁ} arfl a Bidlifhg agent
mul ti-conponent fixture, sai d second conponen eaturing a cc?nsumabl e

mat er i alof saiddertédlyctiiepartiolgs imthe sespension.ng sai d separated green filmfrom
the surface of said second conponent, thereby form ng said stand-al one
product. 28. A suspension conprising: (a) ferroelectric particles; (b) a
pol ar sol vent3y andpyeS, : 4 i : tration

| ess than 10 vol une p(sa %ﬁ?ﬁ%ﬁlﬁe@@%@eﬁg%ﬁbngséﬂae%héégggg%gggfsgn of claim
28, fur tdbtaineoby rreadting pliosplearidt acidewith ddiot diffeednt dong-thaiged 3alkohdlee
suspension of claim 28, wherein said concentration of said phosphate ester
addi ti véeing sl yearken atomsleng group consisting of |ess than seven WO

01/ 33608 PCT/1L00/ 00679 . '

33.  The suspension of claim 28, wherein said bhosphate ester additive is

soluble in said polar solvent.

34.  The suspension of claim 28, whereby addition of said phosphate
ester additive to the suspension of said ferroelectric particles causes a decrease in

pH of the suspension.

35.  The suspension of claim 28, whereby addition of said phosphate
ester additive to the suspension of said ferroelectric particles causes an increase in

conductivity of the suspension.

36. The suspension of claim 28, whéreby addition of said phosphate
ester additive to the suspension of said ferroelectric particles causes a decrease in

pH of the suspension and an increase in conductivity of the suspension.

37.  The suspension of claim 28, whereby for addition of said phosphate
ester additive to the suspension of said ferroelectric particles above an empirically -
determined concentration of said phosphate ester additive in the suspension, pH of

the suspension remains approximately constant.

N
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39 vol umwoer/xeed , | ess than three vol unme percent, and | epgrirdvaoease Vol ume
percent, in the suspension. 31. The suspension of claim28, wherein said
phosphate ester additive functions as a dispersing agent, an electrostatic
chargi ng agent, and a binding agent 40bf said ferroelectric particles in the
suspensi on. 338. Th&hs yaspensionof clhint28)iwherdby fuhaidaion cfaaill pHosptpltat e est er
additive is obtained by reacting phosphoric acid with two djfferent

| ong- chatsteadditivete the suspasisipg of Gaidsferraglentric pamigies abeng agempirikalls uspensi on

of clai . i i h ster jtive i Le fn said

pol ar so V%F,’P%‘EP?“’%%%S&? g&?@ E%gﬁgpgl?t%ce%%r ﬁ&gg‘,'e Wntg? ggsy egsgérl&!ttbl}gﬂf of said
phosphat e s§iefsion dethdiby 8ppréxibiatly BGREMS tNcdtidusivi§y Jfahé egpesasion ¢ particl es
causes a decrease in pH of the suspension. 35. The suspension of claim 28,
wher eby WaWR¥dSon of sai d phosphate ester additive to the suspension of
said ferroelectric particles causes an increase in conductivity of the
suspensi on. 36. The suspension of claim 28, whereby addition of said
phosphate egger afdifrbl@niOfilnh8r BotiBARAPRY &Ecn%%h_@refi@ilry%b_@ﬁﬁﬁg c particles
causes a decrease in pH of the suspensionand an increase in conductivity
of the siesoeketrigrparcles dher surfpensfi orsubdtraty, from 28 susphmsiabyndhwdingaddi t i on of

sai d phosphate . ester. additive to the,suspension of i.d ferroelectric
part i (I?I eg"'%&g]ﬁ%cm%’ﬁ RO §7°lv8‘§t apian Sggaﬁ?:éﬁtﬁ éﬁ&‘&ﬁe JBVIEi 4 phosphat e

ester addiobifution sk taADRRIEROPerodiinPlaid hliferdigapensi on remai ns

approxi mately constant. JR RS FTTT11 TT 11111 LMs 1o, W

01/ 33608 PCTIILOO 00679 40 38. The suspension of claim 28, whereby for
addition of sajd phosphate ester addjtive to_the suspension qof said
ferroel ectri c%art?’é‘l g%"’_&‘@_ﬁ‘&’é ﬁﬁ" %Fawb‘?dryi ‘éfaqeiiuw 3§}e‘f’%q‘ﬁ‘?‘ﬁgﬁl SEPRBEM r ati on of
sai dphogpiat Rofated 1880de AtBidoRalldaBieRSPENsi on,  pH of

4]1.  The ferroelectric film or body of claim 39, whereby said
concentration of said phosphate ester additive is selected from the group consisting
of less than seven volume percent, less than three volume percent, and less than one

volume percent, in said suspension.

42.  The ferroelectric film or body of claim 39, whereby said phosphate
ester additive functions as a dispersing agent, an electrostatic charging agent, and a

binding agent of said ferroelectric particles in said suspension.

43,  The ferroelectric film or body of claim 39, whereby said phosphate
ester additive is obtained by reacting phosphoric acid with two different long-
chained alcohols, each of said two different long-chained alcohols being 10-15

carbon atoms long.

44,  The ferroelectric film or body of claim 39, whereby said phosphate
ester additive is soluble in said polar solvent, said polar solvent includes an alcohol,

said alcohol includes ethanol.

-
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t he suspension remai ns approxi mately constant and conductivity of the
suspens &1"1’33 reases. 39. A ferroelectric filmor body PETAE0/00679

el ectrophoretically depositing ferroelectric particles on a surface of a
substrate, froma suspension includijyjg- ferroelectric particles, a polar

) : 24 : , '
sol vent, and phogsphat e .ester_ addi ti:ve_having a, .concentration_| ess than
10 vol une peﬂgentolﬁﬁ %?‘%!e@ﬂ‘éﬁgﬁé’ir@ﬁ@Q@.la%égﬂé’F?@BYé fipr of 53ich or body of

claim3 el ; NSk 4 her, L ncl uges, af : t addi ti ona
Saai 11 - BuolfpfeCblied B6GIBUP ABNSAA husrfellibh s gf@c%féaa?émlég,gﬁm%fe)?%gy sai d
concent rsaspensionf sai d phosphate ester additive is selected fromthe group
consisting of less than seven vol une percent,: | ess than three vol une
percent, and | ess than one volunme percent, in said suspension. 42. The
ferrootectr! gl || PuireGefiedit afhd Bod) or Yafh 98Y whllet BEBRBRBE Guigester
addi tive functions as a dispersing agent, an~électr atrc chargi ng agent,
and a |lphosphae eterddditivestoi sdid Susperdlicic tduses P indrédse Sn icondwitidity WFpPensi on.

43. The ferroelectric filmor body of claim39, whereby said phosphate

est er ad@idtsugRensignobt aj ned by reacting phosphoric acid with two different

| ong- chai ned al cohols, each of said two different |ong-chained al cohols
being 10-15 carbon atons long. 44. The ferroelectric filmor body of claim
39, whereby s@id pfHeseRaélectrie Hiflordddy bf ¥Rirh 395 ¥heRkbe allditisiof sial ar

sol vent, said polar solvent includes an alcohol, said alcohol includes

et hanol :phesphate) ester additiye 1to1said isuygonsion 3@ees PClIreasxyiooptioof sdid45. The
ferroelectric filg1or boqg.of ﬁlﬁjn]3z .&hereb$ addition of said phosphate
ester adUfRYR™ AT & {§TE BHW? BAvAY o4 sud suspssialis o pH of said -
suspensi on. 46. The ferroelectric filmor body of claim 39, whereby

addition of said phosphate ester additive to said suspension causes an
i ncrease i n ddnduckhevietrpeleétric Slindorshaslyenfsilaim 39, Avherehy fograddsionaifric fil m or

body  of --s%.{da Ilvh%sgl%te ester g&ﬁﬁ\?ed gclga{lg réué)pfensslcé}rll %bove an empirically determined

-concentration of said phosphate ester additive in -said suspension, pH of said

- suspension remains approximately constant.

49,  The ferroelectric film or body of claim 39, whereby for addition of
- said phosphate ester additive to said suspension above an empirically determined
concentration of said phosphate ester addifive in said suspension, pH of said
suspension remains approximately constant and conductivity of said suspension

' increases.

50.  The ferroelectric film or body of claim 39, whereby said surface of
the substrate is selected ﬁ'om the group cbhsisting of a stand alone structure, a
" patterned structure, and a non-patterned structure. " |

51.  The ferroelectric film or body of claim 39 having a thickness larger
than about 0.2 micron. |

52.  The ferroelectric film or body of claim 39 ‘having a thickness

uniformity to within about + 2 microns.
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phosphat avest/aseesaddi tive to said suspension causes a decrgapf ol of said
suspension and an increase in conductivity of said suspension. .~ The
ferroelectric filmor body of claim39, whereby for addition of said
phosphat e ester additive to said susgiznsi on above an enpirically determ ned
concentration of said phosphate ester additive in said suspension, pH of
said suspension remains approximately constant. 49. The ferroelectric film

or body of cl&¥m 38he feaelastrictfilm erchoidyiof alaish 39swhetebhaesptget partide er  additi ve
to said i ve an.enpifically deter.m ned concentration of said
phosphat gﬂégf%?ag%@?@%@ﬂaﬂmgegilﬁfeﬁ}gﬁ%%@ug MGt said  suspensi on remains
approxi mately constant and conductivity of said suspension increases. 50.
The ferroelectric filmor body of claim39, whereby said surface of the
substrate i s 8&l ecThe farrasiactricefilr oupodyootsélaim 39 hafving = filndhiskmese structure,
a patteéalrxlgedéﬁtr%ct uie and a non-patterned structure. 51. The

ferroel etAFF &30 400, mEﬂ‘)dy of claim39 having a thickness larger than
about 0.2 mcron. 52. The ferroelectric filmor body of claim39 having a
thickness wuniformty to within about f 2 mcrons. 111111112111211111J1 11111
1T 111 * CL ST | INUW 01/33608 PCT/ILOO 00679 42 53. The
ferroelectric filmor body of claim 39, whereby average particle size of
said ferroelectric particles is |l ess than about 1 mcron. 54. The
ferroelectric filmor body of claim39, having a filmthickness |[|arger
than about 1 mMmm ~ s w



