; €3eSNNO, QLXxQR6RTS0{ , HETEROLAYERED FERRCELECTRI C THIN FI LM5 AND METHODS OF
FORM NG SAI YIE FI ELD OF I NVENTION [0001 ] The present invention relates to
het erol ayered ferroel ectric/piezoelectric thin filins and the nethods of
form ng the same. BACKGROUND [ 0002J Lead-zirconate-titanate (PZT) thin
films are technologically inportant and useful due to their excellent
ferroelectric and piezoelectric properties. They exhibit |arge

pi ezoel ectric coefficients, large polarizations and desirable dielectric
permttivity. Therefore, PZT thin filns are enployed in a wide variety of

t echnol ogHENEROLMEPHEIOFERROEBE COM CSHAINITLIMS RindS ;@fi‘.’?fl‘dl‘j‘ﬁf?ﬁha”i cal
e ter

systens, dynam ¢ random access thml'l\@s apg non-vol at roelectric
random access nmenories. [0003] The crystal structures and hence the

ferroelectric and piezoelectric behaviours of a PZT film (i.e., Pb(Zr;

~Ti ti _xX¥PB).pane 188ae0galy on the stoichionetric ratio of Zr/Ti in the filin
(i.e., xI(1-x), hereinafter referred to as Zr/Ti ratio) (B. Jaffe, WR
Cook and H Jaffe, Piezoelectric Ceramcs, New York, Academ c, 1971 ). They
al so va fit h : - ratur RZT .of a | ow
ST T OO o HETRERL el AR e e SR SR BB TR o o1
or t hor héilrh$ endothe mintimels off fetrrh g thdepeasdi ng on the value of the Zr/Ti ratio.
The ferroelectric and piezoelectric properties of PZT thin filnms are al so
dependent on the filmtexture and orientation. [0004] Several processing
techniq used to formPZT filnms, including pul sed |aser

deposi t%&?ﬁ@mw vapour deposition, radio frequency (RF) sputtering,

sol gel processing, and other chem stry-based processing techni ques. Anobng

these 1 chni qyes, sol -.gel pr ssing provides flexibility in
control i‘?“rffﬁt nd PR ORIl é‘&ﬁﬁ’ | eh 30 aai dechiolagisally éﬁ’jﬁ%l’tﬂﬁél gnd
I nexpengiefel ddeQOQ8dir LxbchedtYiB6§@bctSOLndBle-BEOGES rdcgg legzirh%é‘{ﬁé%t iea@e a

precursor solution is prepared and then spin-coat on a
subst r aPEzodeftnC sepedlidieien lavgs epolaizativhe rande dasitables ubsitetrt eperafitt@itiyher

singl e & al_or tal substrate Th recursor filmis
then batnytiite KT B BN BleoonMoy BFISCS 3l BeR F e flo B 5 dehinans pzr
| ayer oapplivatisisbstelatas. inlhaicsddleitlonieehanchl PSHRRA! | @malfic tABASESHdinNg PZT
thin f Ins can bﬁ varied to a certain extent by using different substrate

mat er | af%§MOES}. an[ Spayeletileizmroelertricaanfiogt anseespnerasdies [y from a singl e
crystal substrate, which often dictates the growh orientation of the PZT
film Spooxl diddeientsudonant : 10.PZT thin films, in
order to téiﬁl or tehcg{/r sstruct?é&razldgﬁ &eﬁggﬁﬁﬁhgﬁéf cl’%és%.%c[% 6589 he

el ect ri ehd Pl dper (iice sSPEr 4T Oh) arefdepersienioon the sfoicHib@etric TREOBE B/ Y in

deposi t 1ng-,PZT | ayer _.on a specifically i.gned functiaqnal |ayer. For
exanpl e%he%ilnﬁ%.g.,gi{gﬁgs %ﬁﬁagﬁﬁ}%@g&gia@%@gﬁt@ﬁ 43 Wik-Copk a3 buf f er
| ayer ofaffet BikzdetREld TceinedN NakPRaye i ri o] i i hin
film(Q %u, HE Ruda and ’BN&W\}%&?@%%%T %ﬁ%ﬁﬁ‘é{ ta?s;% %‘?P %3‘1,
p1282) . lPuoTrreVier eappity ehtdoohigmpprETue] FET ef hilbwtZrikicdtie isetrngaal in

ropert| C e by several existin echni gues, there is a
Dot op ERuBRtER e RRERLPE Bl R oot orib 21 HiPhqehedieh depindinti ot have
i npr oveth o1 ihesZ@Midrafe! TRE FerkdtledQE Tha & et AR
I wEl\ﬂ'l E@ellﬁm[ug(%& The i nI;?enti on %r ov? des@g@%ﬁzgggﬁgﬁr%d” PET hiE

f er r oel BEET € AP depdentqy the filmiextiterandiorisntatipr.oved el ectrical properti es.
The heterol ayered thin filmhas at |least two different |ayers of

f2er roel prodjC "RY&L] BloRessHCRoRTqlck hadvBRES u8ld fo B! I]-f’if"rtﬁ&ts, ?n%mgl?nsgl tions,

pulsed laser deposition, chemical vapour deposition, radio frequency (RF) sputtering, sol-

gel processing, and other chemistry-based processing techniques. Among these

1



adj acent to each other wherein one of the layers has a rhonbohedral crystal
structure and the other has a tetragonal crystal structure and the |ayers
exhibit a preferred orientation normal to the filmsurface. The

het erol ayered thin filmcan be highly oriented with a strong (100) film
texture. [0009] In one aspect the invention therefore provides a

heterol ayered thin filmhaving a generally flat surface, conprising a first
ferroel ectric/piezoelectric |ayer having a rhonbohedral crystal structure;

a secongschRiane, aet-LhiehRl | | 3 | ac .saj,d Eirst |ayer, and

having a telltagagonalrbs céystg%?’%s@?ﬁ@te%rdg%@%%aﬂ (?05?1% T g’@cghﬁ%?’ﬁ%@dhave a
pr ef er r €dclorsg andis dso midtively-insdipsngies.mal to said surface. [0010] In other
aspects the invention provides nmethods of preparing a heterolayered thin

filman {d4TB en e. by nethods of the_jnvention. In one aspect, the

i nvent i _g%é%élovi fé\‘heas‘yaggrg%“ééi IFPoasd Gl it aipasrrson seltion fsiprenared

CONpri Shik@ thék shiflchiRd b hiduihbIPrRRMS0 subRYE" si 'foglaglaf}elrogr. 8L Seramic .
crystallized into a rhonbohedral structure of a terroeleciziclpiezoelectric
mat er i apubshrates gk either shigle ¢riysigk onpodyuysaror nasyarsubstratdsoThe BeecarssEARN 6

| bl f. bei tallized int .tet | st t
0f o sl Kl ARRRRCe € REhDBEHENE nfb@riafomaliond W7 T of i sor
layer; gubshakel MtheSsiuduse sQNEroREEEHEEME réANR]g BET .ﬁnﬁ HIRE .rc:%& Pé Sarfdlf fl £l ent to

crystallize the second precursor |ayer; e. annealing sai irst and second
pr ecur s6¢rtaimpEieat by ustigndidferany subsitialezmdtefinlsnFof 0Bkhed, PAT Stinecanpodi nent s,

the filmis;: fil. nd the .invention al so,.provides a nethod of formng
a heter (EE) lg@%aﬁygg%—ne}aédi dﬁlrggr 5’?1%?5%1_)8{1‘?%61&'&{%1 (?H_Efﬂlgtﬁe? ﬁ}fe EORBR cEEHatomot f or ni ng
a first ieRCTdar Shay digashaiophig hE/d albaybdiadics e PG ahid ﬁ’l‘}rﬁ}’lrﬁm‘a&

PbZr xTi ~z _x0§$,mhere|n 0.52 < x <0.9; b. baking said first precursor

| ayer; & BT Helgiasusand dqcricel pogeitiesor | ayer, a second precursor | ayer
cont ai ning PZT having a chemical fornula of PbZryTit~_y~03, wherein 0 <y <
0.52; diodudyi naridlebobRAPRORIRAUES YT BN iRl Baf BIPRIALMESRNEL 8] et To
crystallize the second precursor l[ayer; e. ‘annealing Sal R &S ﬁ@’second,
pr ecur s€epdsitingr BZT dayeyrom @ specyfatily| dezigded flmtioRal lay@01Rdr Adwi,agagys! y and

et oot et sHREr Bat BnobBinkd 12T Tl Rifho P o fovaiieh dayen perioh smeatpmat f ng
crystal oat inbué eflectROFBherfbISr PAPYIGh FASREE Yoy, hgﬁ%ﬁ%@.ﬁ@%@%ages of
rarnary Ski I n

the invention will becone apparent to those of e art
upon r exiPeEBYs et /81 RO, né2&%dscri ption of specific enbodi nents of the
invention in conjunction with the acconpanying figures. BRI EF DESCRI PTI ON
OF THE DRAW NGS (0014] In the figures, which illustrate exenpl ary

embodi mfiG]of Whée iconesnitional, PADGLES ckhiGit gholiScl@ il rcséi&ﬁ\és%dacan %e
het er ol alyere Lhi n filmformed on_a substrate; [001GZ37 |G 2 1s a block

di agr anPioPPget PYt SHG priseRs seshiiauesr dharg & henerd tay edetlapig tivival fi | m
(0017] Rlefdeicdiriabsoottctty utth AHACH:P habd 3650l pibPEreEs Ul SEEDYs for

het er ol ayer ed
forming the same.

SUMMARY OF THE INVENTION

[0008] The invention provides a heterolayered ferroelectric/piezoelectric thin film
with improved electrical properties. The heterolayered thin film has at least two different

layers of ferroelectric materials, such as PZT layers of two different compositions,
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films, where (a) is for the heterolayered PZT thin filmconsisting of two
alternating PbZro, gTio.z03 a~td PbZro, zTi 0,803 | ayers prepared in
accordance with Exanple 1 of the present invention; (b) is for the

het erol ayered PZT thin filin consisting of four alternating PbZro.BTi, ~. ~03
and PbZro_ZTi ~.g03 | ayers prepared in accordance with Exanple 2 of the
present invention; (c) is for the heterolayered PZT thin film consisting of
six alternating PbZro sTio =03 and PbZro, 2Tio_s03 | ayers prepared in

accor dapge,. W resent, invention.. (001 [ 4A to 4C
Show ¢ hadpest %J;?@%ﬁ)éé %‘hhéé"?’geﬁ"té%‘?%‘%fﬂg%ﬁ? hgs B ahalear |°5XF241§E“%$ 34 s of
FI G 3, tircestherclias\eelelragddD d9ktalbituct@re $haWhe 1dyerstix@IRCE blFePiOPgEHAtRD Oof the
hef er ol ayereid PéT films _of FIG 3; 4 [O'OZQIJUDH G 6 is scanning electron
mi cr oscBP@a adhe fhgkantars dhedivtcroyemd thiat @l cay be dugtby Prichiedswidh aFi g. 3,
show n i.on and surface texture of heterolayered PZT film
consi s?f%%ﬁgo@bgfﬁln‘;ﬁ%{edrrﬁati ng | ayers of PbZro, sTi~. z03 ané PbZr o, zTi ~, 803
prepared in accordance with Exanple 3 of the present invention. [0021] FIG
7 shows [A0{8]e| dment abpedethe inyentén therdbretthevidésa atretgtay eliadiliidhyfig m of

Fig. 6; [OOZé}j FhG; 8A and 8B show t he ferroel ectric hysteresis |oops of
two mul #i $RFEIN B furface msomprising ¢ Ayst &Wﬂﬁkf?@w&?@e}e@é}y fayer haydng a

mul ti | aypmashhBdrhl ERsthi fothfiret ONSdcah i i0f Qedhl | Qig? 03,
prepared in accor dgyr?ce vaith ExarrpcﬁgaZggggl%ﬁ%&ygireésegénctﬁn?rlla\')'ePG%‘irug%%Ta‘g%& (B)
hyst er e§irst laysopnd davinpe tewdgonhklagrgsteldstRETure hiTheflirknandcansid layeg lefvesi X

| ayers of .PbZrp.zTi.o sQ3, pr.epared. in.accardance with Exanple > of the

pr esent Pfeﬁ?}’é%’t‘?r%?ﬁat‘ﬁ%ﬂﬁ‘t%“b%%ﬁqﬁﬁrﬁ%ﬁls‘é“?HE | NVENTI ON [0023] Fig. 1 (not
to scale) illustrates a heterolayered thin filin 10 formed on a substrate

| 2. Fi | ppa@]hashatigenepatd thefithantisH piava@es! Bethbdd 67 flépdiy £ h&elANRES Of
fcrroelecgtric/piezoelectric materials (the term

" er r oeftéR fipEngifibps sihee made by waatbeds1fshe Hvertean. tlo cge sepdchdharaventical s t hat
ey 1 CPARRIES hlof T BhARGS! BABISL REAPRIL KRR )eolllind: Lo fARALY FLY " @

structures, 1. each pair ayers hav

st ruct upsssurshayeyes dapableeof heirpohegtalizednthib ay ahsmbbhairg Eeidtagopala The
crystal str&xﬁc}%}lures of film 210, i’;}re gtr_ongl_y textured with a preferred
or i ent afSERFISRIIAPISZOSIECE I Biafraialic By baldng ispidnfitst precaiesor dayath swdoming e ( 100)

preferregdopdi ;ﬁéﬁu@i&rqa}er &?@bﬁs e(;fnbéliﬂé ?cfrﬁ’teﬁﬁgerp fﬂtﬁ_’l} ?ett]iaggﬁal ds?ﬁlg{ulré) oF alany
ys tron, as

detectable preferred Cr al growmthin certain direc or exanpl e,
det er ni Fevend Byrrealedie pidaededttie dudterial e @idfpdtaeecrf2id}eryii bakinkxsaldayer s

are depict in Fig,1 filml0 may haxe | ess or re.layers aid the |ayers
may be PR afR drves et el SR dSen i s5wlibe gpe (G piggursor

al t er natlaysg ebannehiinSdasd fi@Nend REbROPRBIrsbANRIrs dPfortlaA¢ GRA1ILY fint hombohedr al

| ayer 14. However, as will be shown below, filns having nore (e.g. siXx

| ayers) @ﬁgr nating layers exhibit particul arly advantageous properties.
[ 0025J pi dbéame epibodinests. thy fHeeie R4l §lmend hednvientip also phondeshedr al
|l ayer 14

substr at g?e%m iylﬁ g{q}lle{r?gé]%ﬁrgﬁd;%%% kg%c?oglﬁt]eﬁg%@e @?F@gihig ‘g?%pgsi%’&é'[] (raat e 12
can be advARRAERYSHBRRMIIR/t boldiaittdd B2F BvihDE kAN BRALE TR0 ent ation.
03, wherein 0.52 < x < 0.9; b. baking said first precursor layer; c. forming on said first
precursor layer, a second precursor layer containing PZT having a chemical formula of
PbZryTi(1.503, wherein 0 <y <0.52; d. baking said second precursor layer at a
temperature sufficient to crystallize the second precursor layer; e. annealing said first and

second precursor layers to form a crystallized film.




[ 0026 Suitable ferroelectric/piezoelectric materials include

| ead- zirconate-titanate (Pb(Zr,Ti)03) (PZT). For exanple, a rhonbohedral

| ayer 14 nmay be a Zr-rich PZT layer while a tetragonal |ayer 16 may be a
Ti-rich PZT layer. As the termis used herein, Zrrich PZT refers to PZT
havi ng the chem cal formula PbZr, Ti~~ _x)03, where 0.S2 < x < 0.9, and
Ti-rich PZT refers to PZT having the chem cal formula PbZryTit~ y)(O3, where
0 <y <0.52. As is known, at roomtenperature, the crystal struchnmes of a

Ti-rich are and the.crystal structures of a Zr-rich PZT are
r honbohggrﬁagl. V&ﬁﬁﬁeﬂé}{%ﬁg&%laﬁgsﬁg@r@%n Kp r@y[ovgfﬁ%/ arg gepepisd oloy S Rave
found t heteroMy@redx &droBleantid/pichdeRctritefile WaOhRYE IR RAT1d/Ris of hitdiRatfgr Med
exhibit particularly strong (100) preferred orientation. As is undérstood,

when a PZFHaLYREHEFYi on has a high Zr content (i.e., 0.9 < x < 1) it
exhibits an orthorhonmbic structure and is thus not suitable for use in
either layers 14 or layers 16. [0027] OQther simlar

ferroel {8013Jc/ phdEpabed taspets et Atiealand Mushags JI0hé VavedobA 3vill h@omexanpl e
Pb( Myl i 3Nbz~) 03, Pb(Zn, Nb) 03-PbTi 03, for exanple Pb(Zn, ~3NbZ~3) 03-PbTi 03,
and Pb( REpa@ dathessop srdingy skillapsheaypan rgvigye o8 ihesiobpwingadesprigtionl ofo be

used to : : ve the sanme or
differ eﬁé&mﬁ %ﬁo@é@gﬁ#gﬁfh{e ﬁcelnégrgéggo%aélliwﬁtg&@&figgwgﬁﬁve%ar y, for
exanple, in the range of a fewto a few hundred of manoneters. 6 [ 0029]
Subst r aBRIEF RESCBIPARONSOF (IHE HRBABINGS e known to a person skilled in the
art. For exanple, substrate 12 can be silicon. The surface of the substrate
can be pre-treated. For exanple, it nay be advantageous to use a

Pt - pass[0044}d dhlthehgureqdiich NubthitdeRimplayemboligents d08e Mehfiod, hi ckness)

can be deposited on the silicon surface as bottom el ectrode. Further, a
thin Ti r :-50 nm thi ckpess al so, be deposited on the surface to
provi de[@yédhi[l%ﬂ IF gyl iRy 85\? ﬁﬁ%fg%er%@p.ﬁlm foRP#d Py spbsyRies) 02 (~100nm
in thickness) may al so be fornmed between the Ti |layer and the silicon
surface[dm )r evia®. Misf{ vpbRiRa | er

possi blt[a Sl?g_st_itut es can beIarf%?éﬁgfl@éﬁagg%g?gfegﬁg?rtaﬂr?‘lﬁgg%hagg%tﬁ%éa 203, MO
and SrTF83 thipdileiit her single crystal or polycrystalline form Suitable
nmetal substrates include brass, platinum titanium stainless steel, and

the Iik [-Q03Gk T I ge hesion i th t fil nd pro surface
fini sh, Ebtar;lg(i s u&%lgégj gr¥o ssu%sfl fgﬁgra%gonngr?/ceﬁe%@%e Bﬁ&ﬁ%%ﬁeﬁla&ge@?%’rbe
appr eci fitreg), widré ru)ois &mmimmr@lagﬂerem@zrreaﬂahtﬂlﬂ;gcciﬂsisﬁhﬁr&‘pt%t hRSndtRy be

affecte he_surface chem. stry, norphol ogy and mechani cal properties.
Thus t hgbg‘%éi’@-éo?oﬁnda%?’@e@ﬁﬂﬁgu hyersarepased i acwédaﬁiﬁqemﬂaﬁmgpbhieggﬁmct ors
into ac ; il i r m : Ltabl e.

subst r af ook ol 07 RO GO BT TR DR yb P Bt ldufinge 1
nor e dePbddsBiet@nand RbZinTiepDo tayetsquepated touaroedhnchatitthBkanpleay of €@ t hi n
film10 exhibits.excellent ferroelectri¢c and djelectric properties, such as
1 hi g PEREAHETOR 4] 501 81 DsTaleNTgh oo o EoRuine: S onekeseigant . | 1
conpar i BBz, Wi, O Loy 8p%i, o1aLo] efeR £d $n BéloRd sl ntional
P 111 el A et Be PRt B ity PP HEARRR £OMUE
enhancepspgnt iyepdtar i zati on in heterolayered film 10 is believed to be due
to the field-induced stresses and the coupling effects anong the | ayers of

differe yst L UCt LW LS known,, the lajtice.constants of a-axis
and c- atgog%:'n tlgtbr' E&ﬁ%ﬁﬁsﬁﬁzﬁﬁrf”éegoglpctgl&.}gs%é?spo R of ﬁlée ﬁﬁ?@\tlaryéfeg such.
as Ti - r PED AT oAFBGO3)Iryspetingdy;| y different. Wen an electrical field is 7
applied in a direction normal to the filmsurface, a strain is induced in
-the rho I&?dral é %yer (such as a Zr-rich PZT | ayer) due to piezoelectric
ef fect . IUA®L sdG 5 shAws he dislgetsis proresiigsraldhs betemlayemd BADAYms nEFMGr f ace of
the adjgcent tetragonal layer. If the tetragonal layer (i.e., Ti-rich PZT
| ayer) 1's (100) orientated with the a-axis normal to the filin surface and
the c-axis parallel to the surface aqg a conpressive stress i s induced
along the surface, the a- and c-axes tan swap directions with each other

t hrough tiny displacenent of atonms within the unit cells under the
conpressive stress, because the difference in the lattice constants is
small. The reoriented unit cells will have their e-axis directed normal to
the layer/filmsurface. This reorientation of domains thus results in an

i ncreased polarization in the heterolayered thin fil mbecause the

pol arization direction in the tetragonal l|layer is along the c-axis.




[ 0033] As can now be appreciated, it is unnecessary to use the sane
ferroelectric/piezoelectric material, such as PZT, for all of |ayers 14 and
16. Layers 14 and 16 may include both PZT and non- PZT | ayers. For exanple,
all of the tetragonal |layers 16 nay be made of PZT and all of the
rhonbohedral |ayers 14 may be nade of a non-PZT material. However, when two
or nore different |layer materials are used, the materials should be chosen
so that they have conpatible crystal structures and properties so that

desi r ablrgosat er i @n:.a pLii adj acent, |l avers will,gccur to
achi eve [ﬁzed]( logfé'p?e%se?%ggﬁgr%%n§ at ?‘g%\%g(%g’ ep‘?%%é? 3%‘?%'? ﬁrﬁﬁ’aﬁ’ggd(’f the

pol ar i z&eienrlayered PETs{inegaf Fig. 8 i shgwirie tiRac@syTéctibh alnd SBBe Agtilé Tofof
differe%% %ﬁgfos'hgﬁps for hoth layers 14 and 16 can_be advant ageous.
[0034] & eé‘ifL: tHmn cpsisingueh sk aliemefing laxers vl PEZAedioihs t ang

fol | owl 17X eIROIpipRlcA P acordtiE: HEh EAGABA3 Arife g&%}ﬁ%ﬁ%ﬂﬁé&&. pr ecur sor

| ayers are Sequentially formed in alternating séguence. For ‘exanple, a

r hombohedral precursor |ayer can be fornmed on a substrate and a tetragonal
precursor |layer fornmed thereon. Mire specifically, a lieterolayered film
can be {@02d bWIG.F stiomg the gementabdupti myodite of thé sik-heterolayered PZT film of
ferroel ectriclpiezoelectric material capable of being crystallized into a
r homboh d&éﬁ 8 structure and adjacent this layer, formng a precursor

| ayer with a second ferroelectric nmaterial capable of being crystallized
into a {gezAR90 S fq b S ngggr 1 t he
ot her legtyerz.a mngi%fgé %ga g?gihl?r-ﬁgglf flblrz;;é/%al?égﬁ?rgl;ﬁg%ﬁl? g‘?ﬁg r-ri Cﬁu%&%ﬁ t he
ot her miy.Tdmsavherti(A) iichysRIgis ladpifen tho aluliinpaed RET thimyiins cwayisting of

advant ageously b rmed to further inprqve the ferroelectric properties of
The r eodrt PGSt 1) RPZRESIQY diSPATTE i AHERTEReL B o ATPIE ry 6F dhe PEam i 1 { .

[ 0035] Tiovehtis;ad (B Isuskleads, o6 R XRSRTIN RSIOCEP thiS 20k %nsﬁsﬂzi'hg‘o@gixa
heterol ayered PZT thin filmis described beloww th reference to Fig.

Wil belbiFE Ho0Ewd halerirenraehin, acpprdancs svitpbxannle fof dhaproseatiinventfom m

het erol ayered thin ftins with nore than two alternating |ayers. [0036] At
S22, a pPEreAnD pree i hWeiang Zr-rich PZT is coated on a
substrate. Zr-ricli PZT é§§3H§&%§$H§?§k§g§F€Hit,_~~03, where 0.52 < x <
0.9. As discussed herein, form ng a rhonbohedral |ayer as the initial |ayer
(meani nf§093d | aFigr latohdentalohdlustuitss mahe}robeyarddethad idmt B domsedasn i
facilitate he, desi r orientation of the resulting film A suitable
subshat éul?sgra% E% glj s?@e&aéda ﬁeﬁrﬂl&ﬁ f%éfsé‘f: ?‘Cel'ﬁg' i &fi’-lf“r AP Psesir BYPrssef uti on
may contatdelebirio/pictoeRéiid Rskants ohe 4brh I EhrdAkiridroN e‘?éotrié’hﬁ'laté?l\éWES()r s have
found that the preferred orientation can be significantly weakened if

Ti - ri chusEdTlq gesaribpsmatgrals nthay have fgreaclectie sud piezosleatti bicparies) asitr

bet ween isri PZ1. | ayer. ich facilitates the

For mat 1 Akt Shyse Sudeel s b St B, St oot i, s, W83 A0 e

pr ecur setructaiesit Loyersrald lage ahanboleatalitidn 1386 ¢8NaketepREaianednbYeryinsi Ng
different co opﬁg%é recursor solutions. For exanple, appropriaté anmounts

of | eadSHEAWEY 8 glydeptored vgith ¢ pecfereadorigneationswith) z-axismeomalum
( 7 . . A
ot op SRR A it 38 < BL0B) bEABLUDREESNGS” Phe bt biEHAL o1 v

in a subtiedthiéond odeseniltes sanyhddectableriprdfenrel ofysal Rydwmeingtaredl dreammetthy| et her
(C3H80z) and acetjc acid. The volunme ratio_of ethylene glycol nononethyl
et her o%’éﬁm & i%r‘f{emdgﬂﬁ‘l{g}éoq semRed i McEraeme to 9 6. The PZT

precursor solution may al so be prepared in other suitable manners known to

a per sofogad]! | e@hild sixNgydé bhrel QBRI FNGio! £ Htind ?@n&%%@@%s@&'r%rgzle}%%h of

| ead acetate, zirconium propoxide and t1tanium i sopropoxide I n

pr ecur said Bsllueromar ha dféeredtlycarraaged! sbriomg 4shEind @8 haeat isisobed aberatinigc
conposition of the resulting PZT | ayer. These cal culations can be readily
carried out by a person skilled in the art. For exanple, for formng a

| ayer containing PbZro, HTi 0-z03 (referred to as PZBOTZO), the concentration
ratio of Zr and Ti in the final solution should be 4 to 1. If the layer is
to contain PbZro-zTio.sCs (referred to as PZZOTBO), the Zr to Ti
concentration ratio should be 1 to 4. However, since | ead can be | ost
during heat treatnment, up to about 10 nol % excessive |ead can be added to
conpensate for the expected |oss. The anmount of excessive | ead may be

cal cul ated based on the anount of |ead calculated fromthe desired PZT
conposition in the layer to be forned. [0039] To prepare the PZT sol

sol ution, Pb(CH3C00)z~3H20 nay be first added into the solvent. The
solution may then be heated to and nauitained at a tenperature in the range
from about 105C to |1 20C for 10 to 30 mnutes in order to dissolve

~ 1 NSNS\ ~t 1 e 7. Y. - o I 1 . L




filmtexture and subsequent processes, such as hydrol ysis and condensati on,
as well as the thickness and uniformty of the filin. The speed and
duration of spin-coating nay be 10 determ ned based on factors known to
persons skilled in the art, such as the desired filmthickness and
uniformty. For exanple, it has been found that in sone enbodi nents,
spin-coating at a speed in the range of about 2000 to 5000 rpmfor a period
of about 20 to SO seconds produced desirable filmthickness and uniformty.

Fowever 1njdie e ik b0k, @RGAILAN B3 ATELSLS Y nANd. Jm. dgpend o

the particul ar appl cation as tan be un n the
art. [O0Ghdwh belov§Amst haeinpoabro(eny. ebUTa566) aiedridtin@nlabérs Gxhidet ﬁz@tiétﬂérl? a first
PZT precursor layer in manners known to a person skilled in the art’. The

pr ecur s GRYISEEOUNBEPPEAISE i ed for exanpl e by heating to and maintaining at a
t enperature between about 250C to about 350C for about 5 to 20 m nutes.
Drying i esgaar elgidm : \Le, . 536, t he
precur so[rgo?gf/erﬂ?sdép ik‘l:geérﬁ1 Itg%élllgg,élt %%&éﬁ%@gﬁ%ﬁﬁe&?%ﬁl@&éﬁ% 1/1\‘11 |eﬁt% gi ni ng at
a t enperQutisnelinfa tivegenad 0HEr flérmap dbatadikBertt go 3Re BulBHLERS HoAGvef, |Havhh§ a
under st opd aki cayses,. man rgani ¢ conpounds in the |ayer tq deconpose
and st anprbERi TR 43 RFeR sPHORRILE 50 Sperianabsuh depamr ot Geiiaier

sol ut i onh&eQnbRprRIREd Drichiabn PZT (PbZryTi~, _ ,,~03, where 0 <y < 0.52) is
coated on the dried, and baked, first precursor |ayer. The second PZT
precursaor _solution can be simlarly prepared and coated as at S22. [0044]
The secdRB26k ecBvighle Jerenleatmnc/pisaedlertnn materidls rintlugy deag-sioonhiaytidanaes dri ed

to form prLecursor | ayer t 0 d t hen ke S32} in a

si'm | ar (o R URESF 4 oM e Bl Hamexd R e Aot o

dur at i onehilery tetragonal layer 16O W’ 2 $24icAPETHGer. [AQAASIerht isi SR HYRRL, FgE0US tO
| ayer before coating anot her precursor |ayer thereon

bake each precursor . ]

because %h%gi‘e’@fq%%?z bayipg the ghgamcal fasmpeadinkienDhwhsigdksBytent 0Payer s
are coat,gdT; j Mod-A0kvi gual I nimze
di ffusion géﬁggawlpﬁge?%{rﬂe% gg\gﬂg g{fgcr%gl.ﬁ%w us?ao%ﬂ%gt] ‘gyf’ Fvgig(r:@gé’an

si gni fi &% |1As & keoin, 1d rootthé&engleegtre| thepeyp@l siresuel dfhe Tieshl P2 Ngire

het er ol ayered ,fil 0046] . The baki ng tem ature should be sufficiently
i on ¢ o Wrisgasane B SR erhoRsn bR GuPZT ayemombantdiah White ths values
advant ageogsantioy hake vaky,aifee AREAREhEvd FLRNALINKD 3S0R0Lnd Sy Iize
the Zr-rich layer until” the annealing step, because the anorphous Zr-rich

| ayer cantesdpxesedaPZL bilrf efilmsr feredi wghibdy partitaleilyi stadrignd100ie ppefedret r ed

orientati. Ti Ll ZT,l ayer. erinmental resylts show that the baking
t enper aﬁb?’gtaﬁéln'é&osr%éugﬁ%gta?%‘% 44 \8%?905&@\%@@& ‘EC‘K@%(’aﬁu&%@@C but
baki ng at1)abextib&DHComicrHeabd sthetubestd i esu dot shitMAd dorSiBRs P2 hRS32 may
be repeated, using the sane two precursor solutions or different precursor

sol uti ofdorayerském thin films of nore than two al ternati ng | ayers. The
i nventors have observed better filmproperties when there are nore than two

layers, [0@27]eXa0Mer sMIRR &Ry Ficl Rt haftkills! E"R Ph(Ma,Nb)O, for
example Pb(Mg1sNb;3)0s, Pb(Zn,Nb)Os-PbTiO;, for example Pb(Zn;3Nby1)05-PbTiQs,

and Pb(Mg,Nb)O;-PbTiO;, for example Pb(Mg;aNby3)05-PbTiOs, may also be used to
form layers 14 or 16.

[0028] Iayers 14 and 16 may have the same or different thickness. The thickness of

each layer 14 or 16 may vary, for example, in the range of a few to a few hundred of

nanometers.




[0048] At S36, the PZT precursor |ayers formed in the preceding steps are
ainealed to formPZT filmw th stable, desired crystal structures and the
preferred (100) orientation. The precursor |ayers can be annealed at a

t enper at ure between about 600C to about 750C fox about 0.5 to 2 hours. As
can be appreciated, the annealing tenperature should be high enough to
crystallize the PZT layers in desired structures and orientations. However,
too high a tenperature nmay cause significant |oss of |ead, cracking of

filins, for .on.of undesira rochl ore phases a shoul] d be

avoi d_ed.[ i on%{f%fs{ﬁgteégccﬁn §8?‘?Y o a&% Sﬁgﬁfﬁe {"é% LR seskilladen tgathe or e
addi ti ORgt edai6 Subdtfate PRbATLOWLESD GRE Isiade! Gfic SARLR B3 De PRELroRbd

However , annealing all of the precursor |ayers together may have advant ages

such as Ferekasuie. Atmpe be advantageousdo ¢iye k 86 passsutedadidonsamitn dethimBt apgr oved

surface xt . I ecifi.c,e di nent he first precursor
sol uti oget'g' bﬁ&‘?ﬁ?(‘g%%%‘é%ga%a%?r@@%% ﬁg‘q ?5@1‘5% Blfr%aSCS |aﬁtb|°§?f“2%‘ﬁ§’8fiﬁs
PZB~TzoFusthdray thinf 1T Bgti on~6XRR) tklasss #Ag Aseebe Adpositéd Anatle hdlceRg?0Ts0
| ayers can, Wt_al lized at a tenperature of about 480C, while PZsoTzZO

| ayers PEIYif Hipw lyepbelow P alagiered thin laygei $0506000nwin feigknessi ng
limted i : - iffere in

cryst al T aRo0n Fiomb Bl <o ®ho'si 1 SRR cB0 shitfoc ' nrEleRY ARty

af fini t ynetdl dndaghhandedthevadhbsian.r Other possitiie substhnes! un Wi ©btaRf fobBkest die
crystallization behavi our o(lf) a;éT with different ZrlITi_ ratios. Regardl ess,
becaus e BBz §Y P@A&@s% i8530 dp Aol sipels; gasiek ap eplycnmstaliineat

rel ativelnh IsanalieTResabliRRedinOul e @HOLRS Serve as
a buffer Layer and/or a seeeitnguﬁgggd%%%#%%*ﬁ’t%%}ng’ %@%%Fﬁa ?%%Hloef (100)
preferrble.orientation of crystal structure in the PZZOTso |ayers. This is

especially so by considering that PZT tends to self texture into the (100)

ori ent a4 be i s qri.entati shas. the, | owest surfac nerqy. Wen
anneal eLodé{b]a tc%rr%erv giéﬁoggiaﬁg?shoél ‘?ﬁﬁ&g MLBSRET Bobee 81835%6SH&X%€SCH bed
above, bhsuegekrizence nedd eUSNCIEARA) ABLEA BE aPFretiate@N Kidh igPRniafloh A8 BE20TSO
| ayer faci J ltates crystallization of the adjacent PZsoTzo | ayer into the

Sﬂ.n'e ( 166y g et arersrticsgmay the dérnnd By the swdess elimeigient mpppetogy 480507 | n
. . | . . >
or 1 ent a REMIROA prAbRplie BT B SHEBIOEE bRLE kBB o8 pEE B 0% akea

at a t efp@rainto ecafunabdutkiBODEErbef carerebdity dateenias fiend edblcEBuBariteeniss have
shown t pat n a heterolayered PZT filin was baked at tenperatures bel ow
450C, i MEU SURBPORIOPHECEr ystal | i zation tenperatures of both PZsoTzo and
PZZOTso, no preferred orientation was observable with ~RD. Wen the baking
t enper afpoF [Wasas ¥iis 86 dtR:iBAPH m bt 82s} L 01) for
PZsoTzoII aygr s increased fromO. tlygbe(%dgﬁgg%l?g ﬁi&%ﬁ%@ﬁ%ﬁ%ﬁ%é‘%?@%%y ratio
of (100h¢teiolyeradohicpfilng 18 exhite excéllsor BavetbciricomdOdidctrio phogBtiesTbuch,  baki ng
t enpera . can ritical. in ajl nj. a desi.red filin arientation or

t ext ur eaéljé] 1erern£a§18 Tt?or%n%aﬁf)ﬂ’ ﬁﬁjﬁﬁhgﬁ%g%ﬂ%ﬁ%éﬁﬁ@ngf%ﬁa%I‘9 COBRETHY ed for
obt ai ni aghaodesitioadll ferrbélbdrioni® MMAs siRR as cOKRhtidndrear hayer ed PZT filns
formed according to the exenplary process 13 descri bed herein exhibit
excel | eﬂipézi I m‘&%r acteristics, including high crystallinity, dense

inter-| Ist réthomte beingr Janitedndnenty prirdeularatthesiys ribe osnpanéasamt wint h

o Sl S0 D STt IETO TS AT,

descri bed and exe oW ng exanples i
acconpamyd thg cduplinigneffctsing Rt Bytrs| @ Zeedt drymalaiuefedsane iekhd¥dl tidhin film

was for[];?d as fs%!glgow?: St.ep i,. 50, m of 0.4 M precursaor solution of

PbZr o, gz B4 Bf &R gy c-axisging &hragema) HFCHISEY @roaice farslastricof

Ph{ GO CflictiaRHaln(ok- Phrieh poal ldl SIFLGhNNG A6 f1° WhEH ol WG Hel PP 2N

vol une of the final solution mxture ds as the stoichiometry Of the
organi ¢ solvents and the conposition of PZBOTzo) into 10 ml of a solvent,
which was a m xture of ethylene glycol nononmethyl ether (CsH$Oz) and acetic

acid at a volune ratio of 511.3 at 110"C. - di ssol vi ng appropriate anmounts
of Zr[OCH(CH3)z]a ~d Ti[OCH(CH,)z]4 (5.241g and 1.137g), respectively, in
two 5 mM of the sanme solvent. - mxing the above three sol utions together,

with the total volunme of the m xed solution brought up to 50 nl by addi ng
addi ti onal sol vent.



- stirring the mxed solution for 2 hours. Step 2. 50 niL of 0.4 M precursor
solution of PbZro,zTio,sOs was prepared simlarly, but with the anpbunts of
Pb( CH3C00) z~3Hz0, Zr[OCH(CH,)z]4 and Ti [ OCH(CH3) z] a added to the sol ution
being cal cul ated to produce the desired PZT conposition (7.963g, 1.310g and
4.548g, respectively). 14 Step 3. Precursor solution of PbZro, BTio_z03
was first spin-coated onto a Ptpassivated silicon substrate at 3000 rpm for
30 seconds. The substrate surface is precoated with a thin layer of SiQz

bout 10 t hi.ck | b thic d
Coohn PO ittt R i e e s g R feed n Brtiardeh cf”eéf)WZQ
dried afa3PGef | 9£ airmcﬁ qttzqq gagdﬁ%rbl%%ﬁ;@uﬁteffégp@hfs%-aﬁﬁ fﬂn%h%aﬁ% ! tep 4.

Precursor solution of PbZrpz s03 'was then spin-coate
precur sEPMPERFEre Skess zd@ﬁ&ﬂaeamfabakﬁédha adjgdent Itsazragmmi neyeral diesetragosel i n t he

| ast The fil
nnneal oSt OATFS P2 g S RBfL oAb ety s i dbomia e BF 48 oa pzT
filin exhifidet0d tie é-aﬁ@r)ga:@n@lftsrt @Qrﬁc@ﬁﬂ@é‘étﬁﬁﬁt@ﬁm%eﬁk@%&ﬁké@ﬁ%ﬁ e the XRD

trace | abelled (a) As indicated by the hysteresis Ioop shown in
Fi g. 4Asurfire, thaorled e'rmay@r @mﬁdztaﬁm@dwah eedhertbertthypogh tiny atispdavedienl)  of

28.3 1rC/ oer. of 277 kVIcm s conpar abl e
Co thosd! EPme iR 1 BF baflsathabt o Bofnptesfie Shds beeaedls ilrdRe 15 B LC LT,
P. A, Frilgldéeconstabks iMVamah ThP@arieddd uhlt cEIMERil HoktRdk c%ns’“&ﬁf&teﬁ%eﬁlﬂ){ﬁi Cs,

90, 2001, p1509. {2) T. Kumazama, Y. Kumagai, H Mura, and M Kitano,

Appl i ed Prleilavsr/filintergce. 7Bhis roargentaimogot demaios thehsesultain anowsrmams, U,

(00543 RSERAIGH 1% FOrl Y AFIR SRRk T ool afiin RERY

constantemoyaln@cbmtalwmazax&nd 220, over the frequency range of 100 Hz to
100 kHz. EXAMPLE 2 [0055] A four-heterol ayered PZT filin was formed using a

simlar edure as in mple 1 ex ept hat steps 3 and re repeated
one nnrcg&{’%e b‘é‘fof’%“ stED g’ sd’pa’?c’taff 151 1? OFWFQCB%F‘IYaI tf’er‘ﬁﬁt:,'ﬁ“g Pallfer s of
PZT conp&sédidcanspiciélc Tt reSubl b 970w z{}p&ﬂagé@wm its 'Lray'éeghicbl ted a
(100) preferred orientation, as indicated RD trace labélled (b) in

Fig. 3, am%éﬁern@m@l%@oboﬂpé’m e nere P thy Ewemgmle tallaof theatctregamiabi t ed by

| oop ShAREHT @iy B Gadeiqr P2t REBL s rmoBal M IR oy e 50 2
V\/m ch \Amnnghﬁlmemamamtex ofhéhevd \M)nhﬁé @[ﬁﬂrafweia@a MdbribiBi e ubédnid

Exanple 1, and a coercivity field fE~) of 265 kVlcm which was | ower than
that of Mai@ialsghonld ke ehosseruthat theinhare eiapatible arystabstastwes il Jopertiss t he

four - he t t 8 and
345, ovey Thou et aicaPOAteg L ANES e o Mah AR AL K ReOE R TN
t hose ofthd {160} pvefdnet @rishiatien ead pPTeribly enisdncek potptigatibn, EXAMYeEard, using -

the same material, such as PZT of different compositions, for both layers 14 and 16 can

be advantageous.

[0034] Heterolayered thin film such as film 10 can be formed in the following
exemplary process. The tetragonal and rhombohedral precursor layers are sequentiaily
formed in alternating sequence. For example, a rhombohedral precursor layer can be
formed on a substrate and a tetragonal precursor layer formed thereon. More specifically,
a heterolayered film can be formed by forming a precursor layer with a

ferroelectric/piezoelectric material capable of being crystallized into a rhombohedral



[ 0057] A six-heterolayered PZT fihn was fornmed using a simlar procedure as
in Exanple 1 except that steps 3 and 4 were repeated two nore tines before
step 5 so as to formsix alternating |layers of PZT compositions. [0058] The
resulting six-heterolayered PZT film exhibited a (100) preferred
orientation stronger than that exhibited by the four-heterolayered film of
Exanple 2, as indicated by the XRD trace labelled (c) in Fig. 3. As

i ndi cated by the hysteresis Ioop of Fig. 4C, the six- heterolayered PZT film

had a Pr h n .t he correspondi n val u )

four - net TR AL Aol et lofuha S SRGEORU B fysepond rraliptisr 222
KV/cm  lafieial Eﬁ;ﬁﬂtld dEteidd ciybanizea [m@ﬁtt&f@bﬁéd%'h%@tuf’é |'I'E‘eqfrstﬁ¥l?ém& Balded AS
shown in Fig, the six-héeterolayered filmhad a dielectric constant

varyi ngbﬁ@ﬁ/\ml%@e&mﬂ e Qrieey tbmrewréwémw mpayrgatads Z1-0ioh BZ Tt and100 kHz
her ;than th
of the. fiscbnpOREY SRS HAGERZThAR AR S dRe: AL sSR! v

ni cr osc el SEMriicrbgasve fiewengeltdige ﬁf()@éﬁl@@ﬁﬁﬂe%bu& Sl eelai@x haer e of
t he six-heterol ayered PZT filmare shown in Fig. 6 6 [ 0059] Fig. 7
shows aAnRREAERTeM deprhllisedfiiie of the six-heterol ayered PZT film
neasured by a secondary ion mass spectroneter. [0060] These results

i ndi cat t ot - def i rnating
| ayers ?G:{%Zr oﬂsse'lf'llﬁj(t)ﬁ&r ggﬁsg{l% %%%&@‘%%p%dgéés %ismgoé\éﬁt%m%e%h?@%b%J Ti o, 203
and PbZPgTzindils03 deaqrmeé balmpfemth atfereatdierFigi Zcaswil bke:ptrimsmaedtppd&eﬁte i's
little elletlonf ot her, hetota t hi ckness of the im

si x- het ?&”a?@rcgﬁ ﬂﬁ%& ergh thun s Wé@ﬁﬁ‘i’fﬁﬁ@ ‘H@l ng a
filin tg;té}hﬂgfgslag&@sur errent system As can be seen, each ofthe alternating
PbZro_$Ti 0.z0s and PbZro. zTio,s03 layers is rel atlvely dense, with no

appar ent ores bei ng present at the grain boundaries and junctions. As can
be appr &438led &ysbgr%%ﬁbf’%’wlnrmasor Kolufien gpntaining gr—ncwzataesoaecamgra

sintere it [ e.

ferroel g‘i‘:}grﬁlg% pzlferg%le%)g?t Erl“llsc %BI [ %‘%Er’%é‘n“g(sﬁl‘f’ eret%g‘? d‘heroﬂ?heA si ntered
densi t yd1st:ulxmacbhmtem fbhﬁnglefmﬁthbhedralnﬂy&eﬁsr el iaitial 16ep f(ﬂ@ﬁﬁﬁg @& Riyed he
film EXAMPLE 4 %061 A six-multilayered PZT fil mwas prepared using a

si mi | ar 4HREEEhS sizate), %V@tggeoyﬁééﬁtfwmesdhp fesired ieTiafion of theor

sol ut| o] T i nst ead
of ust no ik i, B SliRnR BB PO PPN AR PUER B BALo PR | 1)
has a ssodumn tialy epetagd Tetic €L iesteehohZt-tyle PZavVilogever AibZrioveatire haks3

62JT 4 | d PZT fi.l hi bi t h
over - preRRIPUARE PG TR tieh A e SeRlichont Weskpaeddd Boick REh BT i, P,

19. 8WC/ ﬂﬂ%mtﬁﬁia&&d%%%hﬁg ah%dglhgnaﬁﬁ!er‘ﬁ@t‘w%@n ki gHﬂQtPad: Qfﬂ@rl“ hglzgztfﬂ%tfer()f the
si x- het erol ayered PZT f Exa

si x- mul whickyfagiBttes e fqrmahome%thppequgﬁowm@nameybv hacresmmcedur easin
Exanpl e 4, except that the PZT precursor solution had a PbZro. zTio.s03

I
cOTPOS! 1 | PSR ol ve B30y BIHSL AP A b B s e
resul ti diffesint -conponkaty preetksBZ Folutibme. exdy bidngsle, aaﬁﬁﬁlbﬂlatgecﬁﬁ(ﬁ&tsofaf (14420)
preferred ori ﬁpé&hl&rbq)stron er than the six-layered PZT filin of Exarrpl e 4

but sti P§etHRIC ha?’ﬁ{f’ e (83 x et dg0d| ayreewserRZTZir¢aninmof 1Eseoxide 3.
20. 3pcs CAOCHRCHNAP: (O} e vatai | hieBuosT e M Bt M esidnr 111 m

of Exanﬁl’aéOGHGpHQ@E] (aA$hectaambm mp@rra@b atagbeliissalvee ﬁ@@@uﬁdﬁ}é ktokrit Budthe art,
the diffraction (ﬁﬁeaég g;RI? traces shown in from 3 denpnstrate that
Pbzr 0. B HIUHHT VAR LA m%@*%‘ﬁé%&ﬂf&gﬂé@@%@mﬂ ﬁcetheacrﬁetTélﬁ FPhyRs ed
films ofaieE Tj

t et ragonal s??ltﬁgrj%ﬁ&tih%eoné%ifﬁl %@?%E%SQ% ai‘l‘scgd gﬁb%???gp %E%an%x?edr al
structure. In all three heterolayered thin filnms, a preferred orientation
was i ndicated by the strong (100) pea{s. The degree of preferred
orientation becanme stronger with increasing nmber of alternating |ayers.
[0066] As illustrated in Figs. 4A to 4C and 5, the ferroelectric and
dielectric properties of the heterolayered thin filnms are dependent on the
cunber of alternating layers in the film As the nunber of alternating

| ayers increases, the values of P, and the dielectric constant increase but
t he val ue of E~ decreases. [0067] As shown in Fig. 5, the dielectric
constant not only increases with the nunber of alternating |layers in the
het erol ayered PZT filnms but al so decreases with increasing frequency. For
exanple, the dielectric constant is 905, 588 and 322 for the heterol ayered
filins having six, four and two alternating |ayers respectively at 100 F3z,



18 decreases to 652, 348 and 220 at 100 kHz. These val ues of dielectric
constant are higher than those of the conventional polycrystalline PZT thin
films. See for exanple. (1) Y. Sakashita, T. Ono, H Segawa, K. Tom naga,
and M ada, Journal of Applied Physics, 69, 1991, p8352. (2) |I. Kanno, S.
Hayashi, R Takayama, and T. Hirao, Applied Physics Letters, 68, 1996,
p328; (3) Q Zou, H E Ruda, and B. G Yacobi, Applied Physics Letters, 78,
2001, pl1282). (4) Z. Qn, Y. Ben, R H Eugen, and F. Mark, Internationa
Pat ent , 0 7465 A2, .13 Sept 2001. [0068 he neasured diel ectric |oss
For t he nAPEPEt &oaned” Baion i AALE REARCAGh ST SHAETE TACKEUST S Pidght | y

wi th i ngegoeskhded ie@sa@acy. The low dielectric | oss indicates that the high
di el ectric constant values correctly reflect the true dielectric response

of the filng, rather than as a result of other influencing factors, such as
space cl@9 [ Bosopuiredjsoncemiration dfash efvldngd scetpies pcandup Propaxidehand

I til P ' . tively, «Th :
o mut £l dprpblle i che HRF! iR (4087 blalfide o the issirsdhar o
t he sixsthidiesmbtyeosgofiddn bf thn refulf@PPT ¢aydr. TieRP bathilationdcad Yeurganent al

difference,eBet een the multilayered PZT filns, such as those of Exanple 4
aid 5, SAdEHI R ePeray ribed pizther arf.for exgmpleadon fosming a lygrspriamingnd 3. As
can be r gt [ i T i th o (400)4.00 ent ati on,
the val oornp TRl iR CL TN LY fhe FREATntaRObr o i gl

di r ect i colutbn sheild bt AagdnHlthskyercs tis eorvdin & 31T 505 (@fared tb e PE,@)s, 1.e.,
in parallel to the filmsur ) %n contrast, the values of Pr in_ the

f
het or ol AYeAet BAPSRTIRECNP Shoplcoes T & dr dpwereronnenicad Fuhbe laft Bitgch
hi gher  ipBaGRIEBALS@Nd ol SO % gg%]@&iggg%r il B Bhddang bfbeliatd ot Of

w thout preferred orientation. [C tures, ben
advant agepected losshd hgrazaamt of excssdivoleat otayebepeadadityd esetli conthd aatvovbotan be

cii 11 oo 11 <efeBid el SEEEIER bR PR ar o RE G BB e ana The
ye

processes for formng them 19 described herein are all exenplary

embodi m§dB3%jof Do ereparethe eZASpadistiad, PolEITITOORIEBN mAY be Fifst badeiEes st ood
by a person skilled in the art, mapy npdificatjons to these exenpl ar

1 or] ' y
enbodi mihft SLEFE Pessqipion mey thendgrmtated tor srlemaingperdoain tsaneedercly tadi fi ed
by per sQRgeSliohl eflohf @5¢C f X éﬁ@“@‘fﬂg P P40 ,{Aﬁh%soliﬁycghgld b Nl dild ™. The
invention, rather, 1s Intended to enconpass all such nodificatron wthin
its scopb(CHsCdoREt:(hynd henolveai iz) F@O7RE Alticdociindhtly, zetefit@datd herein

Pt er of AYEREG PREIEP 1SIHa0T g DG ciePird P Khiso B etOCHURH bi
Ti[OCH(CHs);]4 into separate solvents. The three solutions can be subsequently mixed
together, followed by stirring for a time period in the range of, for example, about 1 to 4
hours. The concentration of the PZT compound (e.g. PZgTap or PZyTyg) in the mixture
can be controlled. In some embodiments, PZT concentrations in the range of 0.2 to 0.6 M

have been found to produce the most desirable resuits.

[0040]  The solution may be coated on the subsirate in any suitable manner, such as
by spin-coating. Spin-coating is advantageous because it provides better control of the
film texture and subsequent processes, such as hydrolysis and condensation, as well as

the thickness and uniformity of the film. The speed and duration of spin-coating may be
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a fast ferroelectriel/piezoelectric |layer having a rhonbohedral crystal
structure; a second ferroelectric/piezoelectric |ayer adjacent said first

| ayer and having a tetragonal crystal structure; said first and second

| ayers having a (100) preferred orientation with a-axis normal to said
surface. 2. The thin filmof claim1l wherein each of said first and second
| ayers contains Pb(Zr, Ti)03, Pb(M), MIb) 03, Pb(Zn, Nb) 03- PbTi 03, or

Pb( My, Nb) 03-PbTi 03, . 3. The thin filmof claim1l wherein each of said

fi | ' | ead zi,r. ] i ZT 4. Th
thi o PaeBfRe BaselR o bR BLAYg nERTR LI BEP BRNE e P S nd Ak R 1 yer o
i n al t ethiicdneftigarie QHichatty. Foe ekchPIef itl KRsHceh | it tha'Be s8R dnf¥diédntt N sai d

first layer has a chemcal formula PbZr XTitt xy03, where 0.52 < x < 0.9,
t he PZTSHIA-ceaing ¥ acpeyl indherange of 2bayh20AialS0DB rprifer Ppaiogiif-abot-2i3e where 0

<y <0 ' ' l aim.5 erein x -0.8 a =0.2. 7. The
St 1 poseseids BRREY Seleabiiafin SR At SIAGHRY, AP iesh e i 1 7
wher ei nopahtihgpdrattiemag varyindo@ss d¥gdndbrsthki gaeieulaf @blicalion &aken film
of cl ai m(fﬁr\/\_herei n the | ayer adjacent the substrate is said first layer. 21
10. TheUR¢friosd pypessonsiskilleddn Berdsk i sing six alternating |ayers of

PbZro. BTi o z03 and PbZro. zTio.s~s. 11. The thin filmof claim10 having a

remanentogpjar i Za83LMnOtodtda BIYcB: Mitkich RARIA! ¥ thind BlIPT FRALADY M
layer in manners known to a person skilled in the art. The precursor layer may be dried
for example by heating to and maintaining at a temperature between about 250°C to about

350°C for about 5 to 20 minutes. Drying is necessary to eliminate most of the solvent.

[0042] At S26,the precursor layer is then baked, for example by heating to and
maintaining at a temperature of about 500°C for about 10 to 30 minutes. As will be

understood, baking causes many organic compounds in the layer to decompose and
stablizes the baked layer.

[0043] At S28, a second PZT precursor solution containing Ti-rich PZT (PbZryTi(.
3, where 0 <y < 0.52) is coated on the dried, and baked, first precursor layer. The

second PZT precursor solution can be similarly prepared and coated as at $22.

[0044] The second precursor solution coated on the first precursor layer is dried to
form a second PZT precursor layer (at S30) and then baked (at 832) in a similar manner

as at 824 and 526. Optionally, the temperatures and durations may vary from those at
S24 and 826.

[0045] It is advantageous to bake each precursor layer before coating another
precursor layer thereon because a baked layer is less likely to crack when the subsequent
layers are coated. Further, baking each precursor layer individually can minimize

diffusion between the precursor layers. Diffusion between layers can significantly affect

11



12. 'fhe thin filmof claim9 conprising four alternating |ayers of

PbZr o, $Ti 0, z03 and PbZro ZTi 0,803. 13. The thin filmof claim 12 having a
remanent pol arization of 53 pC/cnez and a coercivity field of 265 kV/icm 14.
A nmethod of form ng a heterolayered thin filmconprising: a. formng a
first precursor |ayer capable of being crystallized into a rhonbohedral
structure of a first ferroelectric/piezoelectric material; b. baking said
first precursor layer c. form ng a second precursor |ayer capable of being

crystal l,ized i.nto a_ tet onal. structure a second
ferroel ggﬁﬁ?%?%f“@?%’le%fﬁ%fqéesﬁbfn@he%mlﬁﬁerg@lh?"fi rst precursor |ayer; d.
baki ng said second precursor |ayer at a tenperature sufficient to

cryst al [0O46]t heTisebamitk RIPOLIGEshoaY 6 ;sumc_ieﬁﬂ?_@@éﬂ R%rpdiidsd Ti-6th 22¢ second
precursor layers to forma crystallized thin film 15. The nmethod of claim

14 conpPreshigr laype Furthey, Biewdyaplageaysdo by a2 teroperatvelorngnough sé as nota

het er ol i ] ri.si re.than two | ayers of .alternating
et erof i B AL e 4 LSRR O, BRI Al Ral A TRt 2%
zi r ocon@dyer tad nad & o Rdfe} of bdedingaavam th@lifagag $he prefedd bi9EdThiG oF Tilidht
precursor |ayer containing PZT having a chem cal fornula of PbZrXTi~l-r03,
wher ei nF@Tggves. Expepmgatal iyulissaipwgha dhebaking temperadyre 4o some gpmpodiments

may vary between about 480°C and 510°C but baking at about 500°C produced the best

result.

[0047]  Steps 822 to 832 may be repeated, using the same two precursor solutions or
different precursor solutions, to form thin films of more than two alternating layers. The
inventors have observed better film properties when there are more than two layers, for

example when there are four and six layers.

[0048] At 836, the PZT precursor layers formed in the preceding steps are annealed
to form PZT film with stable, desired crystal structures and the preferred (100)
orientation. The precursor layers can be annealed at a temperature between about 600°C
to about 750°C for about 0.5 to 2 houts. As can be appreciated, the annealing temperature
should be high enough to crystallize the PZT layers in desired structures and orientations.
However, too high a temperature may cause significant loss of lead, cracking of films,
and formation of undesirable pyrochlore phases and should be avoided. Optionally, each
pair of adjacent layers can be annealed before additional layers are coated by repeating
steps S22 to 532 and 836. However, annealing all of the precursor layers together may
have advantages such as reduced number of heating cycles, reduced lead loss and

improved surface texture.

{0049] In a specific embodiment, the first precursor solution contains PZ,,Tso and the

second precursor solution contains PZg Ty X-ray Diffraction (XRD) phase analyses
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(c) formng on said first precursor |ayer, a second precursor |ayer
contai ni ng PZT having a chem cal fornula of PbZryTi~, yl1l0~> wherein 0 <y <
0.52; (d) baking said second precursor |layer at a tenperature sufficient to
crystallize the second precursor |layer; and (e) annealing said first and
second precursor layers to forma crystallized film 17. The nethod of
claim1G wherein formng said first precursor |ayer conprises coating a
first precursor solution of PZT on a substrate and drying said precursor

ayer et BalBeatin BheS h Br ot aBtel g, e BomertluR ot st S0 gt r o
precur spzﬁmﬁye%ngendﬁgi%rﬁ@lg ae&ﬁ{é}g{aﬁ{e‘g& Yt SR6h ]Icagzggoo? .(1)%? Tﬁ?oﬂgﬁ{%ﬂ)d of

claim 18 further conprising repeati steps”o m
al t er nalimigdftp agrartinutar Sheopdhe agasos fattbe differatee i )ysulliention paas@stuies

nodi fied by..coatdi ng the fir.s! recursor .solution of PZT on the second
precur sgp nﬁlgg;ecﬁfferfggesméeaﬁgp&%gnc&x ‘é‘?t?iiofrf% r&ithy Zircqndum agd sigamiymy s 0. 2.
21.  The widhPtbcPhe T pkdNiZR: i ! b I

tenperature betcvvegn %llgodt ISSOgﬁﬁlﬁ%hrgByoE?gB@g{éaﬁlr%ﬁg%gﬁﬁ%egoﬁ e%é?drlr?sﬁ’ut es.
22. The baeaukeo &*Zef e | cuilyn c2yistalizas eatn rdatviehyy hegmpennsestutesatat nglaticelq low

t enperature qf ahput 4 0 510 C. 23. The nethod of claim 22 wherein
bamjng i%‘ﬁpﬁf"ﬁgf&éqﬁ%mﬁgo ﬁage%is[m@ 8‘[‘%?‘@9 g %ﬁf&?lﬂsﬁ‘d@lf%rflﬁ}‘er 20 to 30
M nut es seeddhg layd, fa'Ehﬂatff%tth@%rﬁfatiﬁh%&"m@Z 8%@&&‘; StichRdtfbn NG CRAPT | Ses

heating . to a tenperature between about 0C and about 750C for about 0.5 to
2 hour s in ths PZphkso Asterrod bist is ebpaciallysoihecssidedng thagPZil ands wesetfitextpreecur sor

sol uti ons, - | 6,..:The t hod | ai m 25 wherein.steps (a)
and (c) %aﬁhﬁgﬁﬁigﬁrrgllrlt#é%ﬁs)Bgﬁag%aﬁzsngrlgn?etﬁ’ngﬁsq_é%I?(m(‘fsf)ﬁE& Fr e 'H&Thod of
cl ai m 2enwdakidedtn @aiperafire PRGNSO RN SRt BLIIM G a50°€ask BLBRMSMoved

zi rconi um precursor, and a titanium precursor. 28. The nmethod o.f claim 27

wher ei nthgapeeuriaee mfedishsth00) preferad submtation iarh Pieclanileyer paettitieor i s
2l reont BRsRIRARSh 43 8 My R PEi T3 Y8 BREGHE 32Me’ (ob) LABKHAYA, SORT &POX! de-

coupling between adjacent layers.

[0050] In this embodiment, as now can be appreciated, to obtain a strong (100)
orientation in the heterolayered PZT film, the PZT layers need to be baked at a
temperature of about 500°C before they are annealed. Experiments have shown that when
a heterolayered PZT film was baked at temperatures below 450°C, i.e., below the
crystallization temperatures of both PZg Ty and PZ,Tgg, no preferred orientation was
observable with XRD. When the baking temperature was raised to 500°C, the peak
intensity ratio of (001)/(101) for PZgT5 layers increased from 0.16 to 2.89, while the
peak intensity ratio of (100)/(110) for PZ5Tso layers increased from 0.45 to 5.65. Thus,
baking temperature can be critical in obtaining a desired filn orientation or texture in the

resulting thin film, and should be precisely controlled for obtaining a desirable film
orientation.

[0051] Heterolayered PZT films formed according to the exemplary process
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29. The nethod of claim 28 wherein the solvent of said sol solution is
acetic acid and et hyl ene glycol nononethyl ether. 30. The nmethod of claim
29 wherein the volunme ratio of ethylene glycol nononethyl ether and acetic
acid in said sol solutionis in the range of 2 to 6. 31. The nethod of

cl ai m 30 conprising adding an amount of lead in said sol solution in
excess, by up to about 10 nol % of an anmount cal culated fromthe desired
chem cal conposition of a PZT | ayer to be formed by said soI sol ution. 32.

mothoa. arepBd feRl ol R atT AR e bR, TRins Fon R Ao, dotea of |
about 2QQ6r-kQe5ARR T Maf g reRBALH: p%&ﬁtzgmﬁpnﬁ SRR Ron Ith g&ﬁreﬁ%xﬁ% gf claim

33 wherein said substrate is a Pt-passivated silicon wa 5. The
met hod &mg| andrhzh @m@ﬁ@cm@aﬁa@t, sng pare (faytherodgsdiibat end epeapléed i the. 36.

The net sgid ste d) are repeated three
times. g‘gﬂwﬁi&%%& ééltm&%l%%l tgzh?/\?ﬁcé’f%%ﬁnél'}% 8’%"{“&%?)3 (a) to (d) are
repeated nore than three tines. 38. A heterol ayered
ferroelectric/piezoelectric thin filin formed according to the nmethod of
claim14. 39. A heterol ayered PZ]%%?}V fprflyi n formed according to the nethod
of claim16. 40. A heterol ayered thlnfllmforrred according to the
met hod of claim35. 41. A heterolayered PZT thin filin formed according to
t he met f a Tt nfllmforrred accordi ng
{6 the %&3 %%F}%%rqﬁ%rgﬁ?ﬁ R A% S st DS
.A9. AS. Ap. A. Ap. Ap. AAAAAAAAAAUALAAAA

Step 1. 50 ml of 0.4 M precursor solution of PbZr, §Tiy»0; was prepared by:

- dissolving an appropriate amount of Pb(CHiCOO),3H,O (7.963g,
calculated from the desired concentration and volume of the final
solution mixture as well as the stoichiometry of the organic solvents and
the composition of PZgyTyp) into 10 mi of a solvent, which was a mixture

of ethylene glycol monomethyl ether (C;HgQ,) and acetic acid at a
volume ratio of 5/1.3 at 110°C.

- dissolving appropriate amounts of Zi{QCH(CHx),]4 and TI[OCH(CHa)214
(5.241g and 1.137g), respectively, in two 5 ml of the same solvent,

- mixing the above three solutions together, with the total volume of the

mixed solution brought up to 50 ml by adding additional solvent.

- stirring the mixed solution for 2 hours.

Step 2. 50 ml of 0.4 M precursor solution of PbZro;Tigs0s was prepared
similarly, but with the amounts of Pb(CH;COO),3H,0, Zr[OCH(CH:)]s and
Ti{OCH(CH;)]s added to the solution being calculated to produce the desired PZT
composition (7.963g, 1.310g and 4.548¢, respectively).

14
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(P, of 28.3 pC/em® and a coercivity field (E;) of 277 kV/cm which was comparable to

those of known polycrystalline PZT films. See for example, (1) C.H. Lin, P.A. Friddle,
C.H. Ma, A. Daga, and H. Chen, Joumnal of Applied Physics, 90, 2001, p1509. (2) T.
Kumazama, Y. Kumagai, H. Miura, and M. Kitano, Applied Physics Letters, 72, 1998,
p608. (3} O. Lohse, M. Grossmann, U. Boettger, and D. Bolten, Journal of Applied
Physics, 89, 2001, p2332.

[0054] As shown in Fig. 5, the heterolayered PZT film had a dielectric constant
varying between 322 and 220, over the frequency range of 100 Hz to 100 kHz.

EXAMPLE 2

[00565] A four-heterolayered PZT film was formed using a similar procedure as in

Example 1 except that steps 3 and 4 were repeated one more time before step 5 so as to
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[0056]  The resulting four-heterolayered film exhibited a (100) preferred orientation,
as indicated by the XRD trace labelled (b) in Fig. 3, where the {100) peak was relatively
stronger than that exhibited by the two-heterolayered film of Example 1. As indicated by
the hysteresis loop shown in Fig. 4B, the four-heterolayered film had a P; = 53.1 pC/em?,
which was higher than that of the two-heterolayered PZT thin film of Example 1, and a
coercivity field (E,) of 265 kV/cm, which was lower than that of the two-heterolayered
film of Example 1. As shown in Fig. 5, the four-heterolayered film had a dielectric
constant varying between 588 and 348, over the frequency range of 100 Hz to 100 kHz,
which was higher than those of the two-heterolayered PZT film of Example 1.

EXAMPLE 3

[0057] A six-heterolayered PZT film was formed using a similar procedure as in
Example 1 except that steps 3 and 4 were repeated two more times before step 5 so as to

form six alternating layers of PZT compositions.

[0058] The resulting six-heterolayered PZT film exhibited a (100) preferred
orientation stronger than that exhibited by the four-heterolayered film of Example 2, as
indicated by the XRD trace labelled (c) in Fig. 3. As indicated by the hysteresis loop of
Fig. 4C, the six-heterolayered PZT film had a P= 71.9 uClem?, higher than the
corresponding value of the four-heterolayered film of Example 2, and a coercivity field
(Ec) of 223 kV/cm, lower than that of the four-heterolayered film of Example 2. As
shown in Fig. 5, the six-heterolayered film had a dielectric constant varying between 905
and 652, over the frequency range of 100 Hz to 100 kHz measured at room temperature,
which was higher than the corresponding value of the four-heterolayered PZT film of
Example 2. Scanning electron microscope (SEM) images showing the cross section and

surface texture of the six-heterolayered PZT film are shown in Fig. 6.
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[0060] These results indicate that the six-heterolayered PZT film has well defined
alternating layers of PbZrysTip 203 and PbZrg,Tigs0s. As can be seen, PbZry sTig 203 and
PbZrg,TiosOs layers appear at rather discrete depths and there is little depletion from
each other. The total thickness of the imaged six-heterolayered PZT film was about 500
nm, which was confirmed using a film thickness measurement system. As can be seen,
each of the altemnating PbZro 3Ti0 203 and PbZry,Tips0; layers is relatively dense, with no
apparent pores being present at the grain boundaries and junctions. As can be appreciated
by persons skilled in the art, this indicates a high sintered density of the film, which is
desirable for ferroelectric/piezoelectric thin films. Generally, the higher the sintered

density, the better the dielectric and ferroelectric properties of the film.

EXAMPLE 4

[0061] A six-multilayered PZT film was prepared using a similar procedure as in
Example 3, except that only one PZT precursor solution, with a PbZryTip 205
composition, was prepared and used, instead of using two different precursor solutions.

Therefore, the resulting film has a six-multilayered structure, each layer having a

PbZro 3Tip 203 composition.

[0062] The resuiting six-multilayered PZT film exhibits much lower preferred
orientation. For the six-multilayered PZT thin film, P,=19.8uC/cm?, as indicated in Fig.
8A, which is much lower than that of the six-heterolayered PZT film of Example 3.
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EXAMPLE 5

[0063] A six-multilayered PZT film was prepared using a similar procedure as in
Example 4, except that the PZT precursor solution had a PbZrg,Tip30: composition,
instead of PbZrygTip201. Therefore, the resulting six-multilayered PZT film had six
layers of PbZry 5 Tig 205, |

[0064] The resulting six-multilayered PZT film exhibited a small degree of (100)
preferred orientation, stronger than the six-layered PZT film of Example 4 but still much
weaker than the six-heterolayered PZT film of Example 3. As indicated in Fig. 8B, for

the six-multilayered film of Example 5, Pr"—"40.3pC/cm2, which is much lower than that of

the six-heterolayered PZT film of Exampie 3.

[0065]  As can be appreciated by a person skilled in the art, the diffraction peaks of
XRD traces shown in from Fig. 3 demonstrate that PbZrpTig203 and PbZrg,TigsOs
phases co-exist in the heterolayered films of Examples 1 to 3. While the PbZrq;Tig30;
phase exhibited a tetragonal structure, the PbZro 3 Tip 03 phase exhibited a rhombohedral
structure. In all three heterolayered thin films, a preferred orientation was indicated by
the strong (100) peaks. The degree of preferred orientation became stronger with

increasing number of aliernating layers.

[0066] As illustrated in Figs. 4A to 4C and 5, the ferroelectric and dielectric
properties of the heterolayered thin films are dependent on the number of alternating
layers in the film. As the number of alternating layers increases, the values of P, and the

dielectric constant immcrease but the value of B, decreases.

[0067]  Asshown in Fig. 5, the dielectric constant not only increases with the number
of alternating layers in the heterolayered PZT films but also decreases with increasing
frequency. For example, the dielectric constant is 905, 588 and 322 for the heterolayered
films having six, four and two alternating layers respectively at 100 Hz, but gradually
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than those of the conventional polycrystalline PZT thin films. See for example. (1} Y.
Sakashita, T. Ono, H. Segawa, K. Tominaga, and M. Okada, Journal of Applied Physics,
69, 1991, p8352. (2) L. Kanno, S. Hayashi, R. Takayama, and T. Hirao, Applied Physics
Letters, 68, 1996, p328; (3) Q. Zou, H.E. Ruda, and B.G. Yacobi, Applied Physics
Letters, 78, 2001, p1282). (4) Z. Qin, Y. Ben, R. H. Eugen, and F. Mark, International
Patent, WO 01/67465 A2, 13 Sept 2001.

[0068] The measured dielectric loss for the heterolayered PZT films was about 0.07,
which increased slightly with increasing frequency. The low dielectric loss indicates that
the high dielectric constant values correctly reflect the true dielectric response of the

films, rather than as a result of other influencing factors, such as space charge.

[0069] Figs. 8A and 8B show hysteresis loops for the multilayered PZT films of
Example 4 and 5 respectively. The six-multilayered PZT films exhibited much lower
values of P, than that of the six-heterolayered PZT film of Example 3, demonstrating a
fundamental difference between the multilayered PZT films, such as those of Example 4
and 35, and the heterolayered PZT films, such as that of Example 2 and 3. As can be
understood, in a conventional PbZr ;Tig O3 with (100) orientation, the value of P, would
be expected to be low because the polarization direction of the tetragonal structure of the
PZT is along the c-axis, i.e., in parallel to the film surface. In contrast, the values of P, in
the heterolayered PZT films with a (100) preferred orientation can be much higher in

comparison to a conventional polycrystalline PZT film with or without preferred

orientation.

[0070]  Other features, benefits and advantages of the present invention not expressly
mentioned above can be understood from this description and the accompanying

drawings by those skilled in the art.

[0071] The heterolayered PZT thin films and the processes for forming them

19



10" oNi i j Nkkl maBNbC8 R 10' o/ ! 10% o0& ()-p, 10% o&' () - F(

10% o0& () -%$10% o0& ()-10% o0& ()-! X10%00&' ()-zm m m' mtfmoppb@ R

10" ' & 109V () - !'10% 0& ()- h!10% o0& ()-!10% o0& ()- 10'0 10'o0

10' 0c<710% o0& ()-prrs(syssdeb@ R 10'!3!10% o0& ()- 1!10% o& () -

#.110% o0& ()-+10% o0& ()-])!10% 0& ()- !'10% 0& ()- ssssst wwhbC8 R 10'!!10%

R& ()-F#f10% R& () -#! 10% R&' ()--10%
described herein are ajll exemplary embodiments of one or more aspects of the invention.
As can be understood by a person skilled in the art, many modifications to these
exemplary embodiments are possible. For example, process S20 can be readily modified
by persons skilled in art for forming non-PZT heterolayered thin films. The invention,
rather, is intended to encompass all such modification within its scope, as defined by the

claims.

[0072] Al documents referred to herein are fully incorporated by reference.
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WHAT IS CLLAIMED I18S:

1. A heterolayered thin film having a generally flat surface, comprising:

a first ferroelectric/piezoelectric layer having a thombohedral crystal structure;

a second ferroelectric/piczoclectric layer adjacent said first layer and having a

tetragonal crystal structure;

said first and second layers having a (100) preferred orientation with q-axis

normal to said surface.

2. The thin film of clatm 1 wherein each of said first and second layers contains

Pb(Zt,Ti)Os, Pb(Mg,Nb)O3, Pb(Zn,Nb)O5-PbTiOs, or Pb{Mg,Nb)O3-PbTiOs, -

3. The thin film of claim 1 wherein each of said first and second layers contains lead

ziroconate titanate (PZT).

4. The thin film of claim 3 comprising a plurality of said first and second layers in

altemating sequence,

5. The thin film of claim 4 wherein the PZT in said first layer has a chemical
formutla PbZr, Ti(1 )O3, where 0.52 < x < 0.9, the PZT in said second layer has a chemical
formula PbZryTi.,03, where 0 <y < 0.52,

5. The thin film of claim 5 wherein x =0.8 and y = 0.2.

7. The thin film of claim 6 formed on a substrate.
8. The thin film of claim 7 wherein said substraie is a Pt-passivated silicon wafer.
9. The thin film of claim 8 wherein the layer adjacent the substrate is said first layer.
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10.  The thin film of claim 9 comprising six altemating layers of PbZrqsTig20s and
PbZro;Tips0s.

11. The thin film of claim 10 having a remanent polarization of 71 uC/cm® and a
coercivity field of 223 kV/cm.

12, The thin ﬁlrn of claim 9 comprising four alternating layers of PbZr; sTig20; and
PbZI‘(},zTio_gO:q.

13.  The thin film of claim 12 having a remanent polarization of 53 pC/cm? and a
coercivity field of 265 kV/cm.

14. A method of forming a heterolayered thin film comprising:

a. forming a first precursor layer capable of being crystallized into a

rhombohedral structure of a first ferroelectric/piezoelectric material;

b. baking said first precursor layer

c. forming a second precursor layer capable of being crystallized into a tetragonal

structure of a second ferroeleciric/piezoelectric material on said first precursor layer;

d. baking said second precursor layer at a temperature sufficient to crystallize the

second precursor layer;

e. annealing said first and second precursor layers to form a crystallized thin film.

15, The method of claim 14 comprising repeating steps a. to d. prior to annealing, to
form a heterolayered thin film comprising more than two layers of altemating crystal

structures,

16. A method of forming a heterolayered lead ziroconate titanate (PZT) film,

comprising:
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{(a) forming a first precursor layer containing PZT having a chemical formula

of PbZr,Ti(1.503, wherein 0.52 <x < 0.9;
(b}  baking said first precursor layer;

{c) forming on said first precursor layer, a second precursor layer containing

PZT having a chemical formula of PbZryTi(1.,yO3, wherein § <y < 0.52;

(d) baking said second precursor layer at a temperature sufficient to

crystallize the second precursor layer; and

{e) annealing said first and second precursor layers to form a crystallized film.

17.  The method of claim 16 wherein forming said first precursor layer comprises

coating a first precursor solution of PZT on a substrate and drying said precursor layer.

18.  The method of claim 17 wherein forming said second precursor layer comprises
coating a second precursor solution of PZT on the first precursor layer and drying said

sccond precursor layer.

19.  The method of claim 18 further comprising repeating the steps of (2) to (d) to
form alternating first and second layers wherein step(a) when repeated is modified by

coating the first precursor solution of PZT on the second precursor layer.
20. The method of claim 19 wherein x is 0.8 and y is 0.2.

21.  The method of claim 20 wherein drying comprises heating to a temperature
between about 250°C and about 350°C for about 5 to 20 minutes,

22, The method of claim 21 wherein baking comprises heating to a temperature of
about 480" to 510° C.

23. The method of claim 22 wherein baking comprises heating to a temperature of
about 500° C for about 10 to 30 minutes.
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solutions.

26.  The method of claim 25 wherein steps (a) and (c) further comprises preparing said

sol solutions.

27.  The method of claim 26 wherein said preparing comprises mixing a lead

precursor, a zirconium precursor, and a titanium precursor.

28.  The method of claim 27 wherein said lead precursor is lead acetate, said

zirconium precursor is zirconium propoxide, and said titanium precursor is titanium

isopropoxide.

29. The method of claim 28 wherein the solvent of said sol solution is acetic acid and

ethylene glycol monomethy! ether.

30.  The method of claim 29 wherein the volume ratio of ethylene glycol monomethyl

ether and acetic acid in said sol solution is in the range of 2 to 6.

31.  The method of claim 30 comprising adding an amount of lead in said sol solution
in excess, by up to about 10 mol %, of an amount calculated from the desired chemical

composition of a PZT layer to be formed by said sol solution.
32.  The method of claim 31 wherein said coating comprises spin-coating.

33, The method of claim 32 wherein said spin-coating is performed at a speed of
about 2000 to 5000 rpm for about 20 to 50 seconds.

34, The method of claim 33 wherein said substrate is a Pt-passivated silicon wafer.
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36. The method of claim 34 wherein said steps (a) to (d) are repeated three times.

37.  The method of claim 34 wherein said steps (a) to (d) are repeated more than three

times.

38. A heterolayered ferroclectric/piezoelectric thin film formed according to the
method of claim 14.

39. A heterolayered PZT thin film formed according to the method of claim 16.
40. A heterolayered PZT thin film formed according to the method of claim 35.
4]1. A heterolayered PZT thin film formed according to the method of claim 36,

42. A heterolayered PZT thin film formed according to the method of claim 37.
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