RETEROLAYERED FERRCELECTRI C THIN FI LMS AND METHODS OF FORM NG SAME FlI ELD
OF I NVENTI ON [ 0001] The present invention relates to heterol ayered

ferroel ectric/piezoelectric thin filns and the nethods of form ng the
sanme. BACKGROUND [0002] Lead-zirconate-titanate (PZT) thin filnms are
technologically inportant and wuseful due to their excellent ferroelectric
and piezoelectric properties. They exhibit large piezoelectric
coefficients, large polarizations and desirable dielectric permttivity.
Therefore, PZT thin filnms are enployed in a wde variety of technol ogically
demandi ng applications such as in mcroel ectronechani cal systens, dynam c
random acceBETERODAVEFREDR FERROEUBCIRICHEN FIOVIS AND MERAGIS 6Fcess
menories. (0003] The crystal st rRORMIBEG SasEhence the ferroelectric and

pi ezoel ectric behaviours of a PZT film(i.e., Pb(ZrxTi(1-x)O3) are
dependent on the stoichionetric ratio of Zr/Ti in the film(i.e., x/(1-x),
her ei.naf t FIELDIQ¥ INVENIION Zr/ Ti ratio) (B. Jaffe, WR Cook and H Jaffe,
Pi ezoel ectric Ceram cs, New York, Academ c, 1971). They also vary with
tenperature. For exanple, at roomtenperature, PZT of a low Zr/Ti ratio is
t et r agonal0801] stThe prasent invientien rehates tohetarohiyerhd RBirvoglecteiatpieaodlsctas thixor honbi ¢

or rhonob I, ependi on .the value of the Zr/Ti ratio. The

ferroel ecﬁ?ﬁ%&gﬁl&e%egl?‘gse?tggﬁlfl%thﬁr%rﬂ%rti es of PZT thin films are also
dependent on the filmtexture and orientation. [0004] Several processing

t echni ques have been used to form PZT filns, including pulsed |aser

deposi t i oBAKEROIE¥Dvapour deposition, radio frequency (RF) sputtering,

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

these 1 i
[0002]  Lead-zirconate-titanate (PZT) thin films are technologically important and

useful due to f.heir excellent ferroelectric and piezoelectric properties. They exhibit large
piezoelectric coefficients, large polarizations and desirable dielectric permittivity.
Therefore, PZT thin films are employed in a wide variety of technologically demanding
applications such as in microelectromechanical systems, dynamic random access

memories, and non-volatile ferroelectric random access memories.

[0003]  The crystal structures and hence the ferroelectric and piezoelectric behaviours
of a PZT film (i.e., Pb(Zr,Ti;O1) are dependent on the stoichiometric ratio of Zr/Ti in
the film (i.e., x/(1-x), hereinafter referred to as Zi/Ti ratio) (B. Jaffe, W.R. Cook and H.
Jaffe, Piezoelectric Ceramics, New Yoik, Academic, 1971). They also vary with
temperature. For example, at room i'emperamre, PZT of a low Zz/Ti ratio is tetragonal in
structure while that of a high Z1/Ti ratio is orthorhombic or thomobohedral, depending on
the value of the Zr/Ti ratio. The ferroelectric and piezoelectric properties of PZT thin

films are also dependent on the film texture and orientation.

[0004]  Several processing techniques have been used to form PZT films, including
pulsed laser deposition, chemical vapour deposition, radio frequency (RF) spuitering, sol-

gel processing, and other chemistry-based processing techniques. Among these
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techni ques, sol-gel processing provides flexibility in controlling the film
texture and thickness, and is also relatively inexpensive. [0005] In a
typi cal sol-gel process for PZT thin filnms, a precursor solution is
prepared and then spin-coated on a suitable substrate, such as silicon

waf er or other ceramc substrates of either single crystal or polycrystal
or netal substrates. The precursor filmis then baked and anneal ed at high
tenperatures to forma crystallized PZT | ayer on the substrate. The
structure and properties of the resulting PZT thin filns can be varied to a
certain extent by using different substrate materials. For instance, PZT
filmcan grow epitaxially froma single crystal substrate, which often
dictates th rowt h orlentatlon of t T film Seve E rent .dopants
ave. al S0 BOBHISH dBHEt PRSI R IS R ot ey B T [SXBHE D4 oy ur o

and el ect rtju'gla{esg;mgrayoqglah{,égpgﬁkpeﬁme el ectrical properties of PZT thin
films can be further inproved by depositing PZT | ayer on a specifically

desi gned functional |ayer. For exanple been sho t hat depositing
a PZT | aydPOQilt h & atanrabsolerl percess %‘?Z%Wlfh‘g]t‘%%ag{?ﬁ‘érﬁ?raio 1on dSRreRatest ove

di el ect ri ¢, phRASKHI c%%te@f:m E%f[lt&bm éﬁbgt&e{ténsﬁc@ aséfiéon afer oRYEEr @RNiB.- G Yacobi ,
Appl . Phys. Lett. 1, pl282). [0006.1] European Patent plication

pubI|shedSd@hﬁﬁsmf@ﬂ@rQBQCAﬁmmemEWWﬁYﬁﬂ@@mebm§§H@S%§hapﬁﬁﬂm lgeisric film

Syet enn. oot dripgeatd nRBLbPperfiifes i b Ja R Plelas@hiil Foyst
Pat ent No.sulfstrdtb0 m& @trdﬁitufé @ndBpmplaiﬁaysf thé reamnng PEF el ﬁkugc&&ibeZVZmedZth?

di scl oses a nethod for uci ng, sel f - poI ed ferr ric Ia ers such
as PZT | ayefan Rty ASIg BRI tfatf—‘rfg}%t?%ﬁ £t W&&aﬁ?eeg%ﬁ%&‘r‘a%&@ a (111)

texture. [egf%&?duy\/ﬁﬂdﬂl 8 s&@l&‘é@ﬁftdl SititralRZThith biten &¥Bicbitle HOVG Rlcffatibh 68
- properties and can ared by several existing techni ques, there is a
need for @l@q,]éﬁ'hﬁlmgﬁeﬁ@\@&lf erent dopants have also been added to PZT thin films, in order

to tailor their structure and electrical properties.

[0006] The electrical .pr0perties of PZT thin films can be further improved by
depositing PZT layer on a specifically designed functional layer. For examplé, it has
been shown that depositing a PZT layer with a LaNiO; buffer layer on metal substrates
can improve diclectric properties of PZT thin film (Q. Zou, H.E. Ruda and B.G. Yacobi,
Appl. Phys. Lett.; 78, 2001, p1282).

[0006.1] European Patent Application published as EP 1,308,990 A2 on May 7, 2003
discloses a ferroelectric film that includes multiple film parts. The film parts have

different crystal systems and are mainly oriented in the <001> direction.

[0006.2] U.S. Patent No. 6,440,210 B1 to Bruchhaus et al.,, issued August 27, 2002,
discloses a method for producing self-polarized ferroelectric layers such as PZT layers

with a rhombohedral crystal structure, which has a (111) texture.

[0007] While conventional PZT films exhibit good electrical properties and can be

prepared by scveral existing techniques, there is a need for developing novel



2 ferroelectric/piezoelectric thin filns that have inproved properties and
nmet hods for formng the sane. SUMVARY OF THE | NVENTI ON [ 0008] The

i nvention provides a heterol ayered ferroelectric/piezoelectric thin film
with inproved el ectrical properties. The heterolayered thin film has at

| east two different layers of ferroelectric materials, such as PZT | ayers
of two different conpositions, adjacent to each other wherein one of the

| ayers has a rhonbohedral crystal structure and the other has a tetragonal
crystal structure and the |layers exhibit a preferred orientation normal to
the filmsurface. The heterolayered thin filmcan be highly oriented with a
strong (100) filmtexture. [0009] In one aspect the invention therefore
provi des demealsstayrigoeieatrchibin Mling, that hayg mproyed gpraperies pag naqfrqds der
conprisingb@mﬁéﬂégmggrroelectric/piezoelectric | ayer having a rhonbohedra
crystal structUre; a second ferroelectric/piezoelectric |ayer adjacent said
first layer and having a tetragonal crystal structure. The first and second
| ayers have a referred orientation with a-axis normal to said surface.
[0010] | n S3M X THE BEVENIEEN on provi des nethods of preparing a
heterol ayered thin filmand filnm when nade by methods of the invention.
In one aspect, the invention provides a nethod g%?{ rmng a hetepol ayered

thin fil m@eRRri sThegmventiongprayides & Fefgralavered satpelosiic/piszapleetap 4Bineli® bei ng
crystalli 1 & e[RRI} . Sttt Wl eRd tRin film has at least two different
ferroelecﬁﬁ?%%ﬁ%%?ogkéctrlc tér?%l; %.‘ﬁg I ng sgPda?Frg?;ﬁrégq5g§r | ayer;
c. form ndayars sfdonslghecuntorls) aydr ac RgAblagers fofbeondifteraps teaitppsiiehsi nt o a
tetragonal ,structur f a, second ferroel ectric/pi I i {al on
sai d 111 oeepreEt i £ish ofhey Bpef Ofan e B LubuRyfaRd Rt by Y
t enper at unlge sHéd hasize@iradonalCéryShladtiubme: drdeths &aestexhibeica ptitred ayi@ntation

normal to the film surface. The heterolayered thin film can be highly oriented with a

strong {100) film texture.

[0009] In one aspect the invention therefore provides a heterolayered thin film having
a generally flat surface, comprising a first ferroelectric/piezoelectric layer having a
rhombohedral crystal strucfure; a second ferroelectric/piezoelectric laygr adjacent said
first layer and having a tetragonal crystal structure. The first and second layers have a

preferred orientation with ¢-axis normal to said surface.

[0010] In other aspects the invention provides methods of preparing a heterolayered
thin film and films when made by methods of the invention. In one aspect, the invention

- provides a method of forming a heterolayered thin film comprising: a. forming a first -
precursor layer capable of being crysta]lized into a rhombohedral structure of a
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 ferroelectric/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 film.



e. annealing said first and second precursor |layers to forma crystallized
film 3 [0011] In sone enbodinents, the filmis a PZT filmand the
invention also provides a nethod of form ng a heterol ayered | ead
ziroconate titanate (PZT) film conprising: a. formng a first precursor

| ayer containing PZT having a chemical fornula of PbZrTi(l_ x)03, wherein
0.52 < x <0.9; b. baking said first precursor |ayer; c. formng on said
first precursor |ayer, a second precursor |ayer containing PZT having a
chem cal fornula of PbZryTi(l_y)O38, wherein 0 <y < 0.52; d. baking said
second precursor layer at a tenperature sufficient to crystallize the
second precursor |ayer; e. annealing said first and second precursor

| ayers to a crystallized film_[0QO In cordance with gne aspect
of the pré&&ﬂ " pehr RbofRERE. e ﬁb%mjﬁ%ﬁkan an B SRy B HOR i prayidas

het er ol ayer,edysdbitofhih8h hERBMefddNgad Aidborla® (hilfe @ZAT) Hikh, RnGEMmE0s. | ayer
capabl e of being crystallized’into a rhonbohedral structure of a first

f er r oel ectfpiminga Srsetoeursen loyaraortpining, PZThhavingld dgmecal roplagpf PpZedirsor | ayer
wi thout crystallizi | g T . . o (C ar.m-ng; cond
precursor ¥ éy‘gﬁerglélpa e§%foqg’l%)ép%n%raﬁgﬁfﬁ%déﬂ%%?#eg(Ca}otnf&a{lga@é%%glaﬁ@ter ucture
of a seconiechtor hetres bdconid pleerrs@l et coraining PETI labvingra cheinital formmtlapfecur sor

| ayer; (d)_ bhaking.said second precursar |layer at a tenperature for a
period of ToZhd enPs e Sfé’ %592&4;53%%5%%?%0% ﬁ‘HS(HHch?ﬁF‘%Bor | ayer

wi t hout Crté&ﬁﬁéitéthtezshﬂﬂ;ié@todcr?gt&1ﬁ£e {BE §&IHh® PlechddrQh 'er;_(d?)mrféﬁﬁ? safBfifdt sgicond
precursor layer is crystallized, anneallng sai dyfl rst and second precursor
| ayers, t secondpyestespt layératp oand cfystadlized flmcur sor | ayer and forming a
crystallized thin filmthat conprises a first ferroelectric/piezoelectric
| ayer havil8@1'1} Hordsobrdaircal wigh g aspeet efuibe prasentainvenaioB.ebgigdis provided a

f | ectric/pi lectyl ! id firest .f : .G/ Pl | ectri
| ayer - and WY BREE bl el 4R ARl Soplifbe GLIPRET] e ReBe T ©

f erroel ectlayiee/ pipaleclo€cheing tigytellizechamionga rhombohedral structure of a first

ferroelectric/piezoelectric material; (b) baking said first precursor layer without
crystallizing said first precursor layer; (c) forming a second precursor layer capable of
being crystallized into a tetragonal structure of a second ferroelectric/piezoelectric
material on said first precufsor layer; (d) baking said second precursor layer at a
temperature for a period of time sufficient to crystallize said second precursor layer
without crystallizing said first precursor layer; (e) after said second precursor layer is
crystallized, annéaling said first and second precursor layers, thus crystallizing said first
precursor layer and forming a crystallized thin film that comprises a first
ferroelectric/piezoelectric layer having a rhombohedral crystal structure, and a second
ferroelectric/piezoelectric layer on said first ferroelectric/piezoelectric layer and having a
tetragonal crystal structure, said first and second ferroelectric/piezoelectric layers having

a (100) preferred orientation with g-axis normal to a surface of said thin film.

[0011.2] Tn accordance with another aspect of the present invention, there is provided a
method of forming a heterolayered lead ziroconate titanate (PZT) film, comprising: (a)
forming a first precursor layer containing PZT having a chemical formula of PbZr, Ti(.

03, wherein 0.52 < x < 0.9; (b) baking said first precursor layer without crystallizing
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a (100) preferred orientation with a-axis normal to a surface of said thin
film [0011.2] In accordance with another aspect of the present invention,
there is provided a nethod of formng a heterol ayered | ead ziroconate
titanate (PZT) film conprising: (a) formng a first precursor |ayer
cont ai ning PZT having a chem cal fornmula of PbzrTi(l_ ,)03, wherein 0.52 <
X < 0.9; (b) baking said first precursor |ayer without crystallizing 3a
said first precursor layer; (c) formng on said first precursor |ayer, a
second precursor |ayer containing PZT having a chem cal fornula of
PbZryTi (1 _Y)03, wherein 0 <y < 0.52; (d) baking said second precursor

| ayer at a tenperature for a period of tinme sufficient to crystallize said
second pregUr el pledsdr MdrNRY togkiNS bal shidZfilOp@akiforf lay&! a RERRY E&urdoRyer ;
and (e) after said second precursor layer is crystallized, annealing said
first and laysteendeinige &l aing aghemical famglaciyPdZal)i-aPngvhsedin 015 ¥ S0-33% ecur sor
| ayer and i i il rJ 1rS yer
havi ng a #&@%%%ﬁ%ﬁ?%#£%$§@%%#§§??ﬁg%%?%%ﬂ%%ﬁﬁgﬁngg%%%g%g?#ﬁ%gé?g%hgsaid _
first PZT chajpdlizeanid sheondpgecarspetayageitiaiut cryyislialngstiddottpresursaiager; find st and

second PZT | ayers. having a (100 referred. orientation.w a-axi s _nor nal
to a surf(%?cgﬁ(%fsa F?fofl‘?lpﬁ?c{'fmsﬂr %@%’iéi CW&&ﬂWF%{g%g}f@g 5%%”%%%? r%ﬁ?f’(}(? st eps
(a) to (dpredusof eRed! 8ls chystaliAgdsaid kst pedcaer BFfer and forming a crystallized
ferroeleetric/piezoelectric filmwith nore than two |ayers of alternating

crystal stilmcthal exmprisgp 23firsOPREr lapshaying fpgombohedsal grydal sfgtuenaet iges of
t he i nventy} j : i i Lh.the art
upon revi Sutas Hlelef e i BRESEE Thver dnd RofiRe 2L AP AENE St 0o e
i nvent i on first andngaend PZENaydrs haviigea 400D prderyadmygichiatjon with a-BRE EFMBESCRI PTI ON

OF THE stal\cI:Ce;%f said film.
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[0014] In the figures, which illustrate exenplary enbodi nents of the
invention, [0015] FIG | is a side view of a heterolayered thin film
formed on a substrate; [0016] FIG 2 is a block diagramillustrating a
process for formng a heterolayered PZT thin film [0017] FIG 3 shows
X-ray diffraction traces for three different heterol ayered PZT filns,
where (a) is for the heterolayered PZT thin film consisting of two
alternating PbZr0.8Ti 0.2 and PbZro. 2Ti 0,803 | ayers prepared in
accordance with Exanple 1 of the present invention; (b) is for the

het er ol ay Pz ' j LSt f.out ternating, 10.9Ti 0. 203
and Pbzr oRa) sch S SukkenheaERIRLRILA0 s (BhTo Re) Y EpkiE S05F 1
present imigokyoend [rojeldckicfpezotlbarit dilarwitlayere thaRAWot hiers fof |atemets st i ng of
si x al ter(%t élréﬁm LFl’rl%Zr 0.9Ti 0. 203 and PbZro. 2Tio.gO8 | ayers prepared in
accordancé t Exaﬁ‘ple 3 of the present invention. [0018] FIG 4A to 4C
show the ferroelectric hysteresis | oops of the heterolayered PZT filns of
FIG 3, r@gg tiéely; [Q019] FIG 5 shows the dielectrig pmerties of the
het er ol ay pZ'Pther ngiel gepsfsafeatuges and artyanipess) of the ipwntem miil gcamcect r on
M Cr 0SCOpP&, e . I Fig. 3,
b @BORTHIRIF Brdif YA % Ble A \onlEliél %#méﬁgggpgggﬁapgg&b% .

showi ng the cross section and surface texture o film
consi st i repeeific sinkodiments pfithie iy ehidgran sonyinddo@ math<iTe azoBparythg fjszaso, ZTi 0. 503
prepared in accordance with Exanple 3 of the present invention. [0021] FIG

7 shows t £t hr& e six-heterol ayered PZT fil m of
TE] B@gﬁ ﬁé Eﬂi : :
Fig. 6; [0022Z] g aﬁtdﬁg?{ sPow‘%%égerroel ectric hysteresis | oops of
two nultilayered
[0014] In the figures, which illustrate exemplary embodiments of the invention,

[0015] FIG. 1is aside view of a heterolayered thin film formed on a substrate;

-{0016] FIG. 2 is a block diagram illustrating a process for forming a heterolayered
PZT thin film;

[0017] FIG. 3 shows X-ray diffraction traces for three different heterolayered PZT
films, where (a) is for the heterolayered PZT thin film consisting of two alternating
PbZrysTip20; and PbZry;Tips0s layers prepared in accordance with Example 1 of the
present invention; (b) is for the heterolayered PZT thin film consisting of four alfernating
PbZi‘o,gTio.zOg and PbZry;Tigs0s layers prepared in accordance with Example 2 of the
present invention; (¢} is for the heterolayered PZT thin film consisting of six alternating
PbZrosTiez05 and PbZry:Tio 305 layers prepared in accordance with Example 3 of ihe

present invention.

[0018]) FIG. 4A to 4C show the ferroelectric hysteresis loops of the heterolayered
PZT films of FIG. 3, respectively;

[0019] FIG. 5 shows the dielectric properties of the heterolayered PZT films of FIG.
3; ‘



PZT filnms, where (A) is hysteresis |loop for the nultilayered PZT thin fil ns
consisting of six layers of PbZro.sTio.203, prepared in accordance with
Exanple 4 of the present invention; and (B) is hysteresis |oop for the

mul tilayered PZT thin films consisting of six |layers of PbZro2Ti o. 303,
prepared in accordance with Exanple 5 of the present invention. DETAILED
DESCRI PTION OF THE | NVENTI ON [0023] Fig. 1 (not to scale) illustrates a

het erol ayered thin film 10 formed on a substrate 12. Film 10 has a
generally flat surface 18. Film 10 has six |ayers of

ferroel ecigoaojpi ¥102! ¢4 Ghamniat éééh%hsmf&%oﬁeeﬁrﬂ%ges taken from one of the
"ferroelectric/piezoelectric" materials Is usedto deescrl e materials that

have f er r betpiobayeicd Rald fibhe 2b Flige & rshewipg dpe ctase syctinntand sakfeer ratwangf cr yst al

st uot ur onereplfered 6 P BedEo6E S SIS RS Y EPLSELo R BE e
crystal BbZueTipg®prafarddiih mchiangeewishi Exanglly 3 bEthe prescht wiviehticn. pr ef err ed

orientation with a-axis normal to the filmsurface 18 (known as the (100)
preferred orientation). The term"preferred orientation"” describes any

det ect abl ferred.crystal growh in certain djrectioon, for exanple, as
det er ni ne %?mtﬁﬁgd.? Y?rtﬁ%‘élgmlﬁﬁaltdﬁ@t%@%{ﬂﬁ Pt@‘? sr[xd@g?layer@,&ﬁzg fignet| ayers
are depickgrdgin Fig. 1, film10 nmay have less or nore layers and the _

| ayers may be differently arranged, so long as film 10 has at |east two
alternati I rs. o tetragonal |ayer 16 adjacent  to a rhonbohedral
| ayer 14. veﬁ&agAvﬁngl%Bogmws'%B&W%@%Whﬁ‘ﬁ% leppsiof gwvpgpdtilagergd  si x

| ayers) apyemnaliwierd @88 Rystrbidobp RRtd ki i rties.
[ 0025] As depi cted, rt% [%er ad) a%gﬁttﬁétl(ﬁ)ﬂggd érﬁ\é?g?g\{%gtf?%gg&?s#gﬁggﬁedr al
| ayer 14. sixdpydrs ed|Bbgrosdiop @t rxeparedl i agcerdan® with Beamgpd dcehthet presdne

substr at einyboNRY Bla (B) W AB:s 1RLRBP ARGHNIReyd A BET bl RiHhACHS s GRS At e 12

can be advantageous use It
layers of PbZr2Tips03, prepared in accordance with Example 5 of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0023] Fig. 1 (ﬁot to scale) illustrates a heterolayered thin film 10 formed on a
substrate 12. Film 10 has a geperally flat surface 18, Film 10 has six layers of
ferroelectric/piezoelectric materials {the term “ferroelectric/piezoelectric” materials is
used to describe materials that have ferroelectric and piezoelectric properties) with
alternating crystal structures, i.e. each pair of adjacent layers have different crystal
structures. Layers 14 are rhombohedral and layers 16 are tetragonal. The crystal
structures of film 10 are strongly textured Wiﬂl a preferred orientation with a-axis normal
to the film surface 18 (known as the (100) preferred orientation). The term “preferred
orientation” describes any detectable preferred crystal growth in certain direction, for

example, as determined by method described in the Examples.

[0024] - While six layers are depicted in Fig. 1, film 10 may have less or more layers
and the layers may be differenily arranged, so long as film 10 has at Ieast two alternating



the (100) preferred orientation. [00261 Suitable
ferroelectriel/piezoelectric materials include | ead-zirconate-titanate
(Pb(zr,Ti)03) (PZT). For exanple, a rhonbohedral |ayer 14 may be a Zr-rich
PZT | ayer while a tetragonal layer 16 may be a Ti-rich PZT layer. As the
termis used herein, Zr- rich PZT refers to PZT having the chem cal fornula
Pbzr Ti (, _x) B, mhere 0.52 < x <0.9, and Ti-rich PZT refers to PZT havi ng
the chem cal formula PbZryTi.(u.y)03, where 0 <y < 0.52. As is known, at
roomtenperature, the crystal structures of a Ti-rich PZT are tetragonal

and the Clayat ang%&&d#gﬁdﬁ rr@ét adeht ol FioRBdhcaf® yEPTIRANRHALEL a5 Wi b€ L he

val ues e Inventors have found that when x=0.8 and
y=0. 2 thesholwtiaﬂ@# aﬁdmséxalviag'mdrhl(mgfslk ayefsp plterohtingHayers exjubit paticeadly st rong
(100) preferred orientation. As is understood, when a PZT conposition has
a high zr@® @Bﬂtﬁ%‘?ﬂus PioPEHN®S:0. 9 < x < 1) it exhibits an orthorhonbic
structure and is thus not suitable for use in either layers 14 or |ayers
16, [0027jo08her Asidepicesd, ﬂﬂrlagmlaﬂjabéﬂtcé phlﬁmlmisrd thombiokedrall layersdch as

Pb Nb) O3, .for ex le P Nb2, 3) O3, Nb) 03- PbTi O3 for
exéﬂp'v?e P pma#mﬁm ?émay )GW&ONE )%@We‘fe&r hay,

Pb( Myt r 3NRgERhERrdtndyard 4 aﬂ?&!erﬁ'sﬁ@st@@ uS@ﬂ He%dvﬁ&ﬁ%?oh@ﬁ@faﬁself& f&lﬁht&t@s [ 0028]

Layers 14 and 16 may have the same or different thickness. The thickness of
each IaytheilﬂfBﬁ?ref@ﬁWWfaﬁ?P for exanple, in the range of a fewto a few
‘hundred of nanoneters. 6 [0029] Substrate 1.2 can be any suitable

substrate dtmxﬂ tﬁm@cyébcgw t&@lebtﬂc tHSed incliR |G B Rte-Sulsd rate 12

can be SI I Co e sur e substrate can be pre-treated. For
exanpl e, (Rb(Zna’l)l)(b;é (Bl oaeraopt, o chaelwhedrsl layrad 4imat beda Ei-ticle BAT Uaiferr . A

thin Pt | L) tetragonal layer 16 may be a Ti-rich PZT layer. As the term is used herein, Zr-
rich PZT refers to PZT having the chemical formula PbZr, Tig O3, where 0.52 <x < 0.9,
and Ti-rich PZT refers to PZT having the chemical formula PbZr,Ti O3, where 0 <y <
0.52. As is known, at room temperature, the crystal structures of a Ti-rich PZT are
tetragonal and the crystal structures of a Zr-rich PZT are thombohedral. While the values
of x and y may vary, the inventors have found that when x=0.8 and y=0.2 the
heterolayered PZT thin films formed exhibit particularly strong {(100) preferred
orientation. As is understood, when a PZT composition has a high Zr content (i.e., 0.9 <x
< 1) it exhibits an orthorhombic structure and is thus not suitable for use in either layers

14 or layers 16.

[0027]  Other similar ferroelectric/piezoelectric materials, such as Pb((Mg,Nb)Oz, for
example Pb(MgysNby3)0s, Pb(Zn,Nb)O;-PbTiO;, for example Pb(Zn;sNby3)03-PbTiOs,
and Pb(Mg,Nb)O3-PbTiO;, for 'example Pb(Mginggg)Og-PbTiog, may also be used to

form layers 14 or 16.

[0028] Layers 14 and 16 may have the same or different thickuess. The thickness of
each layer 14 or 16 may vary, for example, in the range of a few to a few hundred of

nanometers.



(e.g., -100 nmin thickness) can be deposited on the silicon surface as
bottomelectrode. Further, a thin Ti layer of -50 nut thickness may al so
be deposited on the surface to provide an adhesion |ayer below the Pt

| ayer. A thin layer of SiQ2 (-100nmin thickness) may also be forned
between the Ti layer and the silicon surface to prevent diffusion of netal
and enhance the adhesion. Ot her possible substitutes can be netals, gl asses
or ceramcs, such as A1203, MgO and SrTi 3, in either single crystal or
polycrystalline form Suitable nmetal substrates include brass, platinum
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[0030] To provide good adhesion with the film and proper surface finish, the surface

of substrate 12 may need to be cleaned. As can be appreciated, film orientation and the

resulting film properties may be affected by the surface chemistry, morphology and

mechanical properties. Thus the choice of a proper substrate should be made taking these

factors into account. A skilled person can readily determine the suitable substrates and

their surface properties.

[0031] As will be described in more detail below, the inventors have discovered that
heterolayered thin film 10 exhibits excellent ferroclectric and dielectric properties, such
" as a high remanent polarization, and high dieleciric coefficient/constant, 1n comparison

with conventional ferroelectric thin films such as conventional PZT films.

[0032] Without being limited to any particular theory, the enhancement in
polarization in heterolayered film 10 is believed to be due to the field-induced stresses
and the coupling effects among the layers of different crystal structures. As is known, the
lattice comstants of a-axis and c-axis in tetragonal structures of some ferroelectric

materials such as Ti-rich PZT are only slightly different. When an electrical field is



applied in a direction normal to the filmsurface, a strain is induced in

t he rhonbohedral |ayer (such as a Zr-rich PZT |ayer) due to piezoelectric
effect. This strain in turn causes a conpressive stress along the surface
of the adjacent tetragonal |ayer. If the tetragonal layer (i.e., Ti-rich

PZT layer) is (100) orientated with the a-axis normal to the film surface
and the c-axis parallel to the surface and a conpressive stress is induced
along the surface, the a- and c-axes can swap directions with each other
t hrough tiny displacenent of atonms within the unit cells under the
conpress

) . i T f ce . i S is
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10034] HefeghQinavieye s d1bidme Elagssuch as film 10 can be formed in the
following exenplary process. The tetragonal and rhonbohedral precursor

| ayers are sequentially formed in_alternating sequence. For exanple, a
rhonbohedmpq)r edSr S6t p%epeca?pr%ated, it 1s unnecessary to use the same

ferroelectric/piezoelectric material, such as PZT, for all of layers 14 and 16. Layers 14
and 16 may include both PZT and non-PZT layers. For example, all of the tetragonal
layers 16 may be made of PZT and alf of the rhombohedral layers 14 may be made of a
non-PZT material. However, when two or more different layer materials are used, the
materials should be chosen so that they have compatible crystal structures and properties
so that desirable interaction and couplings between adjacent layers will occur o achieve
the (100) preferred orientation and preferably enhanced polarization. In this regard, using -
the same material, such as PZT of different compositions, for both léyers 14 and 16 can

be advantageous.

[0034] Heterolayered thin film such as film 10 can be formed in the following
examplary process. The tetragonal and rhombohedral precursor layers are sequentially
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



formed on a substrate and a tetragonal precursor |ayer formed thereon. Mre
specifically, a heterolayered filmcan be formed by form ng a precursor

| ayer with a ferroelectric/piezoelectric material capable of being
crystallized into a rhonbohedral 8 structure and adjacent this |ayer,
formng a precursor layer with a second ferroelectric material capable of
being crystallized into a tetragonal structure. The first layer is baked
before form ng the other |ayer. One of the precursor |ayers nmay contain
Zr-rich PZT and the other may contain Ti-rich PZT. Additional precursor

| ayers ma - Yhi , _ ' V, € ectric
b opert | oTfg b@ UG hid el PEReE b BreobiebMher WBE 8 4Epd 0 PO, 2
cryst al | i setrif ¢apablg 00BShg Tuystallizediato 4 telragmpbiteictuan Thr doyillary isprakebss S20

for form - RZT thin filmis described bel .t h

ref erenc eg‘%8‘%|f?‘3‘5‘ﬁé ﬂleic}fsﬁe\r,rﬁ%er. bec 6’:{2}1%?5?%“ 2 L@P‘é Aty Cﬁgﬁl&\#r‘ﬁ‘%b% 50 can
be enpl oyg@ dier heayrecpedeTRHey PEEJAddiiohal blebBrsid lafersBiag atliiafacediily be
alternating Ic(f\ ers, [0036] At S22, a first PZT precursgr solution

cont ai ni ng’r‘EF- &ﬁéﬁh%ﬁwg& tsdereeplesticropsgis of Hregesultgdiiey, The faykeare he

formul a Phikdkd & fohl 3 cryddfilsed B2 < x < 0.9. As  discussed herein, formng
a rhonbohedral layer as the initial layer (neaning the |ayer adjacent the

substrate) can. be advantageous as it facilitates the desired orientation

of the ri0d3pti ndorfurthsr dusiale; amexemplpymreness P20 foroupiae ¢ hatgrelayssed i con
waf er. Ther+ izt kal, ; ' OoRt Al Dol - [ i ead of
2t ch P i PSR BElon P B FAETE R Rl bhh Bt

ori ent at i balow,gnodses 83 yinfbe coanpldyyd tecfakne hetdroldyerti thin @hmPEEh hayethan svo t he
initial | [ . ych, an additional |ayer between the substrate and
Ti-rich ﬁ’c?qaggé?s{ygrsmm ch facilitates the formation of the preferred
orientation, nmay be necessary. [0037] The precursor solution nay be a sol
sol uti on KO36LanAb&23jr AishBAT Ipyecmismi sedution containing Zr-rich PZT is coated on a

substrate. Zr-rich PZT has the formula PbZrTi(gOs, where 0.52 < x < 0.9. As
discussed herein, forming a rhombohedral layer as the initial layer (meaning the layer
adjacent the substrate) can be advantageous as it facilitates the desired orientation of the
'resulting film. A suitable substrate is a Pi-passivated silicon wafer. The initial precursor
solution may contain Ti-rich PZT instead of Zr-rich PZT. However, the inventors have
found that the preferred orientation can be significantly weakened if Ti-rich PZT layer is
the initial layer. As such, an addiﬁonai layer between the substrate and Ti-rich PZT layer,

which facilitates the formation of the preferred orientation, may be necessary.

[0037] The precursor solution may be a sol solution and can be obtained by n;jixing
different component precursor solutions. For example, appropriate amounts of lead
acetate [Pb(CH3COO);3H,0] (as the lead precursor), zirconium propoxide
{Z{{OCH(CHs);)s) (as the zirconium precursor) and titaminm isopropoxide
(TifOCH(CH;)gh) (as the titanium precursor) may be dissolved in a suitable solvent such
as a mixture of ethylene glycol monomethyl ether (C3HgO,) and acetic acid. The volume

ratio of ethylene glycol monomethyl ether over acetic acid may be in the range from 2 to



di fferent conponent precursor solutions. For exanple, appropriate anounts
of lead acetate [Pb(CH3COO) 2.3H20] (as the |ead precursor), zirconium
propoxi de (Zr[OCH(CH3)2]4) (as the zirconium precursor) and titanium

i sopropoxide (Ti[OCH(CH3)2]4) (as the titanium precursor) may be di ssol ved
in a suitable solvent such as a m xture of ethylene glycol nononethyl

et her (C3H802) and acetic acid. The volune ratio of ethylene glycol
nononet hyl ether over acetic acid may be in the range from2 to 9 6. The
PZT precursor solution rmay al so be prepared in other suitable manners known

to a per goﬂlﬁl@”ﬂ‘é £t s&lﬁﬁo@ﬁqﬁ alE(QQe?‘é' P! B LB SODGERY, h?cpna of each

of | ead acetate, zirconium pI’OpOXI titani um i sopropoxi de
pr ecur sor pesdndkilted icée ae cal cul ated fromthe desired stoichionetri c
conposition of the resul ting PZT |l ayer. These cal cuI ations can be readily
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If the layer.is to contain PhzZro 2Tjo. referre to as PZ20T8 the Zr
to Ti coné@ﬁ!@&i@%‘“ﬁ%ﬁ’ﬁ"%ﬁgéﬁﬂé P?? layer, {bhgs¢ splculations s Baaeagin pe | ost
during heatied 6RES B Pbrsod Qkﬂl&i 8P tart]l GolMBlaniP&EL R 4 RIE: CiiikiBe added to
conpensate for the expected |oss. The amobunt of excessivé |ead may be

cal cul at eBbBHasHoGrreftecdionsiZsoio), theganesalratinnaatel of Z5mnd Aé iy éhe i PZT
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and lead calculated from the desired PZT composition in the layer to be formed.
[0038] To prepare the PZT sol solution, Pb(CH3;CO0);3H,0 may be first added into
the solvent. The solution may then be heated to and maintained at a temperature in the
range from about 105°C to 120°C for 10 to 30 minutes in order to dissolve
Pb(CH3COO)§-3H2'O and remove H,O from the solution. Similarly, zirconium and
titanium precursor solutions can be prepared by dissolving Zi{OCH(CH;)]s and
Ti[OCH(CHzs)y)s into separate solvents. The three solutions can be subsequently mixed
together, followed by stirting for a time period in the range of, for example, about 1 to 4
hours. The concentration of the PZT compound (e.g. PZg Tz or PZxTgg) 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 results.

{0040] The solution may be coated on the substrate in any suitable manner, such as
by spin-coating. Spin-coating is advantageous because it provides betier 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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Ti[OCH(CH3) 2] 4 into separate solvents. The three solutions can be
subsequently m xed together, followed by stirring for a tinme period in the
range of, for exanple, about 1 to 4 hours. The concentration of the PZT
conpound (e.g. PZ83T20 or PZ20T80) in the m xture can be controlled. In
sonme enbodi nents, PZT concentrations in the range of 0.2 to 0.6 M have
been found to produce the nost desirable results. [0040] The sol ution nmay
be coated on the substrate in any suitable manner, such as by :

Spi n-coating. Spin-coating is advantageous because it provides better

control  ofed & cqfabdd &neqawggma?ﬁ 1§ pﬁg@g Ueita B BEBR G2 o pghggfetah*}g%; olysis

and condensation, as we ness and unitorm ilm The
speed andhiténess iaod vofforsypiyn Foo akinmge,nib habbeen1ountb thet ta sade badedinentsf act or s

known to persons skilled. in the ' he desired. fi.lm i ckness
and uni forpr’ﬁ'ai?pn%gtra S@)?%fﬁ%‘ltg?mflge %ﬁ@b@@ﬁ@@ﬁr@hmﬁ ?f%l??"ggﬁga%é&%m S,

spi n- coat §geaids Ppredueed] déstralile €l anigineey andbRiforrdidP Hdveeval) ksé B b@Er a peri od
of about 20 to 50 seconds produced desirable filmthickness and

uni f or mi tSPerABgEFRPCTHEdE vaPrd et depgibemthenprtisia vpplisationas caphey and may

depend oryn{dg@tdaalj,?ipgggbﬁrskgggliﬂ@l@ra}tpn as can be understood by persons
skilled in the art. [0041] At S24, the coated precursor solution is dried

to forma first PZT ‘grecursor | ayer in manners known to a person skilled
in the arl004the Pt 83driberoated mrecyregr solutign jsedriedf torfous anfisePBY phastitsbhg t o and
mai nt ai ni n% LEIRE r t , about 5
to 20 m nll%?eég{l yI ng cFvZﬁ %e%%%géél\r,\%{%{é (()ﬁg%%ngxﬁ ??lg p%r%g%glg#&?rh%)g% élgér’]dt )

[ 0042] AtfofS26nipikebypsating ®omd neyraaining at iempbeakedbetivosn xoarndf08C hyabbeiat i ng to

and nai bAi.ng, at erat ure of about 500C.for abouyt. 10,to 30 m nutes.
p i 11 Dt Fdp & s3a 26 Fwleh, Brdndis oSty Beymirs el iR che | ayer
to deconpose and stablizes the baked | ayer.

[0042] At 526,the precursor layer is then baked, for example by heating to and

maintaining at a temperature of abont 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 $28, a second PZT precursor selution containing Ti-rich PZT (PbZryTi.
»n0s, 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 died o
form a second PZT precursor layer (at 830) and then baked (at S32) in a similar manner
as at 824 and S26. Opfi.onally, the temperatures and durations may vary from those at
S24 and S26.

[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 coaied. Further, baking each precursor layer individually can minimize

diffusion between the precursor layers. Diffusion between layers can sigﬁiﬁcanﬂy affect
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[0043] At S28, a second PZT precursor solution containing Ti-rich PZT
(PbZryTi (1- vy)03, where 0 <y < 0.52) is coated on the dried, and baked,
first precursor layer. The second PZT precursor solution can be simlarly
prepared and coated as at S22. [0044] The second precursor solution coated
on the first precursor layer is dried to forma second PZT precursor |ayer
(at S30) and then baked (at S32) in a simlar manner as at S24 and S26.
Optionally, the tenperatures and durations may vary fromthose at S24 and
S26. [0045] It is advantageous to bake each precursor |ayer before coating

anot her fﬁé%&%ﬁ%@eﬂ%%{fhgfésﬁﬁ*’ﬂg9&91%'1’%%5 gRaked layer is less likely to

crack when the s equen ayers are ed.” Further, baking each
precursor layer individually can mnimze diffusion between the precursor

| ayers. DIOOAG}i oifhebekiepieriparpbrs stoakd tsi syfficiintlariighytoat ¥sedlise TidichRETel ectri ¢

properties _of the r ing heterol ayered film [0046] The bhakin
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enough so as not to crystallize the Zr-rich layer until the annealing

step, bec]_&ti‘_%l'é’a? FEvVaftt 18t sgedipg é‘*ﬂ’ er fa‘&@‘@fm% i Pégﬁ?“éi oeeniptip pf Eridy  seedi ng
layer facpitifkd EhjehfeRbBkaE %9%\9 Faf b 3hkiRg teﬂigrgaf@mré iCdmdehdodafy ks

Experimental results show that the baking tenpérature in sone enbodi nents
may vary isey wayrbebiron nbad d80ehard5510TC buit babimkiah gbaut S6WFeLprodgedctipredticed t he
best result, [0047] Steps S22 to S32 may be repeated, using the sanme two
precursorreglgf'uti ons or different precursor solutions, to formthin filns
of nore than two alternating |ayers. The inventors have observed better

film propi0dirps StzenStherIB2angy borepedidiansihguhel same tso pfeotrsoresoatipheomhen

her re,.four an i X | rs. . .
there a edlf.f%l%ﬂt ;%'egurssor soluggnes, tso 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 S36, the PZT precursor layers formed in the preceding steps are anmealed
to form PZT film with stable, desired crystal sn'uctufes 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 hours. 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 522 to 832 and S36. 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] Ina speciﬁé embodiment, the first precursor solution contains PZ;oTgp and the

second precursor solufion contains PZgTy. X-ray Diffraction (XRD) phase analyses
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[0048] At S36, the PZT precursor |ayers formed in the preceding steps are
annealed to formPZT filmwth 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 for 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 may cause significant |oss of |ead,
cracking of filnms, and formation of undesirable pyrochlore phases and

houl d b | f \
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cry&alhzanon of the adjacent PZgeTa layer into the same (10Q) onentatlon, due fo

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.c., below the
crystallization temperatures of both PZgTyy and PZ20T30, no preferred orientation was
observable with XRD. When the baking temperature was raised to 500°C; the peak
intensity ratio of {001)/(101) for PZg T2 layers increased from 0.16 to 2.89, while the
peak intensity ratio of (100)/(110) for PZsTso layers increased from 0.45 to 5.65. Thus,
baking temperature can be critical in obtaining a desired film orientation or texture in the
resulting thin ﬁ]m, 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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anneal ed at a tenperature in the range from about 600C to 750C as descri bed
above, the occurrence of such (100) preferred orientation in the PZ20T80

| ayer facilitates crystallization of the adjacent PZSOTr20 | ayer into the
sanme (100) orientation, due to coupling between adjacent |ayers. [0050] In
this enbodi nent, as now can be appreciated, to obtain a strong (100)
orientation in the heterolayered PZT film the PZT | ayers need to be baked
at a tenperature of about 500C before they are anneal ed. Experinents have
shown that when a heterolayered PZT filmwas baked at tenperatures bel ow

450C, i.e : o i i I .23, . . PZsoT20 and
PZ20Tso, %egcrg@g]fﬁgﬁxggméﬁ é%ieg%dlt Igﬁﬂ %%Ct%%gggé%gﬁgﬁ %‘1 C%%nm\lfé’e N the baki ng
t enper at umgeridgs: saudead, hrgeSeRaGent pelapedikn in ndmpaisby witht doavafiofIFPT (101)

for PZ80TRp | ayers.increased fromO0,16 £to.2,89, .while the _peak intensity
ratio o flpopre Hieh BREARnas ra ak e doreaifd pll mES s e Thd.
baki ng t eflewaigxempRE with réftrehdeGa khel d0ciaaling Aghwangiesi red filmorientation
or texture in the resulting thin film and should be precisely controlled
for obtaining a desirable film orientation. [0051] Heterol ayered PZT
films formed according to the exenplary process 13 described herein
exhibit excellent filmcharacteri E&AM PLEdc| udi ng high crystallinity, dense
inter-layer structure, |large renmanent polarization in conparison with
conventional PZT filmnms, and high dielectric constant, and are further
descr i bedIC958] ex ériploiifetaselayencd BT thitofilowinigrasdeasgblbsvani t h ref erence to the
acconpanyi ng draw ngs, EXAMPLE 1 [0052] A two-heterolayered PZT thin film

was for magtfgg foll %‘Eﬂa@w&n@cﬁgomohﬂ'ron%fﬂ'b%o_ﬁiﬁf@';r'&?é%rprép%{eﬁtﬂypn of

PbZro. sTi o was prep
- dissolving an appropriate amount of Pb(CH;COQ);-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 PZg;Tag) inito 10 mi of a solvent, which was a mixture
of ethylene glycol monomethyl ether (CsHgO2) and acetic acid at a
volume ratio of 5/1.3 at 110°C.

- dissolving appropriate amounts of Zi[OCH(CH3);]4 and Ti[OCH(CHa)z14
(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 mi by adding additional solvent.
- stirring the mixed solution for 2 hours,

Step 2. 50 ml of 0.4 M precursor solution of PbZrysTipsOs was prepared
similarly, but with the amounts of Pb(CH;COO),3H;0, ZrfOCH{CH;)}s and
Ti[OCH(CH3):Js added to the solution being calculated to produce the desired PZT
composition {7.963g, 1.310g and 4.548g, respectively).
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di ssol ving an appropriate anount of Pb(CH3COO) 2. 3H20 (7.963g, calcul ated
fromthe desired concentration and volune of the final solution m xture as
wel | as the stoichionetry of the organic solvents and the conposition of
Pz30T20) into 10 m of a solvent, which was a m xture of ethylene glycol
nmononet hyl ether (C3H8Q2) and acetic acid at a volunme ratio of 5/1.3 at
110C. dissolving appropriate anounts of Zr[ OCH(CH3)2]4 and Ti [ OCH( CH3) 2J4
(5.241g and 1.1.37g), respectively, intw 5 m of the sane sol vent.

m xi ng the above three solutions together, with the total volume of the

m xed solgti@n bro n d | vent . ostirring
the m xedﬂ%?mi onli?é&m'w ﬁ%@?gﬁj O?t %ﬁﬁlgg) A ﬁllst) ﬁﬁiﬂoatr%gc%nﬁgor gol ution
of PbZro. ;&Ismat&ﬂ&hmssmamamedoetsmm f@r 30y secbnds. Thé lmﬁshaeauﬂw;s

Egl(gfcalgcqﬂﬁt g‘*’t%‘%%%gﬁﬁé’ o Lt hb%’é%%ﬁgé df?r?@é(g%ggﬁmiog‘;gbo“

and 4. 5488, thicRSdROCAnd \ethih) Pt mﬂer?(fas&t 300 Bﬁ@ﬁ%ﬁ@ﬁes $OTHE HAR peeutBL [aQerS T1 0. 203
was first spin-coated onto a Egsswate si | |con substprate at 3000 rpm

for 30 seWwaifiried air?»f@“@@p;siw@sgm & bakied 2py08°C BwdPatinites:h a thin |ayer of
Si 02 (about 100 urn in thlckness) athin T layer (about 50 rim in.

thi cknessgegd a t *Pr&ui%%r g@i&itﬁén Q:?%‘Z&M’%%QOPW% %é&%@ﬁ'&ﬁéé& on A€ frkt St

precursor layer was drie 300C for m nutes a en baked at 500C for
20 M nut egrecuBios fry4r, am} dnadrasd baked) in sinlar whnRb By dearited $0te st parhgraph.
spin-coated on the first precursor |ayer, and dried and baked in simlar

manner ass:?ﬁﬁcr : be@l“th b Aiclo g@%ﬁ%@%@ggﬁp ngﬂ%n%nnéﬁb% dr Boeehen @ avered

precursor m was en anne
hour.

{0053] The resulting two-heterolayered PZT film exhibited a (100) preferred
orientation, as demonstrated by the XRD trace labelled (a) in Fig. 3. As indica;ed by the
hysteresis loop shown in Fig. 4A, the two-heterolayered film had a remanent polarization
(Py) of 28.3 pC/em” and a coercivity field (B.) of 277 kV/om 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, Jownal 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

[0055] 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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hour. [0053] The resulting two-heterol ayered PZT fil mexhibited a (100)
preferred orientation, as denonstrated by the XRD trace labelled (a) in
Fig. 3. As indicated by the hysteresis |loop shown in Fig. 4A the

two- heterol ayered filmhad a remanent polarization (Pr) of 28.3 gClen? and
a coercivity field (E) of 277 kV/cm which was conparable to those of known
polycrystalline PZT filnms. See for exanple, (1) CH Lin, P.A Friddle,

C.H M, A Daga, and H Chen, Journal of Applied Physics, 90, 2001, p1509.
(2) T. Kumazama, Y. Kumagai, H Mura, and M Kitano, Applied Physics

Letters, Grossmann, U. Boettger, and D.
Bol t en, Jg%’r“nfé\%%?mﬁp%pgﬁg%’/s%g@g @;ggg,gny 2001, p2332. [0054] As shown in

Fig. 5 the heterolayered PZT filmhad a dielectric constant varying
bet ween 3m5§ﬂ1d Ao resuliimg fourehetaralogyeneicfilur ewididtedfa (100) Peferrod dfientkiien,

EXAMPLE 2 f,0 er BRZT |Im f usi a5|mlar
procedureaga &d@é%%%ﬂ%agigéa%t(ﬁgw Eﬁgépgvhgr 119%5/@?32“?556 ¥ one nore
tinme bef Oﬁtﬁ)n%‘ételﬂaz’ﬁtlﬁﬂeﬂﬁnted byﬂﬁatﬁx@ﬂfﬁ&ﬂ&&a@ﬁlﬁfﬁ&!ﬂaﬂ%ld BV iadiedte gy
conpositign The resul ting four-heterol aéere filmexhibited a

[ 0056]
(300) o e T HERIeER MoV Fizc TioBHiuaoByTPh B 4 Pet 551 46070 (b) i n
Fig. 3, wWogrh Maqné&%)anm%fm&wbqle@}dzmwa pzSﬁ 0 AR o?gﬂgiﬁl@qt afiqi bi ted

by the two-heterolayered film Exanpl € I ndi cat e the hysteresis
| oop showeedreiviey feld4B,) af 1265 ﬂ@fmm Hehiel M’B&ere@bahlthaﬁdfd‘@b 5 terOESerid C/ cne,

whi ch was t e P&T |

Exanpl e 1ﬁﬁ%ngeﬂxa&%ge2% C‘P‘\%l ?8'(,? ?ﬁdé \(,% IS? %@E%@OE{?%% ]% Slg (Léie ovver t han
t hat of tbm:nstambvztmhgﬁaeﬂu&ymﬁ&mand 348moodr tlExﬁeanem:yJ:angksofSM)Ov}/EE 1onl(]9|kgiz, , the
Four-het e‘riv(l?ulcg s 19 ];ll‘ tlharrxll 056€ éaf tlgi I t%loel%e arrcl)]gyered PZT film of Example 1.

EXAMPLE 3

[0067] 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 50 as to

form six altemating layers of PZT compositions.

[0058] The resulting six-heterolayered PZT film exhibited a (100) preferred
orientation stronger than thai exhibited by the four—heterolayered film of Example 2, as
indicated by the XRD trace labelled (c) in Fig. 3. As indicated by the hystereéis loop of
Fig. 4C, the six-heterolayered PZT film had a P= 71.9 uC/cmn?, higher than the
corresponding value of the four-heterolayered film of Example 2, and a coercivity field
(Eo) of 223 kV/em, 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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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 fil m of
Exanple 1. EXAMPLE 3 [0057] A six-heterolayered PZT filmwas forned using a
simlar procedure as in Exanple 1 except that steps 3 and 4 were repeated
two nore times before step 5 so as to formsix alternating | ayers of PZT
conpositions. [0058] The resulting six-heterolayered PZT filmexhibited a
(100) preferred orientation stronger than that exhibited by the
four-heterolayered filmof Exanple 2, as indicated by the XRD trace

| abel | ed 1N Fje0: ; ineli eS| ig. 4C,

t he si x- hl(g'?g?:!)l aggg?gds'ﬁg\%rﬁlie?%eﬁ%%ﬁpt@&r@f?;@g?%ﬂz& c?rrlgﬂ,e&%%)}gaﬁgrlggt gﬁh’t he

cor r es poneasyred By dseevndacy eorf meas spestremetenyered fil m of Exanple 2, and a
coercivity field (EO) of 223 kV/cm |ower than-that of the

f our - het er i fi %‘n}%la .- i j

si x- het ere!gagg regﬂ?slglrlrﬁgﬁgéﬂ dg&% I e g(t: rslnééﬁ%t%l%{sa?é\dra]?lﬁvzgf §|91}13§%3’%i\?\21§%n?905
652, overaltehmtihg boyers o€ PbZrasitie(pfand BBZhiTis 401 08 chibe seenRbZed TabOs aein

t enper at i.ch was higher than the correspondi ng,.val ye of the

our ot b ik Ty e 4 eathps aire PSRN e, AR dBicttn EPBs cope
(SEM i megen ofReWHaGothINRickh@S Sf SRSl iHete@\iyEidg @ ZreNit e Mout 5

si x-heterol ayered PZT filmare shown in Fig. 6. 16 [0059] Fig. 7 shows an

el enent al MBepkih Frag cPrEmst using asfiln Hickaess regpaiemendZYSien ff capaistsed by a
secondar YedcR efiﬁaaﬁerﬁaﬁgﬁbmm;os i&qg) Mmgéﬁap% ! rtelamggdp&@éﬁvi the
il [l de a n

si x- heterol ayered PZT mhas™ wel I'ne ternati ayers o
PbZr o, sTi @pp2G8t zotes tRinZwesem ¢ I8@3aindowmiaritreand denwtioRh As cay ¢ app2eitednd

PbZr o, 2Ti I rs.: r . I r .di.scr ot h n here, s little
opl ot ot Farams SEMES i RRAR. o ol FolS s S FhELE PRV i phftiee i
Si X- het er ddsiytde dor Rfibeletirinfpraaseledndel tthib (films. Generally, the higher the sintered

~ density, the befter the dielectric and ferroelectric properties of the film,

and

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 PbZrygTip20;
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

PbZrgsTip 205 composition.

[0062] The resulting six-multilayered PZT film exhibits much lower preferred
orientation. For the six-multilayered PZT thin film, P,=19.8uC/em?, as indicated in Fig.
8A, which is much lower than that of the six-heterolayered PZT film of Example 3.
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nm which was confirmed using a filmthickness neasurenent system As can
be seen, each of the alternating PbZrosTi oj 03 and PbZroaTi 0503 | ayers 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 filns. CGenerally, the higher
the sintered density, the better the dielectric and ferroelectric
properties of the film EXAVMPLE 4 [0061] A six-nultilayered PZT fil mwas

prepared using a simlar pr ocedur;xmmsExarrpl e 3, except that only one
PZT precursor solution, with a PbZro.sTioa®3 conposition, was prepared and

used, instead of using two different precursor solutions. Therefore, the
resul ti ngobgsim hassiansi ';Fé'r@dt. A =1, vi.ng a

PbZr o. sT?to§2£ conﬁ%gﬂhlﬁan. [%%6)2?&?&%58}%%%%]?52? glasiﬂlrlr%l |feg9%r %as'dﬁPZT film
exhi bi t s Fraoipld nescepr dhethedRET precemomgohdion Hadra Phre sTixsGeutampoaijiened PZT
thin fil P, .. c i pdicated in Fi.g. A ' LS h. | ower
han t harvgFd REPURRs i gratsiredibrrolhenigmilanbbat dih Be 2'E

[ 0063] A iajots SENUZ ,A%08d PZT fil mwas prepared using a simlar procedure
as in Exanple 4, except that the PZT precursor solution had a

PbZr o. 2Ti i nst Zro, sTip] Q3. T f th
resul ¢ ndO0PL mifey TyEreareR PN ik -pajel & BlFRERE A IYBCE.

[ 0064] ThiefeRSdibfidnbfion] stroRbdrithdrane EiRdayRéet FAT An@SERIni 614 Bubdil hudgiegr ee of
(100) preferred orientation, stronger than the six-layered PZT fil m of

Exanpl e 4vesker e fhe sirbeierolyenkd PZTHalm efiexasiple hebeindicaledrie Fig BB, o m of
Exanpl e sthe é?s.—:ﬁﬂ]ﬁil’ﬁ&{ec?ﬁlrﬁ Br ﬁ&pl@i%sio%cmm{ which is much lower than that of

the six-heterolayered PZT film of Example 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 PbZrysTip205 and PbZirgaTinsOs
phases co-exist in the beterolayered films of Examples 1 to 3. While the PbZry,Tig503
phase exhibiied a tetragonal structure, the PbZrp gTi5,05 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 sironger with

increasing number of alternating 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 numnber of alternating
layers in the film. As the number of alternating layers increases, the values of P; and the

dielectric constant increase but the value of E; decreases.

- [0067]  As shown 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 dieledtric 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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the six-nultilayered filmof Exanple 5, P, 40.3p /cnR, which is nuch | ower
than that of the six-heterolayered PZT film of Exanple 3. [0065] As can be
appreci ated by a person skilled in the art, the diffraction peaks of XRD
traces shown in fromFig. 3 denonstrate that PbZro.sTi o.ZO3 and

PbZr a2Ti 0. 808 phases co-exist in the heterolayered filns of Exanples 1 to
3. Wiile the PbZro.2Tio,803 phase exhibited a tetragonal structure, the
PbZro. gTi 0, 203 phase exhi bited a rhonbohedral structure. In all three

het erol ayered thin filns, a preferred orientation was indicated by the

strong (1 e [ ronger

ot om0, (100108350 HIS F9SFR o BLETELL Ol LoBhBA O RSP Pl oroe!

El gs. I4A fhen %sﬁhﬁ ﬂ;ﬁz (l‘,dnhﬁltifoﬁﬁlrpm@ce%tdﬂim RAW thikh Gle< tSek (fcf)r ﬂlraﬁip&f t(l)e‘s of | t he
etero ay n.fi are endent er of a tin ayers
in the f| %&? Jt[‘hgmh $VGh P’é‘?rﬁlﬁ?ﬂaﬁ I‘%ﬁ@ﬁ@%ﬁ@f“e‘gﬁ? Ie‘i{ﬁ iues of

P, and th§9 1@9?';%952 '(Q) € ®BashA R Ha%h?ﬁsga%hnﬁhﬁd\&m}ﬁﬁoo Flicddagsieases.
[0067] As shown in 5, the dielectric constant not on?y i ncreases with

t he nurrbeLette@ﬁ‘, 7 t@?ﬁwﬁﬁﬁg@)a@el@uﬂhﬂi Fedpeansr BiGy ¥aoeli, Paplied (Bhwsiput  al so
decr eases a X onst ant
<000, S oA By M SRR bk ABRRD md POVBCHREE Sral D01 08

al t er nat i Pgenta\Wer 81/6 B6p A, i ¥ Bépt 2681.100 Hz, but gradual I y 18 decreases to
652, 348 and 220 at 100 kHz. These values of dielectric constant are higher

than th th t I f
i oSl " LA AP SRS R U i 3 [
Jour nal o¥whith ﬁzldr%ed:ﬂ%gﬂﬂﬁ with 11&Qeasﬁaggﬁequ¢iﬁ§3 SPhe Iéﬁ)dldlecniﬁalmsmdﬁatekﬂmas hi, R

Takayama, and .T. Hirao, s Letters, 32 3) Q
Zou, H. E tejugh diglgiris qgns ch’E‘fBS 01%5‘? YeteiipH gi’ g q_f‘g‘fct‘%‘i EESPBF% ngbéi
p1282). ( AidmoZratier Man ¥s a B&Gl ofbthét infiaeing f@wﬂs FuchMalsace lcRArgé.nat i onal

[0069] Figs. BA 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 5, and the heterolayered PZT films, such as that of Example 2 and 3. As can be
understood, in a conventional PbZrg 2 TigsO0s with {100) orientation, the value of P, would
be expected to be low because the polarization direction of the tefragonal 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 fo a conventional poiycrystalline PZT film with or without prefetrred

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
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Patent, WD 01/67465 A2, 13 Sept 2001. [0068] The neasured dielectric |oss
for the heterolayered PZT filns was about 0.07, which increased slightly
with increasing frequency. The low dielectric |loss indicates that the high
di el ectric 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 813 show hysteresis | oops for the

mul tilayered PZT filns of Exanple 4 and 5 respectively. The
six-multilayered PZT films exhibited much | ower values of P, than that of
the six- hgdsehnlineasieere @ﬁ-gxéﬂl#lﬁ?ychfmﬂgﬁﬁﬁ@ﬁ{s%f%ne g@ﬂgﬁsisg&ﬁ Wh@mvrf-ﬂf%ga”ent al

di fference between the nultilayered PZT , such as those o anple 4
and 5, andstdae H@eﬂ@iﬁtﬁt@ﬂebjﬁd pEonf pNilied, ins thehargsmeipa modifidEiamspioe ti@seand 3. As

can be I 0.2Ti 0

o ent at | g Bl SETBEIbE QPR skl et o3 B e

pol ari zat by)pexdmrseskﬂledﬁn(aft fohﬁarttﬁigf B@ePET héttiolaybied ehiaffilleeThdleitdnal ong t he
c-axi s, : l[lel to th f|In1s rf.ace. | n, contrast t he val ues of

P, in .t histichiat ?@9@%@@2&%@ A muchgpedh %ﬂe&e}@jﬂmplﬁwe% addefined Ry ks on can
be much higghgr in conparison to a conventional polycrystalline PZT film
wth or wwthout preferred orientation. [0070] O her features, benefits and
advant ages _of .t he present invention not expressly nentloned above can be
under st ool?0F2bm & docwaes Tebticd fo hramerduily sspiparsadhy reliFaef-ngs by t hose
skilled in the art. [0071] The heterolayered PZT thin filnms and the
processes for formng them 19 described herein are all exenplary

enbodi nents of one or nore aspects of the invention. As can be understood
by a person skilled in the art, many nodifications to these exenplary
enbodi nents are possible. For exanple, process S20 can be readily nodified
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by persons skilled in art for form ng non-PZT heterol ayered thin filnms. The
invention, rather, is intended to enconpass all such nodification within
its scope, as defined by the <clainms. [0072] Al docunents referred to
herein are fully incorporated by reference. 20 WHAT IS CLAIMED IS: 1. A
het erol ayered thin filmhaving a generally flat surface, conprising: a
first ferroelectric/piezoelectric |layer having a rhonbohedral crystal
structure; a second ferroelectric/piezoelectric |layer 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. dgAahes thanvEDlig of claim1l wherein each of said first and second
| ayers contains Pb(Zr,Ti)03, Pb(My, | Nrb)03, Pb(Zn, Nb)03-PbTi G3, or

Pb( My, Nb) {8- Pbyi h@%polayeéd iR fich ﬂh\ﬂné hgéﬂeﬂlfll yHathiitade %ﬁgﬁéﬂg .each of said

first and second ayers cont ai ns zifoconate titanate (PZT). 4. The

thin filmof c riSi | ur f first and second |ayers
in alternati r?gﬁﬁg%ﬁgﬁ?: cf glezo#gﬁcﬁ?wrﬁ "?'gl%?omgﬂ%a#‘%fﬂ RARIE %’W“ﬁe PZT in
said first |ayer gﬁﬁ for IaPZrT[(> B, where 0,52 < x <
0.9, the PZT .%S?&P e Ve?leﬂag sy proageah Pl dbstnlave B9AamEE v) o3,
where O <t_eﬁ.a%%ngh}'§%ta1§m&m@ thin filmof claim5 V\/nerel n x =0.8 and y = 0. 2.
7. The thin Imof claim6 formed on a substrate. 8. Thethlnfllmof

clai m 7 wher eigidS@sithnd Yadhi #yers hividg E’(rtﬂ?ﬁéféﬁ%& SHerthtidnCRith M@faer
normal to said surface.

2. The thin film of claitn 1 wherein each of said first and second layers confains
Pb(Zr, Ti)O3, Pb(Mg,Nb)O3, Pb(Zn,Nb)Os-PbTiOs, or Pb(Mg,Nb)Os-PbTiO;, .

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

zitoconate titanate (PZT).

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

alternating sequence.

5. The thin film of claim 4 wherein the PZT in said first layer has a chemical
formula PbZr, Ti1.O3, where 0.52 <x < 0.9, the PZT in said second layer has a chemical
formula PbZryTi1»O3, where 0 <y <0.52,

6. 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 substrate 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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9. The thin filmof claim8 wherein the |ayer adjacent the substrate is
said first layer. 21 10, The thin filmof claim9 conprising six
alternating | ayers of PbZré&l Fiu-203 and PbZro.2TiasO3. 11. The thin film
of claim 10 having a remanent polarization of 71 C/ cnR2 and a coercivity
field of 223 kV/ctn. 12. The thin filmof claim9 conprising four
alternating layers of PbZrO Tiu.203 and PbZr0:2Tio0:803. 13. The thin film
of claim 12 having a remanent polarization of 53 pCcn2 and a coercivity
field of 265 kVfcm 14. A nethod of form ng a heterolayered thin film

conpri si ng: Jba) Fr i Qﬂn ar Ezmw RO ﬁgaswhﬁwlam@mgﬁumw

crystallized into a rhonbohedral structure of a first

ferroel ectri (‘5’7?9?@235@ ectric material; (b) baking said first precursor |ayer
wi thout crystallizing said first precursor layer; (c) formng a second
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| ayer is cry®takLTis@ed, annealing said first and second precursor |ayers,
thus crystallizing said first precursor layer and formng a crystallized

thin filmthat ﬂmifﬁﬁ&:faiafni 15 havird @ahest folgbpbes0sd eCli and ayer havi ng
a rhonbohedr al \)S/?s ':Fl % \i,}ct ure, and a second ferroel ectric/piezoelectric
| ayer on sai‘g" f’l‘l’ UPPOR '@t ri ¢/ pi ezoel ectric |ayer and having a
tetragonal crystal structure,

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 without crystallizing said first precursor layer;

(c) forming a second precursor layer capable of being crystallized into a tetragonal structure of a

second ferroelectric/piezoelectric material on said first precursor layer;

(d) baking said second precursor layer at a temperature for a period of time sufficient to crystallize

said second precursor layer without crystallizing said first precursor layer;

() after said second precursor layer is crystallized, annealing said first and second precursor
layers, thus crystallizing said first precursor layer and forming a crystallized thin film that

comprises
a first ferroelectric/piezoelectric layer having a rhombohedral crystal structure, and

a second ferroelectric/piezoelectric layer on said first ferroelectric/piezoelectric layer and

having a tetragonal crystal structure, -

said first and second ferroelectric/piezoelectric layers having a (100) preferred orientation

with a-axis normal to a surface of said thin film,

15, The method of claim 14 comprising repeating steps (a) to (d) prior to annealing, to form a

heterolayerad thin film comprising more than three layers of alternating crystal structures.

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

(a) forming a first precursor layer containing PZT having a chemical formula of PbZr, Ti(1.0s,

wherein 0.52 < x < 0.9;
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said first and second ferroelectric/piezoelectric |layers having a (100)
preferred orientation wth a-axis normal to a surface of said thin film
15. The method of claim 14 conprising repeating steps (a) to (d) prior to
annealing, to forma heterolayered thin filmconprising nore than three

| ayers of alternating crystal structures. 16. A nethod of formng a

het erol ayered | ead ziroconate titanate (PZT) film conprising: (a) formng
a first precursor | ayer containing PZT having a chemical fornula of
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The nmethod of cl ai m 6 Pafieye havink e rimirgedsdergbtef stmetre, prdecur sor | ayer conpri ses
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17.  The mothod of clasim 16 wherein Forming said first precursor layer comprises

coating & fitst precursor sofution of PZT on 2 substiate and drying said precursor layer.

18,  The method of claim 17 wherein forming said second precursor layer comprises
couting @ second precursor solution of PZT on the first precursor tayer and dryving said

second precursor fuyer,

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

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

21,  The method of claim 20 wherein drying comprises heating (o a lemperature

between about 230°C and abowt 350°C for about 5 to 20 minutes.

32, The method of claim 271 wherein baking compises heating 10 a temperature of

ahout 480° to 516" C.

23 The method of claim 22 whercin baking comptises heating to a tempersture of
ahout S00° C for about 10Ho 30 mimules.
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second precursor layer. 19. The nethod of claim 18 further conprising
repeating the steps of (a) to (d) to formalternating first and second

| ayers wherein step(a) when repeated is nodified by coating the first
precursor solution of PZT on the second precursor |layer. 20. The nethod of
claim19 wherein x is as and y is 0 ,2. 21. The nethod of claim 20 wherein
drying conprises heating to a tenperature between about 250C and about
350C for about 5 to 20 mi nutes. 22. The nmethod of claim21 wherein baking
conprises heating to a tenperature of about 4800 to 510 C. 23. The nethod

of clal m 27 WhaihhuRAk bR QISR | SESeHCHd Nhabdind LARREA ARG, About 500

C for about 10 to 30 n nutes rein said
anneal i ngtempaahire bewheneabonigp 00U and dbentiS0AE for ebde thide B hetusut 600C and about
750C for about 0.5 to 2 hours. 25. The nethod of claim24 wherein said
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claim25 erein steps (a sard sol
sol uti onssol&ibns.The nmet hod of claim 26 wherein said preparl ng corrprl ses
m xing a | ead pr ecursor, a zirconium precursor, and a titanium precursor.

28. Th h | is |ead ,
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pl’eCUI’SOI’SCﬂSOIﬁﬂIGI’SnI um isopropoxide. 29. The net hod of claim 28 wherein the
sol vent of said sol solution is acetic acid and

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 monomethyl 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 sof solution.
32.  The method of claim 31 wherein said coating comprises spin-coating.

33.  The method of claim 32 whc‘rein said spin-coafing is performed at a speed of
about 2000 to 5000 rpm for about 20 to 50 seconds.

34,  Themethod of claim 33 wherein said substrate is a Pt-passivated silicon wafer.
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et hyl ene gl ycol nononethyl ether. 30. The nmethod of claim29 wherein the
volunme ratio of ethylene glycol nononethyl ether and acetic acid in said
so] solution is in the range of 2 to 6. 31. The nmethod of claim 30

conpri sing adding an amount of lead in said sol solution in excess, by up
to about 10 nmol % of an anmount cal cul ated fromthe desired chem cal
conposition of a PZT layer to be fornmed by said sol solution. 32. The

met hod of claim 31 wherein said coating conprises spin-coating. 33. The

met hod of claim 32 wherein said spin-coating is performed at a speed of
about 20G@ to met hod of claim
33 wher e?’(r% saljggg%’f)%tg ;Sgpea{i? g@g&l e%%gfggfegg’ %?@? ?:%r%ﬁéﬁtedgwbﬁe 24 35. The
met hod of claim34 wherein said steps (a) to (d) are repeated tw ce. 36.
The net héd§. of Toe miefhod 41 plaian é’iﬁ’h@‘&mcﬁa@t@ps{aoa)(db are(repeatgd dhrpetimes. ed t hree
times. 37. The nethod of claim 34 wherein said steps (a) to (d) are
repeat ed s5or e - I ver.

ferroel ec'?lr) i cF%?gd}Bnggg? Iraflﬁcggﬁlaﬁre?ﬁaﬁ% {%?&@&Qg@(:agé%ﬂ%agtedtzgmie than trl%reete hod of
claim 14tin8. A heterolayered PZT thin filmforned according to the nethod
of claim16. 40. A heterolayered PZT thin filmformed according to the

net hod of,.cl al PZT t grding to
t he net hgg of gtlglf%l@é%d %?Bg]g&hgl%)er oﬁrle%% @_n Iégﬁ: qu\—lnﬁ@ aicﬁéﬁﬁﬁg %e%’ accordi ng
to the meidiad oifclaiahanm 37.

39. A heterolayered PZT thin film formed according to the method of claim 16.

40. A heterolayered PZT thin filn formed according to the method of claim 35.

4],  Aheterolayered PZT thin film formed according to the method of claim 36,

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