->- THI N FI LM5 OF FERRCELECTRI C MATERI ALS AND A METHOD FOR PREPARI NG SAME
Field of the Invention 5 The present invention relates to thin filns of a
ferroelectric material and a nethod of preparation therefor. In particular
the present invention relates to thin filnms of ferroelectric material with
a high nole fraction of Pb(Znvv3Nby3)(O3 in a perovskite phase. 10
Background of the Invention In recent ydars, perovskite oxide
solid-solution systens based on ferroelectric Pb(Znii3Nby3)O3 (PZN), such

as (1-x) Pb(Zm | 3Nbuéa|o3-beTi B 15 (PZN- PT_% have attracted great _
attention dueTHIN FHMP QR FERROELECTRIGCMA ERHHR AN & MET, FR high

dielectric constant. A PZN PT si ngh hi bits hi gh
el ectromechani cal coupling coeffici en'ﬁs ?F@AM%O% , and hi gh

pi ezoel ectric coefficients (d33 > 2200 pC N), properties which are
significant|l y SUREI’I or to t hose of the nost w dely used piezoelectric
Po(Zr,Ti)O0 lals. Therefore, the success in devel opi ng
perovskite PZN- PT bulk single crystal is thought as the nobst significant
breakthrough in piezoelectric materials for the |ast few decades. In

addi tion, as relkheopresent bmeeﬁonirelil,temkmﬁib'asexﬂa esnoetachiic matedaleatd bit a

hi gh di eI ectri t ant e ential _for capaci
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perfornance properties, are in demand for "application in mcroel ect ronics

and mcro enaqwronéﬁmnam systens (MEMS). However, the preparation of
usef Lﬁ!o per ovski te PZN- based :

Backaground of the Invention

In recent years, perovskite oxide solid-solution systems based on

ferroelectric Pb(ZnysNb23)0s (PZN), such as (1-x)Pb{ZnqsNbys)03-xPbTiOs

15 (PZN-PT), have attracted great attention due to their exiremely large
electromechanical strain and high dielectric constant. A PZN-PT single crystal
exhibits high electromechanical coupling coefficients (kaz > 90%), and high
piezoelectric coefficients (ds3 > 2200 pC/N), properties which are significantly
superior to those of the most widely used piezoelectric Pb(Zr,Ti)O; (PZT)

20 materials. Therefore, the success in developing perovskite PZN-PT bulk single
crystal is thought as the most significant breakthrough in piezoelectric materials

for the last few decades. In addition, as relaxor ferroelectrics, PZN-PT-based
materials also exhibit a high dielectric constant and may have great potential

for capacitor application.

25
Thin films of perovskite PZN-based materials, particularly having a
tailored crystallographic orientation to obtain optimal performance properties,
are in demand for application in microelectronics and micro electromechanical
systems (MEMS). However, the preparation of useful perovskite PZN-based
30 thin films is extremely challenging because of the poor stability of the

perovskite phase relative to the pyrochlore phase for the PZN composition.



30 thin filnms is extrenely chall engi ng because of the poor stability of the
perovskite phase relative to the pyrochl ore phase for the PZN conposition.
-2- Previously, the perovskite phase has only been obtained and stabilized
in PZN-based thin filns by resorting to preparing a PZN-PT thin film
conposition with a high nolar proportion of PbTiG3 (PT) (> 50%in nole) and
i ncreasing the thickness of the thin fiidnto above several microneters. 5
Furthernore, the perovskite crystallographic structure in the prepared
films was not in a _preferred orientation, dom vy orientated PZN PT

filmwth a veryP'lequSi’EI\It'&%rP&é%Y%’ﬁit@rPhﬂﬁ?eEaQBE’ﬁ’gfé‘?ﬁfhgpF%@@ apdistabilized

characteri sti Ck | g NS AT v a Sg
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boundar NPB) bet ween yhqnbohedral and tetragonal hases, i.e. 0.9PZN-0.1
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degradation in the electric chani cal properties. Further,
al t hough sup#rin erpreferoed omnenthtioncal perfornmance properties are observed
al ong certain crystallographic directions in bulk PZN-PT single crystals,
PZN- PT bul k ceramc materials with random crystallographic 20 orientation

do not exhibit tRgzpasmie¥Fiehied FENIFT MACKRIRIPRER IR PZMCGEIRsbsIBY, a
randomy orientated PZN-PT filmmay not be better than a PZT filmin terns

of its el ecdaasbehdameastrpte poticiabsharactanistcs o cammesciak appligatioas faase

may stabjlj i L Vj | vieral )
i or ot or covelitepioig | BetPo e pedobBiCRERSAR A RRRA R GIR PZNPT.
The presentsingieerdrysial sieekshititedv ewitionthat chmpesitionnmarofind hthe  so-called
af orenenti oned di sadvant ages.
morphotropic phase boundary (MPB) between rhombohedral and tetragonal
phases, i.e. 0.9PZN-0.1PT. If the PT component of the composition is more
than 50% (mole) the composition significantly shifts from the MPB, with

15 observed degradation in the electrical and electromechanical properties.

Further, although superior electromechanical performance properties are
observed along certain crystallographic directions in bulk PZN-PT single
crystals, PZN-PT bulk ceramic materials with random crystallographic

20 orientation do not exhibit the same excellent performance properties.
Acqording!y, a randomly orientated PZN-PT film may not be better than a PZT

film in terms of its electromechanical properties.

Finally, while the perovskite phase may be stabilized in films having
25 thicknesses beyond several micrometers, such films are too thick for many

commercial applications.

The present invention seeks to overcome at least some of the
aforementioned disadvantages.
30



30 -3- It is to be understood that, although use and publications are
referred to herein, such reference does not constitute an adm ssion that
any of these form a part of the commobn general know edge in the art. 5
Summary of the Invention The present invention is based on the discovery
that it is possible to effectively stabilize a perovskite phase relative
to a pyrochlore phase in athin filmof3ferroelectric PZN-based material s
when the precursor solutions used to 10 prepare the thin filns are

nodi fied by addition of a polyner species. Accordln%Hto a first aspect of

the invention tHERetoRe Hrléersé@ai thatealfnyaby userag Aubligationsrarg refarmgdio
ferroel ect rt?é‘reiFPtsEEh alrepbddy &oé%]ggte Hallvﬁltut%aéﬁ i&ﬁuﬁflon ﬁ%(t%%g d{gﬁés%{)o'ﬂn@

subst anti al erovskite erein I'S zinc or I'nation
of zinc andapagmé$mMammamﬂ1§bmaeakmmhmugelﬁtbéanEnt, whi ch net hod
conprises providing a precursor solution containing | ead, A2+, and B5+;
nodi fying the precursor solution by addition of a polymer species thereto;

appl yiqg t@l[ﬁ%ﬁﬂﬂgb?%eofr@%ﬁéﬁr solution to a surface of a substrate and

formng acoallng ereon, and subjecting the coating to a heat treatnent
and formng 20 the filmin the perovskite phase. In one enbodinent, Bis
ni obi um I n another enbodi.nent m 25 The |nv ntors Bﬁv al so
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above nethod is significantly affec by the type pol ymer speci es

enpl oyed |ft|l§l @fofeér@eleaztncv\)é’ basmwmatﬁ@algdwmth%preﬂursﬁr sahetionsolisateto
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According to a first aspect of the invention there is provided a method of

preparing a thin film of ferroelectric material with a high mole fraction of

Pb(A%1/3B% 213)Os substantially in a perovskite phase, wherein A is zinc or a

15 combination of zinc and magnesium, and B is a valence 5 element, which

method comprises providing a precursor solution containing lead, A%*, and B®*;

modifying the precursor solution by addition of a polymer species thereto;

applying the modified precursor sclution to a surface of a substrate and forming

a coating thereon; and subjecting the coating to a heat treatment and forming

20 the film in the perovskite phase.

In one embodiment, B is nichium. In another embodiment, B is

tantalum.

25 The inventors have also demonstrated that elimination or minimization of
the pyrochlore phase in the thin films of ferroelectric material prepared in
accordance with the above method is significantly affected by the type of
polymer species employed, its molecular weight, and the concentration of the
polymer species in the modified precursor solutions.

30

Preferably, the molecular weight of the polymer species is less than 400.



-4- Preferably, the polyner species is polyethylene glycol. Mre
preferably, the polynmer species is polyethylene glycol with a nol ecul ar

wei ght of 200 (PEQ&200). 5 Preferably, the PE&O0O is present in the
precursor solution in up to 60 w % based on a netal oxide content in the
precursor solution, and nore preferably PEQ0O is present in the precursor
solution at 60 w % based on a netal oxidte content in the precursor
solution. 10 Once a target conposition for the desired ferroelectric
material is selected, the Brecursor sol utions are prepared by m xi ng

first solution U6Habl: the Balysiessnesiasyisalyathylsretalyce!l mage Wﬁfﬁr@)@yo?
| ead, A2+, tﬁ@d%@ﬁlte}r;ﬁp{e;ﬁég i ?&)ﬁ% J Iér?é@fﬁ%ﬁ/rvﬁ‘ﬁ'da f'amél%ﬁﬁl%fe\g%bgfn 1?‘?"200

cont ai ni ng sub stol chi'o ric rati oS o t1tani um
to form PbTPE&2(H. Preferably, the precursor solution has an excess of 15
nolar % lead with respect to target conposition stoichionetry to
conpensate for volatilization of I|ead during heat treatnent of the film

20 In Ccordancq:_’ﬁéfférabgé%f‘i‘é‘i’@b %cbré%fenth}?trwﬁﬁé&&sémcﬁ%&gm Epgﬁds

provi ded a nodi fied précursor solution for preparing at
f erroel ect nitéo basieer pal awinetalaotidighcandert in dbe i precofsoPbgoiatia, 3@%d- 2h8)e0 3

substantially.in a skite as wherein A js. zinc,or conbj nation of
e and mugHieRoiPEGRAYES peSstaf dhe SrecGer shltiof i Gl B4t 83,4 cor
sol uti on conéfal bkide dopdsht in A% Areburédrsol@ish.a pol yner. I n one enbodinment, B
IS niobium In another enbodinent, Bis tantalum 30 Preferably, the

precursor solution for a specific target conposition is prepared by m xing

a first solutio t.aini Lakly ok chi ' |.a i os of

Pead ot and G o rBHR-EORDLSRRR ert e el oSl nard Rl ®
selected, the precursor solutions are prepared by mixing a first solution
containing substantially stoichiometric molar ratios of lead, A%*, and B®" to form
Pb(A%*1,3B%23)03 and a second solution containing substantially stoichiometric

molar ratios of lead and fitanium to form PbTiOa.

15
Preferably, the precursor solution has an excess of 15 molar % lead with
respect fo target composition stoichiometry to compensate for volatilization of
lead during heat treatment of the film.
20 In accordance with a second aspect of the present invention there is

provided a modified precursor solution for preparing a thin film of ferroelectric
material with a high mole fraction of Pb(A2+1;385+2/3)03 substantially in a
perovskite phase, wherein A is zinc or a combination of zinc and magnesium,
and B is a valence 5 element, the modified precursor solution containing lead,

25 A%* B>, and a polymer.

in one embodiment, B is niobium. In another embodiment, B is

tantalum.

30 Preferably, the precursor solution for a specific target composition is
prepared by mixing a first solution containing substantially stoichiometric molar

ratios of lead, A**, and B%" to form Pb(A%"13B%,3)0; and a second solution



-5- containing substantially stoichionetric nolar ratios of |ead and
titaniumto form PbTi 3. Even nore preferably, the nodified precursor
solution has an excess of 5 15 nolar %lead with respect to target
conposition stoichiometry to conpensate for volatilization of |ead during
heat treatnment of the film Preferably, the polyner species has a nol ecul ar
wei ght | ess than 400. 10 Typically, thé polyner species is polyethyl ene
glycol, preferably with a nolecular weight of 200 (PEG00). Although
PEG200 may be present in the nodjfied precursor solution in an anpunt up
to 60 wt % t?é’é‘é%”@ﬁ %ut%%é@r&la"mtfersh@mﬁtegmlw feliospidead spd titamiugpiauiareh, in
the preferrmgrgybodi ment PEG200 is present in the nodified precursor
solution in an anmobunt of 60 wt % based on a netal oxide content in the
precursor solution. In contrast to previous unsuccessful attenpts by

others, the inventors 20 ve .enpl oyed..t he met hod of ,th resent invention
Do obtai n thi ' ENGTLTERS PrOpF obe HEet arEiSoh SNGOpdIRAR FREe S Hoe
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provi ded a compenszie fanvelatilization oé leadtduringneeadrtiedtmeint bf taerfilgh nol e

fraction of Pb(A2113B5+2i3)3 substantially in a perovskite phase
deposited on a surface of a substrate, wherein Ais zinc or a conbination

of zinc and nmagrrsfdtablyatite Polymer spatieBtris Prilieemart weidfit ldssAhgn aabodi ment ,
Bis niobium In another enbodinent, Bis tantalum -6- The inventors have

found that the method of the present invention allows preparation of thin
fil m;_LOOf ferr Oelﬁﬁé&ll[?, bR BBIy?rllerV\éﬂ&ié@'iseprygﬁwl% glyco!, preferably with a
molecular weight of 200 (PEG200).

Although PEG200 may be present in the modified precursor solution in

an amount up to 60 wt% based oh a metal oxide content in the precursor

15 solution, in the preferred embodiment PEG200 is present in the modified
precursor solution in an amount of 60 wt% based on a metal oxide content in

the precursor solution.

In contrast to previous unsuccessful attempts by others, the inventors
20 have employed the method of the present invention to obtain thin films of
ferroelectric material in the perovskite phase with a specific crystallographic

orientation with high piezoelectric coefficients.

Thus according to a third aspect of the invention there is provided a thin

25 film of ferroelectric material with a high mole fraction of Pb(A%*13B%5,3)0;
substantially in a perovskite phase deposited on a surface of a substrate,
wherein A is zinc or a combination of zinc and magnesium, and B is a valence

5 element.

30 In one embodiment, B is niobium. In another embodiment, B is

tantalum.



Pb(A2+i i 3B5+v3) 3 > 0.7, wherein the content of the ferroelectric
Pb( A2+v3B5+v3) O3 material is substantially in the perovskite phase. Thin
films of 5 both (1-x)Pb(Znii3Nbv3) B-xPbTi O3 (PZN-PT) and (1-x)Pb((Zn(l _
y) Myy) | / 3Nbv3) G3- xPbTi O3 (PZN- PMN- PT) based ferroelectric materials have
been prepared wherein the nole fraction of Pb(Znvv3Nbv3) 33 is > 0.45,
wherein the ferroelectric materials ar-in the perovski te phase. The
conposition of the PZN PT ferroel ectric materials is preferabl y
(1-x) Pb(Zn1i 3Nb%$%03 XPbTi
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i nvention, the fiRddledthe cmqteﬁalsl Srenptthe perosskinl phaé@rrh@eombmbncui thé the
perovsklte hase. Typically, the thickness of the thin
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rel ative tmatéralpys prierabdy mmyéb(\(mmmy)Mga)@Nbﬁ;g)éh xPbTikia¢x 0.3 endébem t ed
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the surfacgoginddi®phase for the thin films of ferroelectric materials of the above

described compositions and that a pyrochlore phase is substantially absent.
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15
Advantageously, employment of the present invention affords thin films

of ferroelectric material wherein the composition thereof approaches the
morphotropic phase boundary, preferably 0.9Pb(Znq3Nby3)05-0.1PbTiO3; or
0.462Pb(Zn4,3Nb23)03-0.308Pb(Mg1/3Nb23)03-0.23PbTiOs.
20
Furthermore, the thickness of the films of the present invention could be
much thinner than films obtained by any known methods. In the present
invention, a small thickness is not a constraint for the formation of the
perovskite phase. Typically, the thickness of the thin film of ferroelectric
25 material of the present invention is at least 0.20 um. Preferably, the thin film of

ferroelectric material is (001)-oriented.

The perovskite phase of the thin fitm of ferroelectric material is stabilized

relative to the pyrochlore phase when the surface on which it is deposited is

30 provided with a perovskite structure such that the thin film of ferroelectric
material is epitaxially formed on the perovskite structure of the surface of the

substrate.



substrate. -7- Preferably, the substrate is a single crystal with a
perovskite structure, such as LaAlB (LAO and the thin film of
ferroelectric material is epitaxially formed on the perovskite structure
of the surface of the single crystal. 5 Alternatively, the surface of the
substrate preferably has a textured perovskite structure, and the thin
filmof ferroelectric material is epitairally formed on the textured
perovskite structure of the surface of the substrate. 10 In another

enbodi nent, the substrate is a conductive nmetal oxide layer wth
perovskite structure epitaxially deposited on a single crystal material

with perovskit @réferramyu’fr% s@b‘ﬁrétl%%td"sfhgﬁé cR)sed| Wil opbeetkite stmétafé al is
epitaxially formed on"the conductive |ayer. 15 Alternatively,

substrate |sstcbm9eb}*ailf\tﬁa éuA(a)etaad ibvei tén lcfidmomfcﬁerrwglammatwwthSp@mtﬂmHNt e
whi ch
SLoucture SAMAA oHERRRLS SRR BRI PRI, (b

the thin filmof ferroelectric material is dep05|ted on the netal oxide
conductive |ayer. 20 Preferably, the conductive netal oxide |aye
ared

sel ected from aﬁghem@lveimchf@dwﬁa%mf Hst supgireled preferably dyas =
CoxCal xFeq o LM G SRy e T-GHRORE oSt ey 38 il 2

t hi ckness conduc |ve met'all oxI de | ayer In a

preferred ¢odpoetd ormie Gixtlined peresskite stnvetotd ointhelrairfactfofithe sybstrate. sel ect ed
froma group conprising yttria-stabilized zirconia (YSZ), YBa2Cu30O7 30
(YBCO, La0.7Sr0O3MhB (LSMO). Typically, the buffer |ayer conprises

succggsi vely gr gvansHdrarhBodihdH! fhePlulfdtri0N @ dohadbtive RRAGH3 e ayefBCO) |

with perovskite structure epitaxially deposited on a single crystal material with
perovskite structure, and the thin film of ferroelectric material is epitaxially

formed on the conductive layer.

15 Alternatively, the substrate is an epitaxial metal oxide conductive layer
with perovskite structure epitaxially deposited on at least one buffer layer which
is deposited on a single non-perovskite crystal material, such as silicon, and

the thin film of ferroelectric material is deposited on the metal oxide conductive

layer.
20
Preferably, the conductive metal oxide layer is selected from a group
including, but not limited to, La,Sri.,MnQOs;, La,CaixFeO;, LaNiOz, SrRuQs,
LaxSrixCo03, LaySrixFeOs.
25 Typically, a thickness of the conductive metal oxide layer is between

200-350 nm.

In a preferred embodiment of the present invention the buffer layer is
selected from a group comprising yitria-stabilized zirconia (YSZ), YBazCu3zOz
30 (YBCO), Lag7SrosMn0O; (LSMO). Typically, the buffer layer comprises
successively grown epitaxial layers of zirconia (YSZ), YBa,CuzO7;5 (YBCO),
and Lag 7Srg.sMnO3 (LSMO).



and LaO. 7Sr0.3MnG3 (LSMD). -8- A thickness of the YSZ |layer is 20-150 nm a
t hi ckness of the YBCO | ayer is 100-250 rim and a thickness of the LSMO

| ayer is 200-350 nm 5 In accordance with a fourth aspect of the invention
there is provided a microel ectronic device provided with a thin film of
ferroelectric material conprising a high nole fraction of

Pb( A2+i 13B5+y3) 3 substantially in a petovskite phase, wherein Ais zinc
or a conbination of zinc and magnesium and B is a valence 5 elenent. 10
In one enbodi ment, B is niobium In another enbodinment, Bis tantalum In
accordance with a fifth aspect of the invention there is provided a 15

mcro el ectronechanicRAbss BP SR S VARS iBr2088h BlthicknBkd dfi they YBCO
ferroelectric material conprising a high nole fraction of

Pb( A2+i i 3BJaperds d®0-2abemarnda thyckness qidne LSMQ daysiias 800w@9&rmn A is zinc
or a conbination of zinc and magnesium and B is a valence 5 elenent. 20
In one enbodi nent, B is niobium In another enbodinment, Bis tantalum In

the clpinms of thphsaRRdarka! WA 2Pl abpectdsistiel lertior thdrids iprygiaed an,
except where the context requires otherw se due to express |anguage or 25

necessary imisrogJaciranic davicaopmyidednpithsa" thjn {ikni af ifereeleglic Juaterial
"conprises"_or. " Li gt ng" e I N cay B Uss+ e ot L ecify
t he presenccé)na‘?nsqﬁé:gas?'k‘[}gcfnﬁ[eeatfpue?(‘g%,n bert rﬂ)r?l(()'fﬂ t”gép?@gsu@%%dem%lrl)és@nﬁ or
addi ti on ofpdrovéiier phdatwiicrsin A isatin®us acedmblination ©f dind bed imagmdsium, 30
In the clains of this application and in the description of the invention,
"pol ymer " gHKLB4P pyvalencey & elementyani ¢ chemical's or materials conprising

mul tilqj e "nmononer" unit structure, including an oligoner.

In one embodiment, B is niobium. In another embodiment, B is

tantalum.

In accordance with a fifth aspect of the invention there is provided a

15 micro electromechanical systems device provided with a thin film of
ferroelectric material comprising a high mole fraction of Pb(A®*13B**23)O3
substantially in a perovskite phase, wherein A is zinc or a combination of zinc

and magnesium, and B is a valence 5 element.

20 In one embodiment, B is niobium. In another embodiment, B is

tantalum.

In the claims of this application and in the description of the invention,

except where the context requires otherwise due to express language or

25 necessary implication, the words “comprise” or variations such as “comprises”
or “comprising” are used in an inclusive sense, i.e. to specify the presence of

the stated features, but not to preclude the presence or addition of further

features in various embodiments of the invention.

30 In the claims of this application and in the description of the invention,
“polymer” generally refers to organic chemicals or materials comprising multiple

“monomer” unit structure, including an oligomer.



-9- Further, it will be understood that a reference to the terns
"ferroelectric perovskite material"™ or "perovskite ferroelectric material™

t hroughout the present specification refers to a ferroelectric material of
any of the aforenmentioned 5 conpositions provided with a perovskite
structure (or a perovskite phase). Brief Description of the Draw ngs
Preferred enbodi ments, incorporating al1? aspects of the invention, will 10
now be descri bed by way of exanple only with reference to the acconpanyi ng
drawi ngs, in which: Figure 1 shows x-ray diffraction (XRD) patterns of
(1-x) Pb(Znii 3Nb2i 3) @3- xPbTi 03 (PZN-xPT) thin filns on LaAl 3 (LAO

substrate pr eparﬁmﬁerromv&,g%e RIGERRI A aS@etenn to TRElibinael fbibBIcBRicM % of
PEG200: (a) PzZN-0.1 PT N 0. 2PT, and (c) N- 0. 3PT according t

Exanpl e 1, mndv&imee"aam:ahtorsaer@sktbe fert@elachmtrestenai”ghmgﬁoshtmspnaaentscan

XRD tt f (110 I f th Kk i N- 0.

(D) pat teuneaby (1100l ane ol e perotekla o 20 BFARE A SEAGI T
with 60 Wt%b%pd%ﬁ@@p@?@%ﬁ%lﬂgatﬁbrgm'@sﬁwbtu@r(@ra%@@él@t@ flase§0 C for 10
m nutes; Figure 3 shows phi-scan (XRD) patterns of (110)-plane of the

perovskite 25 phase in a PZN-0.2PT thin filmon LAO substrate prepared

fromthe prggc:%‘rﬁor gol u%!longm)dll fied wwth 60 w % of PEG00 according to
Exanmple 1 or 10 m nutes; Figure 4 shows phi-scan
(XRD) patterns of (110)-plane of the perovskite 30 phase in a PZN 0.3PT

thin filmon LAO substrate prepared fromthe precursor _solution nodified
with 60 wt % of PEelIEheshadingntse irseperating, a&r?&peawn@fatf@wmengm wilkor 10

M NULES: - Hiw bbWsriBed By Ray GRBRARBICLAGLEN r&fefdta Rnhe dcMpdriRES ©f

drawings, in which:

Figure 1 shows x-ray diffraction {XRD) patterns of (1-x)Pb(Zn3Nbz/3)Os-

xPbTiOs (PZN-xPT) thin films on LaAlO3 (LAO) substrate prepared from the

15 precursor solutions modified with 60 wi% of PEG200: (a) PZN-0.1PT, (b) PZN-
0.2PT, and (¢) PZN-0.3PT according to Example 1, and annealed at 580 °C for

10 minutes;

Figure 2 shows phi-scan (XRD) patterns of (110)-plane of the perovskite
20 phase in a PZN-0.1PT thin film on LAO substrate prepared from the precursor
solution modified with 60 wi% of PEG200 éccording to Example 1, and

annealed at 580 °C for 10 minutes;

Figure 3 shows phi-scan (XRD) patterns of (110})-plane of the perovskite
25 phase in a PZN-0.2PT thin film on LAO substrate prepared from the precursor
solution modified with 60 wi% of PEG200 according to Example 1, and

annealed at 580 °C for 10 minutes;

Figure 4 shows phi-scan (XRD) patterns of (110)-plane of the perovskite
30 phase in a PZN-0.3PT thin film on LAQO substrate prepared from the precursor
solution modified with 60 wt% of PEG200 according to Example 1, and

annealed at 580 °C for 10 minutes;



0.1 PT thin filmon LAO substrate prepared fromthe precursor solution
nodified with 60 wt% of PEQO00O according to Exanple 1, and anneal ed at 700
Cfor 10 5 mnutes: (a) surface and (b) cross-section; Figure 6 shows an
SEM i mages of the surface of a PZN-0.2PT thin film on LAO substrate
prepared fromthe precursor solution nodified with 60 wt % of PEG00
according to Exanple 1, and anneal ed at 1700 C for 10 minutes; 10 Figure 7
shows an SEM i nages of the surface of a PZN-0.3PT thin film on LAO
substrate prepared fromthe precursor solution nodified with 60 w % of
PEG&00 according to Exanple 1, and annealed at 700 C for 10 m nutes; 15

Figure 8 shows B ERERS s%EnR%b"Qe@tPJn ?ﬁlbﬂbsﬁbeEE(S‘E'Mj—tﬁ%g%éb@ﬁé L

prepared froma p ecursor solution wthout PEG00(a) and a precursor
sol ution @OtRPT itkid fintan BAOWhstatPEGaRBDe( n’;r)om Hhe pratiungpriselFticanmiodified and

anneal ed at 0 C far nut es; shows X
PZN- 0. 2PT Mﬁ%ﬁg‘? N%f@sﬁd”né@&@) &r5eding g) Eiﬁg ple i 7q BH{‘ﬁéﬁD Pé&b@o?’s%ﬂﬁt i on
nodi ficed wi - W% .nmol ecul ar wei ght s: (a) ethylene
gl ycoI5 (b)nt"EE%OBA) Q&(acg@@)%%seé%& and (e) PEGL450 according to
Exampl e 1, and anneal ed at 580 C for 10 m nut es 25 Figure 10 shows XRD
patterns of PZ 2PT thin fil n_LAO bs a .
precursor sol ut |F0 TRRUPRPWE Al gﬁ“ﬁl@?%@%ﬂf% 5{ %@#P(@T W peg,
(b) 30 wt ‘V%n(lsmﬂs'i.bw&r%’se ;G@faﬁéh woi tr@&e(:@aso%%om% A6GIAEE iwith 60 wiasp! e 1,
and anneal ed at 580 C for m nut es; - 11 Figure 11 shows XRD patterns
of PZN- 0. 2IPEGR0G abcondingoho mehsanchaquﬂle@@:t €80 Color dPgoimtes; sol uti ons
nmodi flioed with 30 wt % of
Figure 7 shows an SEM images of the surface of a PZN-0.3PT thin film
on LAO substrate prepared from the precursor solution modified with 60 wi% of

PEG200 according to Example 1, and annealed at 700 °C for 10 minutes;

15 Figure 8 shows XRD patterns of PZN-0.2PT thin films on LAO substrate
prepared from a precursor solution without PEG200(a) and a precursor solution
modified with 60 wt% of PEG200 (b): according to Example 1, and annealed at
580 °C for 10 minutes;

20 Figure 9 shows XRD patterns of PZN-0.2PT thin films on LAO substrate
prepared from a precursor solution modified with 30 wt% of PEG of different
molecular weights: (a) ethylene glycol, (b} PEG200, (c) PEGA400, (d) PEG600,
and (e) PEG1450 according to Example 1, and annealed at 580 °C for 10

minutes;

Figure 10 shows XRD patterns of PZN-0.2PT thin fims on LAO
substrate prepared from a precursor solution medified with different amounts of
PEG200: (a) no PEG, (b) 30 wt%, (c) 45 wi%, (d) 60 wi%, and (e) 80 wt%
according to Example 1, and annealed at 580 °C for 10 minutes;

30



pol yvi nyl pyrrolidone (PVP) of different nolecular weights: (a) PVP10000,

(b) PVP55000, and (c) PVP1300000 according to Exanple 1; 5 Figure 12 shows
XRD patterns of PZN-0.3PT thin filns on LaNi 3 (LNO coated LAO substrate
prepared froma precursor solution nodified with 60 wt % of PE&00
according to Exanple 2, and anneal ed at:580 C for 10 m nutes (a), and
anneal ed at 700 C for 10 ninutes (b); 41blFigure 13 shows dielectric
constant and dielectric loss of a PZNNO.3PT thin filmon LNO coated LAO

bstr at d f t | ut | Liied wi.fh 60 wt % PEG200
according Lo BAbE 31 SAGWNKELD oR e 08 CZNGTIRE MLl O THRGur o 14
shows a P- EBYGARY abpalclTh BRbsaPTsalfond | Iisiec? b 36 03l 4A0

substrate prepared fromthe precursor solution nodified with 60 w % PEGO0O

accor di ng tpohymabpireol@onand®\drnebiditerant radecilanweightsi (ajt BYP 12006 ture 15

shows XRD of 0.7 JAPMN). - 0. 23PT t hi films on LAO
substrate Wé‘%@#@FPS&%%Q%J%@@%@&%E’%’P&t%@é??\pg%?w th different
amountss of PEG200: (a) no PEG (b) 30 wt% (c) 45 wt% (d) 60 wt% and (e)
80 wt % according to Exanple 4, and annealed at 580 C for 10 ninutes; 25
Figure 16 shows%mepﬁlﬁm)@[) patters. gFANG. APthindilmgen kali®s ENGis on

Sol Ut  on moArTCEE o Weaa G PogrireRadhs T Eellsar S5 Hhinifee N oy g
?nhzﬁflggd( gf)of W(li;‘é@d 8€covding IBUEefmpie)2, atitamiited atls580 °CA8r 0 mihufdd (a$0
and annealed at 700 °C for 10 minutes (b);
10
Figure 13 shows dielectric constant and dieleciric loss of a PZN-0.3PT
thin film on LNO-coated LAO substrate prepared from the precursor solution
maodified with 60 wt% PEG200 according to Example 2, and annealed at 700
°C for 10 minutes;
15
Figure 14 shows a P-E hysteresis loop of PZN-0.3PT thin film on a LNO-
coated LAO substrate prepared from the precursor solution modified with 60

wt% PEG200 according to Example 2, and annealed at 700 °C for 10 minutes;

20 Figure 15 shows XRD patterns of 0.77(0.6PZN-0.4PMN)-0.23PT thin
flms on LAO substrate prepared from precursor solutions modified with
different amounts of PEG200: {(a) no PEG, (k) 30 wt%, (c) 45 wt%, (d) 60 wt%,
and (e) 80 wit% according to Example 4, and annealed at 580 °C for 10
minutes;

25

Figure 16 shows XRD patterns of 0.77(0.6PZN-0.4PMN)-0.23PT thin
films on Lag7SresMnOs; (LSMQO) coated LAO substrate prepared from a
precursor solution modified with 60 wt% of PEG200 according to Example 5,
and annealed at 580 °C for 10 minutes (a), and annealed at 700 °C for 10

30 minutes (b);



Figure 17 shows a P-E hysteresis |oop of 0.77(0.6PZN- 0. 4PWN)-0. 23PT thin
films on Lao. 7Sro. 3MW3 (LSMDO) coated LAO substrate prepared fromthe
precursor solution nodified with 60 wt % PEG00 according to Exanple 5, and
annealed at 700 C for 10 mnutes; 5 Figure 18 shows dielectric constant and
dielectric loss of a 0.77(0.6PZN- 0.4PWN)-0.23PT thin filnms on

Lao. 7Sro. 3MhB (LSMO) coated LAO substra&ate prepared fromthe precursor
solution nodified with 60 wt % PEG00 according to Exanple 5, and anneal ed

st ant ancous. viFRUE Chehet 2 I BYRiorR Pt ABAG 28 BaBh R3R o,
sampl e dri Y&R fhsBors iL@nﬁ_é%\%_\élglpgﬁg%‘?é\%O? (c‘éé%gii_Afﬁyubs]t%% lﬁzré%awaeﬁ@mhtehe

filmwas deposited on coated LAO substrate prepared
from the pmpeecursor sslotion inudifiedivithedD $5%WPEG260 ancurdingo & xame &, mpdt o
Exanpl e 5, and anneal ed 700 C for 10 mnutes; and Figure 20 is a flow
chart showal'ﬂfj‘eﬁﬁet%@tﬂd)@ ég I ANYtESt he present invention. 20 Detail ed
Descr i5pt ion of the Preferred Enbodi ments of the Invention The invention
primarily relates to thin filns of ferroelectric materials with a high

mol e fracti on ofFiqireAB+si3REs dick@Bc sobsteabendldiglestric Jogeofoy SiA (8.6 76, 25

wherein Ais zing o conbi.pati on of Zzi nd siu Bis

val ence 5 Qlde’gngﬁﬁ'oé%%ﬁ tgy h{g'&%i%%ﬁ?iér&aﬁaﬁﬂn@%?icﬁégﬂ ?‘g\g) §Pb8tr$‘8l at es
to the use gr@ﬁar@d(%'ﬂﬁﬂ‘tﬁé“pré&hr%# 0BIuEBRRbAITIEH WRIHOEE Y PEGETEC Acdoraingcur sor
solution i nodi f1ed by addition of a polymer species thereto, to

ef f ecti vel yo Exahiflé beant @nnpatedvatkiGle° @ hastd mingtee; thin filns of the

ferroelectric material relative to a 30 pyrochlore phase on various
substifat es.

Figure 19 shows a three-dimensional drawing of instantaneous vibration
data of a 0.77(0.6PZN-0.4PMN)-0.23PT thin film sample driven by a sine wave
electric signal (5V, 100kHz), wherein the film was deposited on Lag 7Sr53MnO3
(LSMO) coated LAO substrate prepared from the precursor solution modified

15 with 60 wt% PEG200 according to Example 5, and annealed at 700 °C for 10

minutes; and

Figure 20 is a flow chart showing a method according to the present

invention.
20
Detailed Description of the Preferred Embodiments of the Invention
The invention primarily relates 1o thin films of ferroelectric materials with
a high mole fraction of Pb(A%*{3B%"213)O3 substantially in a perovskite phase,
25 wherein A is zinc or a combination of zinc and magnesium, and B is a valence

5 element, such as niobium or tantalum. The invention also relates to the use
of a chemical solution deposition process, in which a precursor solution is
modified by addition of a polymer species thereto, to effectively stabilize the
perovskite phase in the thin films of the ferroelectric material relative to a

30 pyrochlore phase on various substrates.



-13- The inventors have found that it is possible to prepare thin filns of
ferroelectric materials of general fornula (1-x)Pb(Znii3Nov3) G3-xPbTi O3
(PZN- xPT) or (1-x)Pb((Zn, My)v3Nov3) B-xPbTi B (PZM\-XxPT) with a nole
fraction of Pb(A2+1,3B5 2i3)3 > 0.7, and to stabilize the filns
substantially in the 5 perovskite phase relative to the pyrochlore phase.
Typically, the nole fraction of Pb(Zn}§3Nbv3)C8 in the ferroelectic
material is greater than 0 45. This is in marked contrast to previous

kers in th l.d d kite f |
et ori a1 s of got AMagRRIA RIRUB TG i 5 pPRRb Y dadireral HBRCAES bf
Pr ef er abl yfegr‘ol%?ecih% hieé84k of éﬁ%?ﬁffbﬁhuvas 1Qﬁp%f%ﬁbéé%®mo BDZNCB

(0.05 <_ or (1-x)Pb(C(zn(, _y)M .3 and O
5y 5 0.73PTL6r m)wanﬂcﬁwbmbmebmﬂ aDs APEpB-«Pds with @umlavﬁﬁctzun and

PZN- PMN- PT. £ GEYS t h,th th
nmor phot rop‘? ﬁbg%gé’égié@ma?y%z& Bbg(i vé@ﬂw?%o%oﬁgﬁg %ZSW@ @gmégl ©
phases. ﬁ?é/réogla&eﬁﬁééé' reiéhﬁa thiHe b ﬂo&ﬁlc@é preiseoet\ihiddliyC tHehilé flactdn t he
present invention can prepared with the conposition around the MPB. The

conposi ti oof Bb(ZrhsNQﬁ)s)Qu in the|fmr@elepmrmteﬂab@dglfe@t¢fo@raéc@ fbc heisds il

around t he NMPB S, 9Pb( Znli PhT o] | he
thin film'Sfr pﬁ@ tP% tﬁ{ggg’hl? S’b%g br ﬁqcé (rrﬁr% er| a %%rqguﬁh& ﬁa“%& [

0. 462Pb( Znpérasmitd fetrocleciAs Miudthbbalb 0¥ durdr&Bfobmal PEN-ABT with XPE apwasvsku te
phase of the thin filmof ferroelectric material is stabilized relative to

an undesi r%@ﬂ@'@y’?ochl ore phase when a surface of a substrate on which the
t hi nJr(gl Imis directly deposited al so has a perovskite structure.
Accordingly, the thin filmof ferroelectric material may be deposited
directly on a Eﬁ;fen&blly,tmwfergdnaectrixcsnaitedalbtﬁ (&09Pb{ZmaNb2s)nraitTiQe | ayer

Wth a singl 8 €Y2'85) or (1-50Pb(ZngyMay)usNb2s)Os-xPbTiOs (x < 0.3 and 0 < y <
0.7). i |

15 The best electromechanical properties in buik PZN-PT and PZN-PMN-
PT single crystals are exhibited with the composition around the morphotropic
phase boundary (MPB) between rhombohedral and tetragonal phases.
Advantageously, the thin films of ferroelectric material of the present invention
can be prepared with the compaosition around the MPB. The compaosition of the

20 thin film of PZN-PT-based ferroelectric material around the MPB is
0.9Pb(Zn4sNby3)03-0.1PbTiO;. The composition of the thin film of PZN-PMN-
PT-based ferroelectric material around the MPB is 0.462Pb(Znq;sNby3)Os-
0.308Pb(Mg1/3Nb23)03-0.23PbTiOs.

25 The perovskite phase of the thin film of ferroelectric material is stabilized
relative to an undesirable pyrochlore phase when a surface of a substrate on
which the thin film is directly deposited also has a perovskite structure.
Accordingly, the thin film of ferroelectric material may be deposited directly on a
perovskite single crystal substrate or on a conductive layer with a single crystal

30 or epitaxial perovskite phase. The conductive layer can be epitaxially grown on
a perovskite single crystal substrate, or a non-perovskite single crystal

substrate, such as silicon, through introducing appropriate oxide buffer layers.



30 or epitaxial perovskite phase. The conductive |layer can be epitaxially
grown on a perovskite single crystal substrate, or a non-perovskite single
crystal substrate, such as silicon, through introducing appropriate oxide
buffer layers. -14- For exanple, in one enmbodinent of the invention, the
substrate is a single crystal, such as LaAlG3 (LAO, with a perovsklte
structure, and the thin fl|n10f ferroelldctric material is epitaxially
formed on the perovskite structure of 5 the surface of the single crystal.
In an alternative enbodi nent, the surface of the substrate has a textured
perovskite structure, and the thin filmof ferroelectric material is

epitaxially forF@de%}anée i € iPtb REmRNS l6)'1"ftﬂeSt'h(/éah(‘?t'idr‘f Qh@fsdﬁb@rﬁ@réﬁ. gce of
the substrate. 10 In a further enbodi ment, the substrate is a conductive

metal oxi desimgigeeofystal tWCbeas)hsAI@ae(!aﬂt@hwm 8 pgypvelsiieastryctuesp eidt ¢ tbin a

single cry I erovs thin filmof
Fer foel oct A1 ouRele hidlerdids Bkl Tt brene Wirkeiid Sl
Pref erably, théf@;@r@@@(ﬂjﬂ@ﬁé ¥gietdbtapxi de layer is 15 selected froma group
conprising LaxSrl_xMi03, La, Cal _XFe03, LaN O3, SrRu(3, LaXSrl XCo(Cs,

LaXSr1_ XFeGCs. In a yet further enmbodiment, the substrate is an epitaxial

metal oxi de - conduglLygnl AVELmlloki O Wééuﬁ&cé&ffﬁ‘é‘#fe [SBR haS h3bkires

dep03| ted on at east one ayer on a sin non- per ovs

crystal matpgroedkiteasttuttoee,t Aha thiel thioffilfre of cfetreeret:trin rmettenalals epitaldaipsi t ed
on the metal oxide conductive | ayer. Preferg y, the ¢ Oﬁ uctive netal

oxi de | ayerorged ondpe dextireshpar ﬁb%stregtﬁﬁp Hegsyr ﬁ'/rﬁS'%’S trate.

LaxCgiy XFe03, LaN @3, SrRuC3, LaxSrl_XCoGB, LaxSrl _xFe03. Typically, the
conductive netal oxide |ayer is between 200-350 25 nmthick. The buffer
layer and the cdndufurihes enalyediment therseibsirate iseh eondactiveometal oyideulayer

comprising v}ll Eﬁ E)'ef‘iovsk%e struc? (%ezéprlt%?qrglf? \E%Z ted \{)%a%%fri{}g e c(rysl%qo?ﬁatenal with

perovskite structure, and the thin film of ferroelectric material is epitaxially

formed on the conductive layer. Preferably, the conductive metal oxide layer is

15 selected from a group comprising LaSriMnOj;, LaCaiFeO;, LaNiO;,
SrRuQO3, LaxSr.xCo0s, La,SrixFeOs.

In a yet further embodiment, the substrate is an epitaxial metal oxide
conductive layer with perovskite structure epitaxially deposited on at least one
20 buffer layer on a single non-perovskite crystal material, and the thin film of
ferroelectric material is deposited on the metal oxide conductive layer.
Preferably, the conductive metal oxide layer is selected from a group
comprising LasSri:MnO;, LayCaixFeOs, LaNiO;, SrRuQsz, LagSriCoOs3,
LaySri.xFe0s. Typically, the conductive metal oxide layer is between 200-350

25 nm thick.

The buffer layer and the conductive layer are generally selected from a
group comprising yttria-stabilized zirconia (YSZ), YBaCuzO;5 (YBCO),
Lag.7SrgsMnO3; (LSMQ), and comprises successively grown epitaxial layers of

30 zirconia (YSZ), YBa;CuaO75 (YBCO), Lag7Sre3MnOs (LSMO). Typically, the
YSZ layer is 20-150 nm thick, the YBCO layer is 100-250 nm thick, and the
LSMO layer is 200-350 nm thick.



La0. 7Sr 0. 3MA3 (LSMD), and conprises successively grown epitaxial |ayers of
30 zirconia (YSZ), YBa2Cu30O7_3 (YBCO, La0.7Sr0.3MO3 (LSMO . Typically,
the YSZ layer is 20-150 nmthick, the YBCO |layer is 100-250 nmthick, and
the LSMO | ayer is 200-350 nmthick. -15- In this particular enbodi nent,
the single crystal material is silicon,_ _preferably (100)-oriented silicon.
5 The conductive oxide | ayer described” bove functions as both a seedi ng

| ayer for the crystallization of the perovskite phase of the thin film of
ferroelectric material and the electrode |ayer for the ferroelectric
material. The above discussion also denonstrates that it is possible to

forma thin fil nofhis fRIMQALEEMbSHiIFRIEr 7 ofgla bRRtdemavsiditie siliden.e
crystal substrate, such as 10 silicon, by introducing appropriate

i nt er medi atpsefenbly (10Gyeientedsilisen- t he non- perovskite substrate and the
epi taxi al perovskite netal oxide |layers. A further advantage of the present
I nvention over the present technology is that the thickness of thin filns

of feryoel ectri qrHEedddutive oidé leyErads@ibeassboviSiunbBonaag doftt ameeding
m croneters to nanoneter, rather than being constrained to beyond several

ni cr onet er dayernéon e enystallizatione of obiee Ao skitat hREE sobthenthip tlew ef

o opor t 1 os CEaReb metdhlar b B8 i rGRIRRF FordhE SBXOBle I mAlRA°1FELL ©
- di scussed iabokiadiptwssiorexisd demasistrates theatriblise possiblec tamifarat ex thanm ifirm. ofThe
dielectric constant and |.oss are 3497 ad, . 0.Q6 at 1 Falr‘-llz rgséggctivel , and

the dil at af¢Eeelgetrichmatefial en| #, RAN-RBMYSKES SINGIE; Frys JSYE @SN at
SV. AcCQilbRIbY intrddidng Bpbrciiefle ifBfmbdRtd Buffef Idy@Ps Bt M R&AS 1 C
mat EI%_I%EN S %¥ theyf)? esentr@négnt | onevvi I rmbe enpl oyed yJléqrsls m croel ectronic
devi ces angerovskitosiubstratenand iire epitaxiglqarawskiteansial axidedsyerssuch as: (1)
I ntegrated piezoelectric mcro-actuators for nmany diverse
A further advantage of the present invention over the present technology
is that the thickness of thin films of ferroelectric material could extend across
15 the range from micrometers to nanometer, rather than being constrained to

beyond several micrometers.

The thin films of ferroelectric materials of the present invention exhibit a

high dielectric constant and excellent piezoelectric properties. For example,

20 the thin film of 0.77(0.6PZN-0.4PMN)-0.23PT discussed in Example 5§ exhibits

strong ferrolectric characteristics. The dielectric constant and loss are 3497 ad

0.06 at 1 kHz, respectively, and the dilatation of the thin film is about 325 pm in
thickness direction at 5V.

25 Accordingly, it is envisaged that the thin films of ferroelectric materials of
the present invention will be employed in microelectronic devices and
microelectromechanical systems (MEMS) devices, such as:

(1) integrated piezoelectric micro-actuators for many diverse
applications, including microfluidic, ink-jet printing, nano-positioning

30 (for example for hard disk drive, nano-scale manipulation, and such

like), micro ultrasonic devices, optical switchers and modulators,
switchers for RF MEMS, actuators for bioMEMS;



applications, including mcrofluidic, ink-jet printing, nano-positioning
30 (for exanple for hard disk drive, nano-scal e manipul ati on, and such
like), mcro ultrasonic devices, optical switchers and nodul at ors,
switchers for RF MEMS, actuators for bi oMEMS;, -16- (2) high frequency
ultrasonic transducers for nedical imging; (3) mcro resonators for many
devi ce applications; (4) integrated pi” $sel ectric sensors; and, (5)
integrated thin filmcapacitors. 5 Athin filmof ferroelectric material

ber ovaki 1 0 phe, REPERETRY WibaficstHatte B HETAThRBGL Ly

magnesi um angh B ingic de3bAaRes foramanp devicsUsdplieatiomd;obi um or tantalum is
prepared according to the follow ng nethod, which 10 nethod conprises’

provi di ng a ffecuidegraied piazeslackit sensalg: 8khd, A and B; nodifying the
precursor solui ok e mer species thereto; applying the
nodi fi ed preéﬁnsoﬂﬂgéﬁu ?gﬁh?@“§£§%9@§§é of a substrate and formng a
coatigig thereon; and subjecting the coating to a heat treatnent and form ng
the filmin the perovskite phase, 15 A target conposition for the desired

> P - (
ferroel ectric nft 8inafim sok dpaeelegtric TRatarial gwith c gmpigl 1Bl fragtion of
PZN- PT- bas frer roel est 1. el | ; e i
(1) Po( 2t UNooEs 40k sy BRURLY B pEroySRisE Fnae wheroin A is zinc or a
conposi t i ccambioatiofZf-AidNaRd- inagadsitier, rarel Ecisr a ocvabericer badlemant dughi asl |y
(1-x)Pb((zn(). 20 1/.3Nb2/ 3) O3- xPbTi.O8 (X 5 0.3 and O: :5 0..7). The
pr ecur sor @éb@ﬂﬂ il %%ﬁﬁ‘fé ' ﬁ@@&%ﬁ&&@ﬁ%ﬁg%\e ?9@“1‘%9 rrB%tl?‘Qﬁt M[E(.:h
mat ef 4 al 'aeﬁfo%pe?m?ri@és Bréliath af bfeturss s81ifoh CoORtahingNBaduRStaf Bal | y
stoichionetric nolar ratios of 1ead, A and B to form Pb(A2+1 3B5+ti 3) 33
and a modifying the precursor solution by addition of a polymer species thereto;
applying the modified precursor solution to a surface of a substrate and forming
a coating thereon; and subjecting the coating to a heat treatment and forming
the film in the perovskite phase.
15
A target composition for the desired ferroelectric material is selected.
The target compositions for PZN-PT-based ferroelectric materials are typically
(1-X)Pb(Zn4;3Nb213)03-xPbTiO3 (0.05 < x £ 0.3) and the target compositions for
PZN-PMN-PT-based ferroelectric materials are typically (1-x)Pb({Zng.

20 yMGy)13Nb23)05-xPbTiO3 (X< 0.3 and 0 £y £0.7).

The precursor solution for the target composition for the ferroelectric
material is prepared by mixing a first solution containing substantially
stoichiometric molar ratios of lead, A, and B to form Pb(A%"5B%,3)0; and a

25 second solution containing substantially stoichiometric molar ratios of lead and

titanium fo form PbTiOa.

Preferably, the precursor solution has an excess of 15 molar % lead
organic salt with respect to target composition stoichiometry to compensate for

30 volatilization of lead during heat treatment of the film.



25 second sol ution containing substantially stoichionetric nolar ratios of
|l ead and titaniumto form PbTi O3. Preferably, the precursor solution has
an excess of 15 nolar %lead organic salt with respect to target
conposition stoichiometry to conpensate for 30 volatilization of |ead
during heat treatnent of the film -17- The precursor solutions are
prepared under dry nitrogen and anbi ent ronditions in a gl ove box. In
relation to preparation of thin filns of PZN PT-based ferrolectric

5
materials, PZN and PT solutiqns are prepared separately and m xed,accordi ng
o the target cofoRtaciaioh UM BFE FEPRR e SUag oy, MURGoR AN deur sor
sol ution i gopHRPALHFalodd ek di ssolving a zinc organic salt, such as zinc
acetate trihydrate, in 2-nethoxyethanol (2-MJXE) at 80 C. 10 Subsequently,

a niobiumorganic salt, such as niobiumisopropoxide, is added to the

solution with nj | ,stirring. or | uxing. T ELl.uﬁioni [l owed to
clarify and i S”ffrﬁg%! t@ | é% ‘Il’rgp?‘(')%g'r%%t gﬁrnga?mg.OfAl@% ra %Seéjolf%rtr&%@[(?f a
| ead sor gamhgtesalst PZUSHd ®T b6lations af@brepdred wabatfelyl ahdPmkdd Ascadippar ed
at 115 C and the solution is stirred tor 15 mnutes. The two solutions are

t hen mi xed @the Brgelsameositentq famihe Riecutsed splutien2- MOE to obtain a
concentration of 0.3 M Wen Ta instead of Nb is chosen for the
Pb(A2+113B5' v3) 8 system a tantalum al koxi de, such as tantal um et hoxi de
i s enpl oyed. Pr dharRZN@recdrsbheclutiohus pespdred Ibyiirst distoleingt deine ergiania
organi c salt

20 The PT precursor solutjon is prepared di ssolving a | ead

or Sani ¢ camplt, S3on ps.ane g alednay a1 y drmeboxyeRangHE-MOB) 8t 80"
sepangt & saiskhilemy, & nioblitRidGamt AN SusRids nidHikfn FoprddGid! M
isoprlgpoxi ?e, iﬁ SINOE Was pr epg%eg at’ g% Ca,% nliée t wo é%?%c?{w)risl V\%jrdeedrri xed
at room t etpérasaiulipnavith tfeshanical 2brring on tefluxings dhé wobkdiowi is rali2weBHot o
obtain a copc nt rgt.i (m of 0,3 .

clarify and is then cooled to room temperature. A separate solution of a lead

organic salt, such as lead acetate trihydrate, in 2-MOE is prepared at 115 °C

and the solution is stirred for 15 minutes. The two solutions are then mixed at

15 room temperature and diluted with 2-MOE to obtain a concentration of 0.3 M.

When Ta instead of Nb is chosen for the Pb(A?"3B%"23)03 system, a
tantalum alkoxide, such as tantalum ethoxide is employed. Preparation of the
solution follows that of the niobium organic salt.

20

The PT precursor solution is prepared by dissolving a lead organic salt,
such as lead acetate trihydrate, in 2-MOE at 115 °C. A separate solution of a
titanium organic salt, such as titanium isopropoxide, in 2-MOE was prepared at
80 °C. The two solutions were mixed at room femperature, and the mix

25 solution was diluted with 2-MOE {o obtain a concentration of 0.3 M.

Finally, the PZN and PT solutions were mixed at room temperature to

obtain the precursor solution.

30 Alternatively, the precursor solutions may ailso be prepared through the

method described below.



Finally, the PZN and PT solutions were m xed at roomtenperature to obtain
the precursor solution. 30 Alternatively, the precursor solutions may al so
be prepared through the nethod described bel ow. -18- The PZN precursor
solution is prepared by first dissolving a | ead organic salt, such as |ead
acetate trihydrate, in 2-nethoxyethanol éz MOE) at 115 C. A zinc organic
salt, such as zinc acetate, is added tol¥he solution with mnechanical
stirring. The solution is allowed to clarify then cooled to room 5

t t Tl bi t .
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Pb( A2+i i 3BP+E)ODrggsicenplt,a suchnas zine amaiaiiedeg gdded do thentsellulipnemilbixi de
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organic salnf'ec Gﬁ%e t|5':Im%r e—gﬁ? s%)ljméod'l weg %ﬁ@i?@@%@ K gescglt(?/lrﬂ%ma | ead
or ganisc salémpepatGie.as | ead acetate tri hydrate in 2-MXE at 115 C. A

separate solution of a titaniumorganic salt, such as titanium
| sopropoxide, in 2-MXE is prepared at 80 C. The two solutions are m xed at

room t enper at ur Sa‘t{b%r%{égfsg)jh@%mdft éogﬁtﬁung tggg\/\%%o?yfﬁog%ngbt ain

a typical concentratio M™ FI'n ution

precur sor s iggopbxead, RCZ-MOENgN ve tplr@artear@ﬂo WONMIdR twoosolationara then
tenperature. The concentration of the recursor M}éutlons s typically 0.3
M 25 In r&niged ot treORYy dBIPSFAtYFe And Wtqd | Wigh of-MOR- v ehtaln sk dypical

ferrqlyect riggncentration of 0.3 M.

When Ta instead of Nb is chosen for the Pb(A?"1;3B%"23)O3 system, a
tantalum alkoxide, such as tantalum ethoxide is employed. Preparation of the
solution follows that of the niobium organic salt.

15

The PT precursor solution is prepared by dissolving a lead organic salt,
such as lead acetate trihydrate, in 2-MOE at 115 °C. A separate solution of a
titanium organic salt, such as titanium isopropoxide, in 2-MOE is prepared at 80
°C. The two solutions are mixed at room temperature, and the mix solution is

20 diluted with 2-MOE to obtain a typical concentration of 0.3 M.

Finally, the PZN and PT solution precursors are mixed according to the
target composition at room temperature. The concentration of the precursor

solutions is typically 0.3 M.

25
In relation to preparation of thin films of PZN-PM-PT-based ferrolectric
materials, solutions of PbO, ZnsNbyzO2 (ZN), MgysNb2s02 (MN) and PbTiOs
(PT) are prepared separately and mixed according to the target composition to
form the desired precursor solution.
30

To prepare the PbO solution, a lead organic salt, such as lead acetate
trihydrate, is dissolved in 2-MOE at 110 °C and stirred for 15 minutes.



material s, solutions of PbQ Znii3Nby302 (ZN), My113Nb21302 (MN) and PbTi G3
(PT) are prepared separately and m xed according to the target conposition
to formthe desired precursor solution. 30 To prepare the PbO solution, a
| ead organic salt, such as |lead acetate trihydrate, is dissolved in 2-MXE
at 110 C and stirred for 15 mnutes. -19- To prepare the ZN solution, a
zinc organic salt, such as zinc acet atel?is dissolved in 2-MOE at 80 C for
10 minutes, followed by an addition of a niobiumorganic salt, for exanple
Nb-i sopropoxi de, to the solution under reflux 5 or w th nechani cal
stirring. Upon clarification, the solution is cooled to room tenperature.

To prepare the Wy s@ FHFé%ZNBQﬂ@ﬁerE ﬁinbrdrggnicsséiﬂ $86h Rz adeldtE gt 110
Cfor 10 mnutes, followed by the addition of an organic salt of ni ‘obi um

for 10 exdrasbbredu mbﬁdwﬂl-‘s@ior&qaoﬁ 1123 1ermmutesafﬂouawgd bhe @ BAiditipnsefi 8ri ng.

Upon clarification, the.s an [O te ]
ulr[:derstoodhdpéYmLﬁ{gﬁnl?asq!ts? ‘%I @I& vggﬁ%ﬁgp%gﬂe“@%gr%ﬁ@c% dhder 'letﬂuw ©
Pb( A2%, 13Bar {diherYiahRal sbrringNt BlpbA @hkifdtien, tsesbidisntisrdcalatmedsmi de is
15 substituted for the organic salt of niobium and the required solution

i s preparetemperadécri bed above. To prepare the PT solution, two separate
solutions of lead and titanium are prepared in 2-MXE at 115 C and 80 C,
respectively. The two solutions 20 are then mixed to prepare the PT -
sol ution at rooffotmeapeareather N ﬁi!u’ad)m,wnaghesiﬁ’bﬁltm isMissavet Pr2-940Etatons

are then nmixe room tenperature to obtain recursor .sol ytion,
general Iy W Q%C"dfoéaﬂdﬁ'ﬁw%ﬁtn}?@wmfﬁd bythe ﬁ)&é'ﬁgn &f}g@wpﬁ@f %&'Qﬁ'?@nqus
subsequent by, absll fliGsuly tﬁﬁi‘bﬁbﬂ@e,‘ﬁunﬁep%ﬂﬁfror mechanical stirring. Upon

clarification, the solution is cooled to room temperature.

it will be understood that when Ta is selected rather than Nb for the
Pb(A%13B%23)0; system, a tantalum alkoxide, such as tantalum ethoxide is
15 substituted for the organic salt of niobium, and the required solution is prepared

as described above.

To prepare the PT solution, two separate solutions of lead and titanium
are prepared in 2-MOE at 115 °C and 80 °C, respectively. The two solutions

20 are then mixed to prepare the PT solution at room temperature.

Finally, the PbO, ZN, MN, and PT solutions are then mixed at room

temperature to obtain the precursor solution, generally with a concentration of

0.3 M.
25
The precursor solution is subsequently modified by addition of a polymer
species thereto. Preferably, the polymer species is polyethylene glycol, in
particular polyethylene glycol with a molecular weight of 200 (PEG200).
30 The precursor solution is modified by addition of PEG200 in an amount

up to 60 wi% based on a metal oxide content in the precursor solution, but



species thereto. Preferably, the polynmer species is polyethylene glycol, in
particul ar pol yet hyl ene glycol with a nol ecul ar wei ght of 200 (PEG&00). 30
The precursor solution is nodified by addition of PEGOO in an anmount up
to 60 wt % based on a netal oxide content in the precursor solution, but
-20- optimal results are obtained when #Qe precursor solution is modi fi ed
by addition of 60 wt% PEG00 based on™the netal oxide content in the
precursor solution. The nodified precursor solution is then applied to the

O e T

conduct i ve ops0dt% PEG200 bAséd oRehe virdthl 6xidé cuntait ¢n tepesicurmrediuion.
perovskite single crystal; or a conductive oxide |layer with a perovskite

structure epitaxially deposited on epitaxial buffer |ayers successively

grown on non-per Sﬁéaﬁf@&gﬁééﬁggﬁ -sohfliohy M GRdi yaq_p}l %8 fboﬂ‘?ég?d

oxide layer is s ma group ~conprising xFe03
LaNi G8, SrBefddted aulSstrate Cobie sulbstrabes indfads. bdfwecmjtlllmttddl“te blﬁérevslilmyer is

selected froma group conpri sing yttrl a- stabl | i ed zirco YSZ
YBa2Cu307 §rm@y8tqa@m@t®mﬁe@ (esVERO: 2509 %Wﬁt Q%Idrjﬁ ?faaé?ﬁ &%th én of

t he Conducg)x Jbadir ,g s‘?treda&ﬁatgﬁ[?\}%wté%r qnése%g téﬁ%rb{céﬁﬁb@c}(%d by

usi ng any |s I'ng ne epltaxy not a apor ase epl taxy,
met al or garmxa:iechaqer euith ammmvskﬁp(ﬁruatme epimny) depnﬂttedubralepﬂenai byiferaxy
(MBE), ITEtjl or ganl c nol ecul ar beam '(%i X%?{ E) or liquid phase

epi taxy, of@¥sip HBW%‘@IVB%P{HW peprlqv§ ST 265 he buffer |ayer, the
t hi ckpess of the YSZ layer is 20-150 nm the thickness of the YBCO | ayer

is 100-250 rim and the thickness of the LSMO layer is 200-350 nm 25
Typically, the conductive metal oxide layer is selected from a group

comprising La,Sri,MnQs;, LaxCaiFeOs, LaNiO3 SrRuQOs, LaSrixCoOs,

La,Sri«Fe0;. Typically, the buffer layer is selected from a group comprising

yttria-stabilized zirconia (YSZ), YBa;CusOz.s (YBCO), LagsSrosMnO; (LSMO).
15

The epitaxial deposition of the conductive metal oxide layer and the

buffer layer can be achieved by using any existing methods of epitaxy and,

notably, vapor phase epitaxy, metal organic chemical vapor deposition

(MOCVD), molecular beam epitaxy (MBE), metal organic molecular beam
20 epitaxy (MOMBE) or liquid phase epitaxy, or pulsed laser deposition.

In relation to the buffer layer, the thickness of the YSZ layer is 20-150
nm, the thickness of the YBCO layer is 100-250 nm, and the thickness of the
LSMO layer is 200-350 nm.

25

The modified precursor is applied to the surface of the selected
substrate by spin-coating at a speed of about 5000 rpm for 30 seconds in a
clean room. The resulting wet coating is generally dried at 100 °C for 2
minutes, followed by a pyrolysis treatment at 430 °C for 5 minutes and a pre-

30 annealing at 580 °C for 10 minutes.



The nodified precursor is applied to the surface of the selected substrate
by spin-coating at a speed of about 5000 rpm for 30 seconds in a clean
room The resulting wet coating is generally dried at 100 C for 2 m nutes,
foll owed by a pyrolysis treatnent at 430 C for 5 mnutes and a pre- 30
annealing at 580 C for 10 m nutes. 21 The above descri bed process may be
successively repeated until a thickness 2Lt about 250 nmis obtained. The
filmis then finally annealed at a tenperature between 580-700 C for 10

m nutes. 5 The i n rroelectric terjal pti.onal | e

ot ovi ded wi t h a TheoBbRY S aesHBEdTRECHSBRY a1e SHBCHIIIGY TG Untlha on 1 s

deposi ted hitkness éfpslbélﬁrzm nﬁ?id@dtanﬁ‘cﬁoﬂ‘ﬁlermhws ehMiralili dnincaled at a

ferroelectric material with a 8@m)lefract|on 10 of Pb(A2+11385+2i 3) B
S

subst ant i atemperatarepestvesri 380-po) fopfBreindtes.is zinc or a conbination of
zinc and magnesium and B is valence 5 elenment, such as niobium or
tantal um deposited on a surface of a substrate can be prepared in

accordance W t hThaethit €ivh @f Seirodiestrid Pederimtrhag optiohdley be ggevitiet withai on.
15 The invention will now be further described with reference to the

fol I owi ng m@dﬁ@@deMWLEser 0P U A Ik thickmeag. muhiehhis daposiedvithe

substrate E@ ﬁg'ﬁ% the preparation of epitaxial ferroelectric (1-
X) Pb(Znii 3 J ﬁ xPb |CB (PZN-xPT) thin filns on a perovskite LaAl 38
(LAO single crystal substrate is described. 25 The PZN precursor solution

was prepared by fir i Ssol ving zjpc acetate rih 0.00500 mol) in

2- met hoxyet hanoIACGQ"C}Wé)’ %ttl""@og']%‘. 0%8&6@@3‘?%?&? rnyaterle‘ll %@‘ '9@65?‘865@8“&5‘

(0. 03800 mgf ppa® , AUEHS OCsitiaritRiytih & p¥tdvkite pRase, CRherein A is zinc or a
combination of zinc and magnesium, and B is valence 5 element, such as
niobium or tantalum, deposited on a surface of a substrate can be prepared in

accordance with the previously described method of the present invention.

15 The invention will now be further described with reference to the

following examples.
EXAMPLES:
20 Example 1. PZN-PT thin films on LAQ substrate
In this example, the preparation of epitaxial ferroelectric (1-

X)Pb(Zn1;3Nbg5)03—xPbTiO3; (PZN-xPT) thin films on a perovskite LaAlO3; (LAO)
single crystal substrate is described.

25
The PZN precursor solution was prepared by first dissolving zinc acetate
trihydrate (0.00500 mol) in 2-methoxyethanol (2-MOE) at 80 °C. Subsequently,
niobium isopropoxide (0.01000 mol) was added to the solution with mechanical
stirring or reluxing. The solution was allowed to clarify then cooled to room
30 temperature. A separate solution of lead acetate trihydrate (0.01725 mol) in 2-

MOE was prepared at 115 °C and the solution was stirred for 15 minutes. The



stirring or reluxing. The solution was allowed to clarify then cooled to
room 30 tenperature. A separate solution of |ead acetate trihydrate
(0.01725 nol) in 2- MOE was prepared at 115 C and the solution was stirred
for 15 mnutes. The -22- two solutions were then m xed at room tenperature
and diluted wwth 2-MOE to obtain a congentration of 0.3 M The PT
precursor solution was prepared by di ssH Vi ng | ead acetate 5 trihydrate
(0.03450 nol) in 2-MOE at 115 C. A separate solution of titanium

i sopropoxi de (0, 0300 nol) t I tlons
were mxedni SPgRRs el 8ol as BRmr PR AR sk e d Wi G

to obtain gpgpnesttdncahiratio®bf 0.3vM . 10 Finally, the PZN and PT sol uti ons
were mxed at roomtenperature to obtain PZN xPT conpositions with x from

0.1 to 0.5. Alternatively, the PZN- xPT precursor solutions may al so be

repared thro t th d | ut
\R/aspprepar ed byqﬂerg Cs%'g??fi ﬁgﬁﬁléggﬂgge@%ﬁar&frmg&g Nﬂg&%{i%tQQ - |on
2- met Boxy etrfiieiphte( @-08450 aiol)1ih52-FAOE act peeCat & se(rﬁr@t@wﬂuurmi bfﬁmluﬁdded to
the solution with mechanical stirring. The sol ution | lowed to clarify
t hen cool e!fopéoﬁw {RRPE0 ael in 2M@%M?%Pée%ﬁﬁﬁ L6 &f -fg two solutions

ni obi um i sgppQ éa’%two,gﬂtgﬁﬁ)r '%@tﬂ%n%‘@émgé@%ﬁ&g I t@xﬁthCz @e two

sol utions were t en m xe oom ¢ ‘enperat ure an

obt ai n a ctnobtiHin atconsenfrailborBoM.3de PT precursor sol ution was prepar ed by
di ssolving |l ead acetate 25 trihydrate (0.03450 nol) in 2-MXE at 115 C A
separate solution of titanium isopropoxide (0.0300 nol) in 2-MXE was

prepgped at 80 ﬁmaﬁg cﬁ Z?@'aHH'IﬂFssolWr% WX thidéd 'R QBLACIRPRpERME toand
the mx solution wa ed wth 2- to obtain a concentration of 0.3

M obtain PZN-xPT composmons W|th X from 0.1t0 0.5.

Alternatively, the PZN-xPT precursor solutions may also be prepared
through the method described below.

15
The PZN precursor solution was prepared by first dissolving lead acetate
trihydrate (0.01725 mol in 2-methoxyethanol (2-MOE) at 115 °C. Zinc acetate
(0.00500 mol) was added to the solution with mechanical stirring. The solution
was allowed to clarify then cooled to room temperature. A separate solution of
20 niobium-isopropoxide (0.01000 mol) in 2-MOE was prepared at 60 °C. The two
solutions were then mixed at room temperature and diluted with 2-MOE to

obtain a concentration of 0.3 M.

The PT precursor solution was prepared by dissolving lead acetate

25 trinydrate (0.03450 mol) in 2-MOE at 115 °C. A separate solution of titanium
isopropoxide (0.0300 mol) in 2-MOE was prepared at 80 °C. The two solutions

were mixed at room temperature, and the mix solution was diluted with 2-MOE

to obtain a concentration of 0.3 M.

30 Finally, the PZN and PT solution precursors were mixed according to the
target compositions at room temperature. The concentration of the final PZN-

xPT solutions was 0.3 M.



30 Finally, the PZN and PT solution precursors were m xed according to the
target conpositions at roomtenperature. The concentration of the final

PZN- xPT solutions was 0.3 M -23- Three PZN- xXPT precursor solutions for
target conpositions wherein x = 0.1, 0.2, 0.3 were prepared under dry

ni trogen and anbi ent condltlons in a glove box as descri bed above. PZN and
PT precursor sol utions were prepared SZ%Eparately and m xed according to
the target conpositions. Notably, however, the PZN and PT precursor
solutions were provided with a 15% nol ar excess of Pb with respect to the
stoichionetric ratios of the target conpositions to conpensate for Pb

evapor ati on dur TRged PESEIUEPBretitebRBbILbAS TR Rirgetlébrhpodion® heetaiRd £hat
t he PZN sol ution was nore stable when Pb and mxed Zn-No precursor

sol uti ons e 0.gr Sphmaiesipieppact Wpdehdininisegen gadnhambient crangitisanswint & t he

i xed t ogebiue el AGHaStIR e PoRR A BT onreB( Por SOERBF Here REER B, °
met hod was sépadalte!y aRdSpieecovnding €0TN6 takjet donpobhiopse NdtbbBt heweoden
after at | east nont hs had el apsed since initial gbe paration t hereof . The

PZN- xPT sofh& thlsame’E m&ag@@ﬁéﬁw@nmrﬁ%vﬂﬁﬂw ByohIdaexeasscdl wit h

oxide i n (e Hififediect 8. L5 SRIPAPrERRC aBls O 1 et “rorhPReiiaR Bt
‘sol uti ons, camgpehbatesfol bl evapoeastiat duniegl stibse@@ntitimertrest treBbaesbl ut i on was

then spin-coated on a (100)-LaAl B (LAO single crystal substrate at a
speed of 5000 rpmfor 30 seconds in a clean room The wet filns were dried

at 19§ C for 2umyasidsenfdd #rpaeﬁﬁeh#z@ Mﬁf%ﬁ’%\kﬁ ﬁf{gré%@alg?f\%eﬁ PH BHyes and

a pre 25 annealing at 580 C for 10 mi nutes ckness pm was
obt ai ned bgnixedkgadibh preaunsonsalatinns. wateepriepanedvaspariately iand anived tegether, a
tenperat urgor%%%\{@ withS%iQe 7no193th%df N w !CH1 mr)(edS Pb-Zn and Nb solutions were
prepared separately and mixed together subsequently. The PZN solution
prepared with the former method was still transparent and demonstrated no
15 precipitation even after at least 6 months had elapsed since initial preparation

thereof.

The PZN-xPT solutions were subsequently modified with polyethylene

glycol with a molecular weight of 200 (PEG200). Based on the weight of the

20 metal oxide in the solution, 30-80 wt% of the PEG200 was added to the PZN-

xPT solutions, and the solution was stirred for 30 minutes. The solution was

then spin-coated on a (100)-LaAlO; (LAQ) single crystal substrate at a speed of

5000 rpm for 30 seconds in a clean room. The wet films were dried at 100 °C

for 2 minutes, followed by a pyrolysis at 430 °C for 5 minutes and a pre-

25 annealing at 580 °C for 10 minutes. A thickness of 0.25 um was obtained by

repeating the process. The film was finally annealed at a temperature between
580-700 °C for 10 minutes.

X-ray diffraction (XRD) results indicated that a single perovskite phase

30 was obtained when the PT concentration is above 30% in mole. Figure 1
shows the x-ray diffraction (XRD) patterns of the PZN-0.1PT, PZN-0.2PT and
PZN-0.3PT thin films annealed at 580 °C for 10 minutes, which were derived



X-ray diffraction (XRD) results indicated that a single perovskite phase
30 was obtai ned when the PT concentration is above 30%in nole. Figure 1
shows the x-ray diffraction (XRD) patterns of the PZN 0. 1PT, PZN 0.2PT and
PZN-0.3PT thin filnms annealed at 580 C for 10 m nutes, which were derived
-24- fromtheir corresponding precursor_solutions nodified with 60 wt % of
PEG200. Dom nant ferroelectric perovs‘kH'e phases with (001) orientation
were obtained for all the sanples. Only mnor pyrochl ore phase was

p
b d, evid i d with.d i nq the PT., i on.
P aur oo, WO ey B B DR L LB B ek BEERA o
per ovski t e CRgiRani ferfdifedid®ipcbovdiite YR WitH (60f) GHOhtBtGH WdrBi dbthinkds,

respectively. The results show that the obtained perovskite phase in the
PZN- xPT t hier gill e Bagiplessi nghly iminop|ecteice mhase owas hebsajMedpmhaseal

o et ron mPAPSEsTfeatEdin debrbaSHbiRe it bafRhupiish, TRl SR RNCY
PZN- 051PT bhident ttherphngea ribults of PlshdX(1f0)@iithe perevattité phiaew i g PEN-aces
of PZN-0.2PT and PZN- 0. 3PT thin il s, respectivel The thickness of the

thin film Qe brB4ND-8PIsanmh PAY 3P T fbin filns orespeeiivaly bhe rasulifushewe of
all the fi : ' 3% i bl a LAO
substrate Hvas(ttné&de%&@ga pr%@%ﬂ?%géés\lméﬂ%ri I\ieléﬁgbﬂg\&e\(@sggg% eaﬁgfng%(;fm

addi ti on i plarecorigntation #oouglokepitaxial giowghoesth8 (L0 anbsiBdte) show t he XRD
patterns for PZN-0.2PT thin filnms prepared from solution precursor w thout
and with PEG00 20 nodification, respectively. As shown in Fig. 8(a), the

PZN-Q42PT film Ukd | t i hi jiDi
conp gt e pyr ochFE)qlgé%ﬁg)e.%%F% b?hnseﬁrﬁv? mﬁsﬁc?gﬁ%r@gg e?ggﬁlﬂtn}s@%m(g @ﬁg@ t he
pyr ochl or eimpage fartthe |sudiane rxtdedroseaadtioh @f aPPZbedd BTt thint filom anasaledgiier

than 50% fofole.c.l noconteast o dom QAN RELPEAI hoAPERG MARCOLBPIEY 1
films, respectively. The thickness of the thin film was around 0.25 ym. Pores
were also observed on the surface of all the films.

15
For comparison, PZN-xPT thin films were prepared on a LAO substrate
with the same procedure as described above except no PEG addition in the
precursor solution. Figures 8(a) and 8(b) show the XRD patterns for PZN-0.2PT
thin films prepared from solution precursor without and with PEG200
20 modification, respectively. As shown in Fig. 8(a), the PZN-0.2PT film from the
solution without the PEG additive exhibits a complete pyrochlore phase.
Further investigation results showed that the pyrochlore phase still dominated
even when PT concentration was higher than 50% in mole. In contrast,
dominant perovskite phase was obtained in the PZN-0.2PT thin film derived
25 from the PEG200 modified solution. The pyrochiore phase could be eliminated

when the PT concentration was improved to 30% in mole.

For comparison, PZN-0.2PT thin films were prepared on LAO substrate

from the PZN-PT precursor solutions modified with the PEG of different

30 molecular weights. Ethylene giycol and PEG with the molecular weights of
200, 400, 600 and 1450 were added to the PZN-0.2PT solution, separately.

The amount of the organic polymers was 30% by weight, based on the total



25 fromthe PEG0O nodified solution. The pyrochl ore phase coul d be
elimnated when the PT concentration was inproved to 30%in nole. For
conparison, PZN-0.2PT thin filns were prepared on LAO substrate fromthe
PZN- PT precursor solutions nodified with the PEG of different 30 nol ecul ar
wei ghts. Ethyl ene glycol and PEG wi th the nol ecul ar wei ghts of 200, 400,
600 and 1450 were added to the PZN 0. 2P% ol ution, separately. The anount
of the organic polyners was 30% by weight, based on the total -25- netal
oxides in th
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|ncrea3| ng mount in the range of 0 - 60 W% based on the total netal
oxides in the solutions. The intensity of the

For further comparison, PZN-0.2PT thin films were prepared on LAO
substrate from precursor solutions modified with varying concentrations of
PEG200.

15

A PZN-0.2PT solution was provided according to the same procedure as
described above. Various amounts of PEG200 were introduced to the PZN-
0.2PT solution, separately. Thin films were then prepared as described above.
As shown by the XRD results of the resuiting films in Fig. 10, the perovskite

20 phase is significantly enhanced with increasing PEG amount in the range of 0 -
60 wi%, based on the total metal oxides in the solutions. The intensity of the
diffraction peaks of the PZN-0.2PT perovskite phase is the strongest when the
PEG200 additive is 60 wt%, and the percentage of pyrochlore phase is less
than 5%. However, when PEG additive is 80 wit%, the intensity of pyrochiore

25 phase peaks increases. Thus, the results indicated that 60 wt% of PEG200 is
the optimal amount to stabilize the perovskite phase for the resulting PZN-
0.2PT thin film.

The effect of modification of the precursor solutions with alternative

30 water soluble polymers on the formation of ferroelectric thin films was also
investigated. Several PZN-0.2PT thin films were prepared from PZN-PT
precursor solutions modified with polyvinylpyrrolidone (PVP) of different



diffraction peaks of the PZN- 0. 2PT perovskite phase is the strongest when
the PE&O00 additive is 60 wt% and the percentage of pyrochlore phase is
| ess than 5% However, when PEG additive is 80 w% the intensity of
pyrochl ore 25 phase peaks increases. Thus, the results indicated that 60
wt % of PEG200 is the optimal anmpbunt to_stabilize the perovskite phase for
the resulting PZN- 0.2PT thin film Thel@ffect of nodification of the
precursor solutions with alternative 30 water sol uble polynmers on the
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with™a perovskite sttucture, 1oning as the bottom el ectrode for the
PZN- xPT t hiRZN-xPmthROfilln epi t axi al LNO | ayer can be prepared on LAO by many
thin film processes. In this exanple, the LNO fil mwas prepared through a
sol ution

Example 2. PZN-xPT thin films on LaNiOgs-coated LAO

15 In this example, the preparation of epitaxial ferroelectric (1-
X)Pb(Zn13Nb23)0s—xPbTiO3; (PZN-xPT) thin films on a LaNiOs; (LNO)-coated
LAO substrate is described. LNO is a conductive oxide with a perovskite
structure, functioning as the bottom electrode for the PZN-xPT thin film.

20 An epitaxial LNO layer can be prepared on LAO by many thin film
processes. In this example, the LNO film was prepared through a solution

method.

A 0.3M LNO solution was prepared by dissolving a 1:1 molar ratio of
25 lanthanum nitrate and nickel acetate in acetic acid. The LNO solution was then
deposited on the LAO substrate by successively repeating the spin-coating
cycle to achieve a thickness of 0.2 ym. The annealing process was carried out
at 700 °C for 60 minutes. The conductivity of the LNO layer was 3.5x1 0™

30 A solution precursor of PZN-0.3PT was prepared with the method
described in Example 1. Based on the metal oxides in the solution, 60% by

weight of PEG200 was added to the precursor solution. The solution was spin-



met hod. A 0.3M LNO sol ution was prepared by dissolving a 1:1 nolar ratio of
25 lanthanum nitrate and nickel acetate in acetic acid. The LNO sol ution
was then deposited on the LAO substrate by successively repeating the
spin-coating cycle to achieve a thickness of 0.2 pm The annealing process
was carried out at 700 C for 60 mnutes. The conductivity of the LNO | ayer
was 3.5x104. 30 A solution precursor of2PZN 0. 3PT was prepared with the

nmet hod described in Exanple 1. Based on the netal oxides in the solution,

60% by wei ght of PE& a the pr solutjion. The solution
vas spin - S9aechan o GN@KOALHEL AxEuB e Wil SODR B e B GeEo N Br 30
seconds in b d 160 TN

fol | oned by% gflr&?r;n/m s at %%IF J@%ﬁdr&éﬂﬁ]%ﬂog gﬁ‘i’or Qppghuat%%ea I ng a’?ﬁ580 C

for 10 m npyedysis At 4BDCKnfes$ minuleLang m prasamiradinged 960 “Sutar ddsiniraltes.
repeating thﬁ'ﬁ rocess. he filmwas ann

F
T hres. S m2sgmayed sotned, iy sUE s SRARE ifbating B8 probabey

sput t gr i ng FipeilyeHRcki Gals eﬂ{r%@éd ¥t 70§3M0@%%ﬁ1ut5$ IW Rpldesthons of pg XRD
resul ts of the PZN O, 3PT thin 171 ms grown on 10 the LNOcoated LAO

subst r at e. ofHe2f junmiresthickhesd was depbiited ghasputteting (fo0 Blectrhcalepropeiriyn.

Only a ver ittle a unt of pyrochl ore phase was observed. Figure 13 shows
t he frequeﬁl‘%’a%‘ﬁ@ﬁa ce of dielectric constant and dielectric |oss of a
PZN-0. 3PT thin filmgrown on the LNO coated LAO 15 substrate. The

dielectric constant and | oss are 1570 and 0.06 at | kHz, respectively. The
di el ectric constigirei 82 shows theyDgRD aasultshel thesBZNsO @Eﬁﬁtﬁlln tlms grawre onar e
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ferroel ect prientatidar adilgrd wdryGitle 2Rount of pyrochlore phase was observed.

Figure 13 shows the frequency dependence of dielectric constant and
dielectric loss of a PZN-0.3PT thin film grown on the LNO-coated LAO
15 substrate. The dielectric constant and loss are 1570 and 0.06 at 1 kHz,
respectively. The dielectric constant is fairly high and the loss is quite low,
which are comparable with those of the PZT thin films. The P-E hysteresis loop
of the PZN-0.3PT thin film is given in Fig. 14, exhibiting typical ferroelectric
characteristics.
20
Example 3. PZN-xPT thin films on perovskite conductive oxide layers on

silicon.

Epitaxial PZN-xPT thin films can also be prepared on a conductive oxide
25 layer which is expitaxially grown on some substrates whose structures or lattice
parameters do not match perovskite PZN-xPT thin film through introduction of
appropriate buffer layers. The perovskite conductive thin films include La,Sry.

MnQOs, La,Caq,FeOs, LaNiO3, SrRuQs;, LaSri«Co0s, LaSriFeOs, etc.

30 In Example 3, epitaxial yttria-stabilized zirconia (YSZ), YBayCuzOrq
(YBCO), and Lag 7Srg3MnQO3; (LSMO) layers are successively grown on (100)-

oriented single crystal silicon substrate, followed by deposition of an epitaxial



Exanmple 3. PZN-xPT thin filnms on perovskite conductive oxide |ayers on
silicon. Epitaxial PZN-xPT thin filns can al so be prepared on a conductive
oxide 25 layer which is expitaxially grown on sonme substrates whose
structures or lattice paraneters do not match perovskite PZN-xPT thin film
t hrough introduction of appropriate buffer |ayers. The perovskite
conductive thin filns include LazSri _-38h03, LaxCal xFe03, LaN O3, SrRuQ3,
LaxSrj XCoOB, LaXSrj,Fe®3, etc. 30 In Exanple 3, epitaxial
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deposit the nultiple oxide |ayers. Before the film 10 deposition, the
mrror surfaces are cleaned by etching with a 40% anmoni um fl uori de aqueous
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_850 erea ter metal’li'c zirconium ttriumare supplied

from t hei r fleydg® raguieons Solutioes mmeasmgret chsta&dsmﬂsi’natmﬁ #hery stcaredfto 8. 08: 1.
No oxygen is intraoduced at this point, a a feed am)unt QOI’I’ﬁ é)ondl ng to
a Zr+Y al | 8ybstratholqer equeaed i 1r0wm%an A1eRERY BRGHsgadnstalied in a

vacuum chamber. The vacuum evaporation chamber is evacuated to a

vacuum of 10° Torr by means of an oil diffusion pump and the substrate is
15 heated to 850 °C and rotated. Thereafter, metallic zirconium and yttrium are

supplied from their evaporation sources in a controlled Y/Zr molar ratio of

0.08:1. No oxygen is introduced at this point. When a feed amount

corresponding to a Zr+Y alloy film's thickness of 1 nm is reached, oxygen gas

is introduced from a nozzle at a rate of 10 cc/min to react with the metals to
20 form a YSZ film of 20-150 nm thick.

Alternately, epitaxial YSZ thin film can also be deposited by a PLD
process. The deposition temperature is 730 °C, and the initial oxygen pressure

is 107 mbar for a couple of minutes, followed by an increase to 5x10™ mbar.

25
Epitaxial YBCO and LSMO layers can be subsequently deposited by
pulsed laser deposition (PLD) in another chamber on the epitaxial YSZ film.
For the depasition of YBCO, the substrate temperature and oxygen pressure
are 730 °C and 0.5 mbar, respectively. The typical thickness of the YBCO film
30 is 100-250 nm. The substrate temperature and oxygen pressure are 670 °C

and 0.2 mbar, respectively, for the deposition of LSMO of 200-350 nm in

thickness.



is introduced froma nozzle at a rate of 10 cc/mn to react with the netals
to 20 forma YSZ filmof 20-150 nmthick. Alternately, epitaxial YSZ thin
filmcan al so be deposited by a PLD process. The deposition tenperature is
730 C, and the initial oxygen pressure is 10-7 nmbar for a couple of

m nutes, followed by an increase to 5x10-4 nbar. 25 Epitaxial YBCO and LSMO
| ayers can be subsequently deposited by29 pul sed | aser deposition (PLD) in
anot her chanber on the epitaxial YSZ film For the deposition of YBCO the
substrate tenperature and oxygen pressure are 730 C and 0.5 nbar,
respectively. The typical thickness of the YBCO film30 is 100-250 nm The

“ospect i vely. 10 F L2 daboarELor o LG o 6ot EpfeparE iRt .

respectively, for the deposition of LS
A PEQ200- muditthe eﬂetﬁﬁdl—d@s'bnpedcmr Emampte Ut i dinei solptiepéds enbiracoahem ong the the

met hod descri pi0-C

Conduct | vecauside siraaer wPNaRSYsAS roedRip WifE Be Pocediieeass s
descr gbed Heswﬂn%%mﬂé Pp Ae{&;ﬁére%ﬁ@dsfof/ﬂh ia%%f 2b0 3R iNMAiLKhddaiigkness
IS de osited sputtering method anpl e

(9- x)Pb((Zdeng&EKBWBRBBNEGHmQMﬁﬁEBd(PZNN—XPT) th|n films on LAO 10 The
solution precursors for (1-x)Pb((Zn, My)ii 3Nb2i 3)3B-xPbTi B (PZMN- xPT) thin
films were prepared as described bel ow. Four solutions of PbO Znli 3Nb2i 3Q2

(ZN), M i 3No2i BB\ (208 PBRZhPg)11SNOEB)OSURBTIOBS PRMIS-XPITY Risihditins

separately and m xed according to the target conposition. To conpensate
for Pb evapbldtQon during subsequent thermal treatment, a Pb excess of 15%
in m_zbe Wi th respect to the stoichionetric

The solution precursors for (1-x)Pb({(Zn,Mg)1/3Nba3)03-xPbTiQ3 (PZMN-
xPT) thin films were prepared as described below.

Four solutions of PbQ, ZnsNb230; (ZN), MgqsNbosO2 (MN) and PbTiO;

15 (PT) solutions were prepared separately and mixed according to the target
composition. To compensaie for Pb evaporation during subsequent thermal
treatment, a Pb excess of 15% in mole with respect to the stoichiometric

amount was added.

20 To prepare the PbO solution, lead acetate trihydrate (0.02650 mol) was
dissolved in 2-MOE at 110 °C and stirred for 15 minutes.

To prepare the ZN solution, zinc acetate (0.00462 mol) was dissolved in
2-MOE at 80 °C for 10 minutes, followed by an addition of Nb-isopropoxide
25 (0.00924 mol) to the solution under reflux or with mechanical stirring. Upon

clarification, the solution was cooled to room temperature.

To prepare the MN solution, magnesium nitride (0.00308 mol) was
dissolved in 2-MOE at 110 °C for 10 minutes, followed by the addition of
30 niobium isopropoxide (0.00616 mol) under reflux or mechanical stirring. Upon

clarification, the solution was cooled to room temperature.



anount was added. 20 To prepare the PbO solution, |ead acetate trihydrate
(0.02650 nmol) was dissolved in 2-MOXE at 110 C and stirred for 15 m nutes.
To prepare the ZN solution, zinc acetate (0.00462 nol) was dissolved in
2-MOE at 80 C for 10 mnutes, followed by an addition of Nb-isopropoxide
25 (0.00924 nmol) to the solution under reflux or with nmechanical stirring.
Upon clarification, the solution was c¥bted to roomtenperature. To
prepare the MN solution, magnesiumnitride (0.00308 nol) was dissolved in
2-MOE at 110 C for 10 mnutes, followed by the addition of 30 niobium
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were prepared. The (io{#ti?ns wEre th%n m xed to prepare the PT

sol ution aPreR¥miBe Reslvlipnat ©om tenpgrattiis pho, zN, MN, and PT sol uti ons
were then mxed at room tenperature to obtain the precursor solution with
a conposition of 0.77(0.6PZN-0.4PWN)-0. 23PT and a PbO excess of 15%in

mol e. The sol ut Finallywthe SbQyt 2, MN hand NE splutiobs avereatheonoered at reomof 0. 3
M 10 Vari gus ampunts,_of tIJ:%EGZO&?were addedlécﬁ) tt he 0.77(0.6PZN-0 .4Pl\/l\cl}f-

0. 23PT sol RTBREC uPs PPN cNGai R 291 BbodHa BosEBPOREPYhC

based on t he7ATBieHZNOABAN)-D. 2372T SR PRO eXddsarofsts%in ble! TRe $Bluibhons
with PEGO0O0 were resgectlvel y@g& n-coated on a LAO substrate at 5000 rpm

for 30 15 wasdahltted witb2-MBRto iy @i eeancgntration of 8 M2 i nutes, fol | owed by
p_yrohési s at 430 Cfor 5 mnutes and pre-annealing at 580 C for 10
m.nutes.

Various amounts of PEG200 were added to the 0.77(0.6PZN-0.4PMN)-

0.23PT solution precursor, including 30%, 45%, 60% and 80% by weight,
based on the metal oxides in the solution. After stirring, the solutions with
PEG200 were respectively spin-coated on a LAO substrate at 5000 rpm for 30

15 seconds. Each layer was dried at 100 °C for 2 minutes, followed by pyrolysis at
430 °C for 5 minutes and pre-annealing at 580 °C for 10 minutes.

Figure 15 presents the XRD patterns of the 0.77(0.6PZN-0.4PMN)-
0.23PT thin films prepared from the solutions modified with different amount of
20 PEG200. As shown in Fig. 15(b), with 30 wit% of PEG200 additives in the
solution precursor, the resulting film mainly exhibits perovskite phase and very
minor pyrochlore phase. When the PEG200 amount is increased to 45 wt%, 60
wt%, and 80 wt%, only single perovskite phase has been detected, as shown in
Fig. 15(c), 15(d) and 15(e), respectively.
25
For comparison purposes, the solution without addition of any PEG200
was also deposited on a LAO substrate using the same procedure as described
above. The XRD result of the film is given in Fig. 15(a). In contrast, only
pyrochlore phase but no perovskite phase is formed in the film, as evident in
30 Fig. 15(a). The results demonstrate that addition of PEG200 to the solution
precursor plays a crucial role to promote the formation of perovskite phase in
the resulting PZMN-xPT thin film.



Figure 15 presents the XRD patterns of the 0.77(0.6PZN- 0. 4PWMN)- 0.23PT thin
films prepared fromthe solutions nodified wth different anount of 20
PEG00. As shown in Fig. 15(b), with 30 wt % of PEG00 additives in the
solution precursor, the resulting filmminly exhibits perovskite phase and
very mnor pyrochlore phase. Wen the PEG00 anmpunt is increased to 45
w% 60 w% and 80 wt% only single Bérovsklte phase has been detected,

as shown in Fig. 15(c), 15(d) and 15(e), respectively. 25 For conparison
pur poses, the solution wi thout addition of any PEG0O0O was al so deposited
on a LAO substrate using the same procedure as described above. The XRD

result of the fE)ké‘fh&[% gi Meﬁ)pb’((zﬁ-t Mg)1aN15):)OL-RPBTIOS IBEZMNRPY ) thiyy €l or e
phase but no perovskite phase I1s forned in the film as evident in 30 Fig.

15(a). Thel)rrb§M@/§A&érmnstrate that addition of PE&00 to the solution
precursor plays a crucial role to pronote the formati on of perovskite phase
in the resulting PZMN-XPT thin film -31- Exanple 5

(1-x)Pb( (Zn, M) Ak 3HEXIP3ARSH, MBnOPZAMSMEY thinhfitm f whsrecoated LaMa LAQ 5 An
epi taxial La0.7Sr0.3M8 (LSMO) thin filmwas coated og % LAQ, substrate as
bot t om el estthstiaée By hattose ¢lecimsde by puisad Bsel deppsitgn B! )TH%thOEr ot si ng

Conduct | vi RCErelg BonaliGng wetE R sk of RHEPeIn ExRIC 3, Rl 2
usi ng t he cortuchRENoFabout@xd0 dd-om.t h 60 wt % PEG200 additive, which was

prepared according to the nethod in Exanple 4, on the top of the LSMO
film The spin coating was conducted at 5000 rpmfor 30 seconds in a clean

room, Each Coats,%nﬁzw RpT YR fiht %@ttgéﬂoc&t&aru&ngl et 8ame FANMINERIT by
pyro yS|s at 4 mnutes is and pre-annealing at 580 C for 10
m nut es. Asdlbfiark miths60fwt% HRGRGO clodifiveeavhich was prepared according to the
method in Example 4, on the top of the LSMO film. The spin coating was
conducted at 5000 rpm for 30 seconds in a clean room. Each coating layer
was dried at 100 °C for 2 minutes, followed by pyrolysis at 430 °C for 5 minutes
15 and pre-annealing at 580 °C for 10 minutes. A thickness of 1 ym was obtained
by repeating the process. Finally, the film was annealed at 700 °C for 10

minutes.

Figure 16 (a) and (b) show the XRD patterns of the 0.77(0.6PZN-

20 0.4PMN)-0.23PT thin films grown on the LSMO-coated LAO substrates,

annealed at 580 °C and 700 °C, respectively. The films show a single
perovskite phase with a high (001) orientation.

Top electrode layer of Au with a thickness of 200 nm was deposited by
25 sputtering.

Figure 17 presents the polarization-electric field (P-E) hysteresis loop of
a 0.77(0.6PZN-0.4PMN)-0.23PT thin film, indicating the strong ferroelectric
characteristics. The remnant polarization and coercive field are 20 uCfem? and

30 15 kV/cm, respectively.



by repeating the process. Finally, the filmwas annealed at 700 C for 10

m nutes. Figure 16 (a) and (b) show the XRD patterns of the 0.77(0. 6PZN- 20
0. 4PMWN) - 0. 23PT thin filns grown on the LSMO coated LAO substrates,

anneal ed at 580 C and 700 C, respectively. The filnms show a single
perovskite phase with a high (001) orientation. Top el ectrode | ayer of Au
with a thickness of 200 nm was deposite¥® by 25 sputtering. Figure 17
presents the polarization-electric field (P-E) hysteresis loop of a

0.77(0. 6PZN-0. 4P -0.23PT thin fil [ i cat] th t f | ectri
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respectively. The high _djelectric copnstant shows the reat. potential of
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t hr ee<di nensi onal drawi ng of the instantaneous vibration data, under a

sine-wave el ectrical driving voltage of 5V at 100 kHz. The dil atation of
the thin filmi §igureul9 3nesents T Hbras-tigaensienal 3drawing of i that iegtantanagsisabout

65 pnN wi t hout .t aki I nfo account th l.anpi, 1 f f S trate.
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val ue. Al't ghaadiitatiorPdf $id thrfid iDaBd G EPEM. TriRbctile2BPTs tslimafed to can
al so be deposited on LSMY YBCO YSZ/ Si substrate. The fabrication of

epi taxi al besabsMOBSYBIBVawithyey talipgr it Aasount dhe staapng efiest of the
descr1|0bed 'sﬂbgt)?gtgp LT‘:r"\e ég‘ctual piezoelectric constant should be significantly higher than

this value.

Alternately, an epitaxial 0.77(0.6PZN-0.4PMN)-0.23PT thin film can also

be deposited on LSMO/YBCO/YSZ/Si substrate. The fabrication of epitaxial

15 LSMO, YBCO and YSZ layers on silicon substrate is as described in Example
3.

Figure 20 is a flow chart showing a method 200 for preparing a thin film

of ferroelectric material according to the present invention. The thin film of

20 ferroelectric material has a high mole fraction of Pb(A%*43B% »3)O3 substantially
in a perovskite phase, wherein A is zinc or a combination of zinc and
magnesium, and B is a valence 5 element, such as niobium or tantalum
according to the present invention. In a first block 202, a precursor solution is
prepared which contains lead, A% and B®". In a next block 204, the precursor

25 solution is modified by addition of a polymer species. In a subsequent block
206, the modified precursor solution is applied to a surface of a substrate and

form a coating on the substrate. In a further block 208, the coating is subject to

a heat treatment and forms the film in the perovskite phase.

30 Numerous variations and modifications will suggest themselves to
persons skilled in the relevant art, in addition to those already described,

without departing from the basic inventive concepts. All such variations and



Figure 20 is a flow chart showi ng a nethod 200 for preparing a thin film

of ferroelectric material according to the present invention. The thin film
of 20 ferroelectric material has a high nole fraction of Pb(A2+v3B5+v3) O3
substantially in a perovskite phase, wherein Ais zinc or a conbination of
zinc and magnesium and B is a valence 5 el enent, such as niobium or
tantal um according to the present invehtion. In a first block 202, a
precursor solution is prepared which contains Iead A2+ and B5+. In a next
bl ock 204, ecursor, 25 sol utjion,is, o by on .of al yner
speci es. | H‘Oéjeé‘f%@@aﬁﬁtto & cRnsidgEed withi rfrgb‘? prage of Zgﬁrpﬁ?erg 'fw?mg

appl i ed toyga @%fufrf%ﬁmﬂfcrﬁs%'%tdéiéﬁnﬁ@:@ frd A the Rore@aing deRiptive. substrate.

In a further ock 208, the coating is subject to a heat treatnent and
fornms the filmin the perovskite phase. 30 Nunerous variations and

nodi fications will suggest thenselves to persons skilled in the rel evant
art, in addition to those already described, wthout departing fromthe
basic inventive concepts. Al such variations and -33- nodifications are to
be considered within the scope of the present invention, the nature of
which is to be determned fromthe foregoing description. 34 CLAIMS 1. A
nmet hod of preparing a thin filmof ferroelectric material conprising:

provi ding a precursor solution containing | ead, A2+, and B5+; nodifying the
precursor solution by addition of a polyner species thereto; applying the
nodi fied precursor solution to a surface of a substrate and formng a
coating thereon; and, subjecting the coating to a heat treatnent and
forming the filmof ferroelectric material with a high nole fraction of
Pb(A2+11385+2/ 3) 03 substantially in a perovskite phase, wherein Ais zinc
or a conbi nation of zinc and magnesium and B is a valence 5 el enent.



2. The nethod as recited in claim1l1, wherein the nole fraction of
Pb(A2+1/385+2/3)03 is > 0.7. 3. The nethod as recited in claim1l, wherein
the ferroelectric material is (1-x)Pb(Znl/3Nb2/3)03- xPbTi03(0.05 < x:5
0.3). 4. The nethod as recited in claim?2, wherein the ferroelectric
material is (1-x)Pb((Zn(1l_y) Myy)1/3Nge/3)B- xPbTi03 (X:5 0.3 and 0:5 y
< 0.7). 5. The nethod as recited in claim1l, wherein the precursor
solution for a target conposition for ferroelectric material is prepared
by ni xi ndeAMPst solution containing substantially stoichionetric nolar
ratios of |ead, A2+, and B5+ to form Pb(A2+1/385+2/3)03 and a second

sol ution containing substantially stoichionetric nolar ratios of |ead and
titani umt A methodofip@Parifg afihén fitet bbfdrasliaatdd trederial coheaprivilg: wherein the
first solution is prepared b i Xxi ng A2+ and B5+,pefore..lead is
substantial ly DJHHQ&Q%P{%F$C¥&§Q%EQH gqmtgmm@l_eaqihgz nﬁ’\ﬁ’o@s as recited in
claim1, wherehidi W i3 Gfohdm % | ead
wi th respect ?P)Bglg@g%ﬁ éé%ﬁ)%ﬁ?%%ﬁﬁ%ﬁ?%@? sét 0 c%ﬁ%%%"z%@ otr0 '

vol ati | i zat i orapplyihg &tk chodifrey preatrsor satutientto af surfecef ofl arsuldErat€ andhe net hod

as recited in claiml ,wherein the polyner species has a nol ecul ar weight
| ess thaﬁo%'ﬁg %90%}{@%{% aggl, recited in claiml1, wherein the precursor

sol ution is mgibidctiightie cBdfihg tPa r%fatlrjéﬁtrﬁ@hﬂ’émﬂq?mfgi]% fillh &n anount  of
nmore than 50 wt % based on a netal oxide content . in e precursor solution.

10. The rfetraelgcis metgriebwithra bilghirnolp,fraai@ne?fwf’h(ﬂéﬂpa%& 3 Shstardially in

pol yrer doaeioni Bhass et E o B ibhmatah Bezl AP qegheSLR. 200
(PEG200) .ant?B idheratsriceBleendgrci ted in claiml, wherein the substrate is a

single crystal with a perovskite structure, and the thin film of
ferroelectric material is epitaxially

2. The method as recited in claim 1, wherein the mole fraction of
Pb(A2+1/385+2/3)O3 is>0.7.

3. The method as recited in claim 1, wherein the ferroelectric material is
(1-x)Pb(Zn1,3Nb2/3)O3 - XPbTiO3(005 £EXE 03)

4. The method as recited in claim 2, wherein the ferroelectric material is
(1-x)Pb({(Zn1-y) Mgy)1aNb23)03 - xPbTiO3(x £ 0.3and 0 sy < 0.7).

5. The method as recited in claim 1, wherein the precursor solution for a target
composition for ferroelectric material is prepared by mixing a first solution

containing substantially stoichiometric molar ratios of lead, A%, and B*" to form
Pb(A2+1,385+2/3)03 and a second solution containing substantially stoichiometric

molar ratios of lead and titanium to form PbTiOs;.

6. The method as recited in claim 5, wherein the first solution is prepared by

mixing A** and B®* before lead is substantially added to the first solution.

7. The method as recited in claim 1, wherein the precursor solution has an excess
of 15 molar % lead with respect to target composition stoichiometry to
compensate for volatilization of lead during heat treatment of the film.



formed on the perovskite structure of the surface of the single crystal.

13. The nmethod as recited in claim1l, wherein the substrate is a conductive
netal oxide |ayer with perovskite structure epitaxially deposited on a
single crystal material with perovskite structure, and the thin film of
ferroelectric material is epitaxiallysfornmed on the conductive |ayer. 14.
A nethod as recited in claiml, wherein the substrate is an epitaxial netal
oxi de conductive layer with perovskite structure epitaxially deposited on
at |east one buffer |ayer, whereby the or each buffer layer is deposited

. . . . . h
Thin 111 ord AeiR affahh o), vimdieln BEARHGL Eophik R moigidk e
conduct i weeighyless than 460t hin filmof ferroelectric material with a high

nol e fraction of Pb(A2+1/3B5+2/3)(C3 substantially in a perovskite phase
deposited on a surface of a substrate, wherein Ais zinc or a conbination

of zinc adrHEBGRETIHE: réiddbnickiM 1 \Ah&8GEthR &hea%?so%?n@moﬁmot yn film

as recited in claim 15, wherein the nole fraction of Pb(A21,/3B5+2/3)03 is
> 0. 7. 17additien ohihe galymeaspedes iredn iamasindioimicge thare 66iwt% hasédoneel ectri c

mat eri al HE%P[' é%fd)é)c%b(térﬂ%%gg%/ Séﬁfc%(i;frﬁqu?lﬁtﬂ 03 (0.05:5 x:5 0.3). 18. The thin
() [ ;

filmas r P erroelectric material is
(1-x)Pb((Zn(1_y) Myy)1/3Nb2/3)O3 - xPbTi03 (X:5 0.3 and 0:5 y:5 0.7). 19.
The thin filmas recited in claim15, wherein a conposition of the thin
filmof Thrifwamethad as ragitediialclaimpt.odaretn themnlynet segries sheelgetbyienear v
(\VPB) . 2(@; él'(ne thin filmas recited in claim19, wherein the conposition of
the thin YT of ferroelectric material is O. 9Pb(Zn1/3Nb2/3)8 - 0.1

PbTi 03. 21. The thin filmas recited in claim19, wherein the conposition
of the thinfilmof ferrgelectric material is 0.462Pb(Znl/ 3Nb2/ 3) C3-

0. 308Pb( |\b11/Tmp§')C@aS reeited pn¢laiim 10, wherein the polymer species is

polyethylene glycol with a molecular weight of 200 (PEG200).

12. The method as recited in claim 1, wherein the substrate is a single crystal with
a perovskite structure, and the thin film of ferroelectric material is epitaxially

formed on the perovskite structure of the surface of the single crystal.

13. The method as recited in claim 1, wherein the substrate is a conductive metal
oxide layer with perovskite structure epitaxially deposited on a single crystal
material with perovskite structure, and the thin film of ferroelectric material is

epitaxially formed on the conductive layer.

14. A method as recited in claim 1, wherein the substrate is an epitaxial metal
oxide conductive layer with perovskite structure epitaxially deposited on at least
one buffer layer, whereby the or each buffer layer is deposited on a single crystal
material that is not perovskite structure, and the thin film of ferroelectric material is

deposited on the metal oxide conductive layer.

15. A thin film of ferroelectric material with a high mole fraction of
Pb(AZ*1,3B%"23)O3 substantially in a perovskite phase deposited on a surface of a
substrate, wherein A is zinc or a combination of zinc and magnesium, and B is a

valence 5 element.



22. The thin filmas recited in claim15, wherein the substrate is a single
crystal wth a perovskite structure, and the thin filmof ferroelectric
material is epitaxially formed on the perovskite structure of the surface
of the single crystal. 23. The thin filmas recited in claim15, wherein
the surface of the substrate has a texgured perovskite structure, and the
thin filmof ferroelectric material is epitaxially formed on the textured
perovskite structure of the surface of the substrate. 24. The thin film as
recited in claim15, wherein the substrate is a conductive netal oxide

| ayer wit t single crystal
mat eri al ‘llv?\% ﬁweg‘é?ﬁwgf?fgé%h%ﬁj%%aﬁ@ ‘F@ dﬁ% he l?‘hl nﬁqgfgc ?“?erroel ectric
mat eri al RIHA e@BP@)QD@;LIISW ®.4Gr med on the conductive layer. 37 25. The thin

filmas recited in claim15, wherein the substrate is an epitaxial netal
oxi de conductive layer with perovskite structure epitaxially deposited on

at | east 170Mepif fim éél}’eﬁflteﬂrln %Ia‘f'hﬂ% lei‘férléiﬂ file fERbBICHC hBddridl & not
perovskite structure, and he thin filmof ferroelectric material is

deposi ted'lf)ﬁpbh@méltba/h)%xmﬂ’éﬁd@mﬁb@ﬁ|<v>e< 0.3yer. 26. Athin film of
ferroelectric perovskite material with a high nole fraction of

Pb( A2+i13B5'v3) (3, wherein Ais zinc or a conbination of zinc and

nmagnesi umg. ame thid fili &s vaditads chi®l BemereficieTeiBdiceticimatlrfarfe of a
substrate in accordance wth the nethod of claiml1. 27. Mcroel ectronic

devi ces Al OPBEEN iyt MIR1BNPze)st WP 1P2ixro8i%and O p&rbikkite nateri al
conprising a high nole fraction of Pb(A2+1/3B5+2/3) (03, wherein Ais zinc or
a conbi nation of zinc and magnesium and B is a valence 5 el enent.

19. The thin film as recited in claim 15, wherein a composition of the thin film of

ferroelectric material approaches a morphotropic phase boundary (MPB).

20. The thin film as recited in claim 19, wherein the composition of the thin film of
ferroelectric material is 0.9Pb(Zn1/3Nbz23)03 - 0.1PbTiOs.

21. The thin film as recited in claim 19, wherein the composition of the thin fitm of
ferroelectric material is 0.462Pb(ZI‘11/3Nb2/3)03- O.308Pb(Mg1;3Nb2/3)03 -
0.23PbTiOs.

22. The thin film as recited in claim 15, wherein the substrate is a single crystal
with a perovskite structure, and the thin film of ferroelectric material is epitaxially

formed on the perovskite structure of the surface of the single crystal.

23. The thin film as recited in claim 15, wherein the surface of the substrate has a
textured perovskite structure, and the thin film of ferroelectric material is epitaxially

formed on the textured perovskite structure of the surface of the substrate.

24. The thin film as recited in claim 15, wherein the substrate is a conductive
metal oxide layer with perovskite structure epitaxially deposited on a single crystal
material with perovskite structure, and the thin film of ferroelectric material is

epitaxially formed on the conductive layer.
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25. The thin film as recited in claim 15, wherein the substrate is an epitaxial metal
oxide conductive layer with perovskite structure epitaxially deposited on at least
one buffer layer on a single crystal material that is not perovskite structure, and
the thin film of ferroelectric material is deposited on the metal oxide conductive

layer.

26. A thin film of ferroelectric perovskite material with a high mole fraction of
Pb(A%*1,3B%*53)03 wherein A is zinc or a combination of zinc and magnesium, and
B is a valence 5 element, deposited on a surface of a substrate in accordance

with the method of claim 1.

27. Microelectronic devices provided with a thin film of ferroelectric perovskite
material comprising a high mole fraction of Pb{(A%"1;3B% 213)03 wherein A is zinc or

a combination of zinc and magnesium, and B is a valence & element.



