WD 99/ 42282 PCT/ US99/ 01025 A-SI TE AND/ OR B- SI TE MODI FI ED PBZRTI O3 MATERI ALS
AND FI LMS DESCRI PTION Field of the Invention *159159* The present
invention relates to the chem cal vapor deposition (CVD) fornmation of

Pb(Zr, Ti)03 rgggtgﬁghgls nmodified with Goup Il cations (Sr, Gy Raeeiedor M)

on the A-si reof, and Nb and/or Ta on the B-sites thereof, and to
(Pb, Sr, Ca, Ba, M) (Zr, Ti, Nb, Ta)O3 filnms having utility in

ferroel ectric random access nenories, high performance thin film

m cr oact uat orssSIETRANDIOREB-$1 Bl M@DIKIEDaRBLR TS5 MAT ERDALS rANDI FIBMSF  t he

Rel ated Art Ferroelectric materials are presently finding increased
application in devices including non-volatile ferroelectric random access
menories (NV-FeRAMs), uncooled infrared (I R) detectors, Sﬁati a

nmodul ators, and microel ectromechani cal systens (MENVS). ’Vﬁ Hnumllmﬂliﬂﬂﬁt
. d

applications require optimzed ferroelectric, pyroelect
properties, which are known to be sensitive to film conposittens* and

i ncor porations of dopants or nodi Bﬁcﬁu# Og{der to effect such

conposi tional variation, there is he art for correspo6ifdi ng
processes enabling the production of perovskite filns with I

conposi tional and performance properties. SUBSTI TUTE SHEET”MWQ’W@MMP
99/ 42282 PCF;js@9fteIa=zbntidn ect i ng t he di scussion now to a re

background aspect of the present invention, the devel opnent of"&tiable
actuation nmethods and devices is one of the key challenges in the

evol ution fromm cromachi ned sensors to . .
The present invention relates to the chemical vapor deposition (CVD) formation of

Pb(Zr,Ti)O3 materials modified with Group II cations (Sr, Ca, Ba and/or Mg) on the

A-sites thereof, and Nb and/or Ta on the B-sites thereof, and to (Pb, Sr, Ca, Ba,
Mg)(Zr, Ti, Nb, Ta)O3 films having utility in ferroelectric random access memories,

high performance thin film microactuators, and in related device applications.

Description of the Related Art

Ferroelectric materials are presently finding increased application in devices
including non-volatile ferroelectric random access memories (NV-FeRAMs),
uncooled  infrared (IR) detectors, spatial light modulators, and
microelectromechanical systems (MEMS). Many of these applications require
optimized ferroelectric, pyroelectric and related properties, which are known to be

sensitive to film compositions and incorporations of dopants or modifiers.
In order to effect such compositional variation, there is a need in the art for

corresponding processes enabling the production of perovskite films with superior

compositional and performance properties.
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m croel ectronmechani cal systenms (MEMS). High quality piezoelectric filns
possess nunerous properties of technol ogical inportance for such MEMS
applications, including high electronmechanical coupling coefficients and
hi gh pi ezoel fé?r/‘j ;{82 coefficients. The nost common fam |y of peEisoiead2s

exhi biting 8%t hese characteristics are based on Pb(ZryTi 1-y) O3
(PZT). One primary factor limting devel opnment of piezoelectric MEMS has
been the lack of suitable, high quality thin filmpiezoelectric materi als.
PZT and r el ajidting I Aschidsns naw etot Berelevait RicREoeid abpact oftther predent
available in bulk" formand are a |ogical choice for thin-film

m cr oact uat Qfiveapipd,ithatiéveiupmeat ofrelighle aétuationrmetbodsandrdedissd scanecdthde

envi sioned that are based on cantilever- type deflection, including optical
devi ces and Keyquéhplicegesr oin ddlg ceyolufiehenfmg migsemachinedapsensest i &h, the
requirements for_ operating deflecti e d in such _deviges may vary
widely. In émé&q]ieF‘lr‘éV@fhéﬂgﬂise‘é?ﬁ@F M&g Eﬁ@? BuAly Bi7RelesmG rﬁlénst%?ﬁ S that may
be usefully enpl oyed in.positioners an L.Craval v ' e

def1 et i on’ FOREETBPREE brAngopefameSkEs Br i MBS SphiRARs

pi ezoel ectri. ff-Lcl ' | | %300 ;

proporti onallﬁ?lg&ﬁgeﬁlgpp?%gq%%??gsg%gé}g@t g&{fﬁg&gf‘ Ce)ézhgelﬁtag?}t rlb?ég&%:lgcgg ? I ci ent
d31, an increaaRichfs. d3heaiost GénMMBN VAMIIGOSE naRfiE a%Eibitingebethf b aicson.
Looking at this relationship another way, for a given deflection, the
drive vol t aghaiagterigiba arechasgd o Po{@ndaselP3dBZT). Lower drive vol tage
requirenents are also a significant advantage as integration of PZT

m croactuators into integrated circuit (1C) devices is contenplated by the

art and this remains _inportant, even for _small di t devi . 2
SUBSTI TUTE SPreermipayL fectoljmifipe disy donsaent P&W&é@ir&sﬁ?@& Eorl PO ¢ woul o
be a substantd al B0 06F dullid) "G it BiclSEkEP RRURES ' b2FSand related

compositions are the best piezoelectric materials available in bulk form and are a

logical choice for thin-film microactuator applications.

A number of microactuator devices can be envisioned that are based on cantilever-
type deflection, including optical devices and liquid control devices. Depending
upon the application, the requirements for operating deflection needed in such
devices may vary widely. In a cantilevered piezoelectric microactuator of the type
that may be usefully employed in positioners and microvalves, the achievable

deflection for an applied voltage is directly proportional to the piezoelectric

coefficient d31. Since the deflection is directly proportional to the applied voltage
and to the piezoelectric coefficient d3], an increase in d3] at a given voltage
increases the deflection. Looking at this relationship another way, for a given
deflection, the drive voltage is reduced with increased d31. Lower drive voltage
requirements are also a significant advantage as integration of PZT microactuators
into integrated circuit (IC) devices is contemplated by the art and this remains

important even for small displacement devices.
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and process technology for the achievenent of high quality filns that are
able to maxim ze deflection for a given drive voltage in m croactuator
applications. Simlarly, these high quality films nmay have ot her

advant ageou (F 92‘@? 2t ies. Integration of thin film PZT and rgtpiedone@seri al s
I nto MENMS aSY.) ons requires a well-controlled process that affords
preci se control of conposition to nmaintain acceptable device performnce
across a wafer and fromwafer-to-wafer. In addition, good step coverage is
required for mcronmachining of the devices to protect the edges of
features fromunwanted etching. Finally, the process nust be highly

econoni cal . Adeoslingls tit weqldlbeearﬁrbstantsaladme de theodrt toedeveldp ¢amenositions ncl udi ng
the ability to process |arge area, Si vvafer and achi_eve hi ocess

t hr oughput . an?\lpm?ﬁiﬁg‘ﬁdmﬁ’@’%’tfaf eo?"h’feﬁgn?ﬂt@ igh,gatity, fi %g}aég{erﬁﬂ e ®eranic

materi al s has chang Little in the, | ast .decade, .con erabl.e effort has
been focused“?i‘h“”tzgc‘ﬁ‘%“:&'ﬁoéls for 2 giveny drive; mlﬂag?lpngugpa%?dfoa BPIF“ ed

For roel et r A, S BE U S R 0l B BB RS TP o

M Adachi, T. Shiosaki, A Kawabata, Jap. J. Appl. Phys 330--1 (1991):
1034), sol-gel formation ("Low Tenperature Perovskite Formation of Lead
Zirconat e Tithpaitien dhthih fiind PET d refutedanalerivgs itoOMEMS dppliciiodd keqaires £. B Desu,
J. Mater. Res. ,a (1993): 339), and CVD ("Preparation and Properties of
(Pb, La) (Zr 'R:vélD&niEblled pprdcess thylt wEomls mrganl contxch exfi @aniposisipnr toDapintaint i on, " M
Ckada and K Tom naga, J. Appl. Phys. (1993% 1955; and "Growm h and
Char act er i zacieptablst dewioe perprRAnES acrams (azyafa ofth Waferto- Wﬂf%y Mdtod. Usi ng a

6 I nch Single Waf CVD Syst ! Sh Kat , T.
Shi osaki ;K 0RR IEpcoKREF 1 HGUVES ?%rfaw'eo%ﬁmwﬁﬂh it 10 ol Tore
SHEET (RULE e%gc):s X}Ofea?l{rélsz ﬁ%& E&Mn%%g g{cﬁ}ngZSFinally, the process must be highly

economical. This last requirement is comprised of several factors including the

ability to process large area Si wafers and achieve high process throughput.
Although the state of the art of bulk piezoelectric ceramic materials has changed
little in the last decade, considerable effort has been focused on techniques to

produce thin films of PZT and related materials.

RF sputtering ("Epitaxial Growth and Electrical Properties of Ferroelectric
Pb(Zrg.9Tip.1)O3 Films by Reactive Sputtering,” T. Okamura, M. Adachi, T.
Shiosaki, A. Kawabata, Jap. J. Appl. Phys 30-1 (1991): 1034), sol-gel formation
("Low Temperature Perovskite Formation of Lead Zirconate Titanate Thin Films by
a Seeding Process," C.K.Wok and S.B Desu, J. Mater. Res. 8 (1993): 339), and CVD
("Preparation and Properties of (Pb,La)(Zr,Ti)O3 Thin Films by Metalorganic
Chemical Vapor Deposition," M. Okada and K. Tominaga, J. Appl. Phys. 71 (1992):
1955; and "Growth and Characterization of Ferroelectric Pb(Zr,Ti)O3 Thin Films by
MOCVD Using a 6 Inch Single Wafer CVD System,” M. Shimizu, M. Fujimoto, T.
Katayama, T. Shiosaki, K. Nakaya, M. Fukagawa, and E. Tanikawa, ISIF'93
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Proceedi ngs, Col orado, Springs, CO (1993)) have all been used to make high
quality thin filmPZT. RF sputtering is an inherently | ow deposition rate
process for conplex oxide naterials |like PZT and uniform conposition is

difficult t?’v@@h‘: §e across large areas. In addition, as sgthioiongs
targets wear, 6%%8 sition can drift and cross-target contam nation is

extrenely problematic for process control. Sol-gel processes offer better
control of conposition, but have poor step coverage. Moreover, sol-gel
processi ng @rodeédings; Qolorado, PpringsdeQ ¢5993))davaaih beeniused tovhakethiglaqualigad t o
vapori zation and | oss of Pb, and can affect underlying |IC structures.

Al t hough prhigfdePZias been nmade in | owering processing tenperatures, for
exanple by the use of seed |layers ("Low Tenperature Perovskite Fornmation
of Lead Zirconate Titanate Thin Filnms by a Seeding Process,” C K Kwok and

S.B. Desu, J,_Mt Res. 8 (1993): 339). .th [ 1]
hi gher { Eanjl{;%g\téﬁ%ﬂgilﬁ e FaHy a1 ‘%@ﬂh%@%ﬁ%@%@ B |r°$s 34000
ecnni ques Q ; ; 1 I e

Aues  dhariks Rkt P2 120d, ylstht b fositnRs ARSI 5 LBRYE ok arke

formatio_n of _ and_re ate 'terla_ w_hlch affo pls
conposi t i 0NalessOMt Afition) A9 ¥uteAing HatdeRl Wdk Yeotfpositin tdH drift bhd'trob®fakiet al over

| arge areas, and achi eves a high degree of conformality on the substrate
structure, goniallinatiof iseitiegielydgpblembtiofor pedcess cohold Sod-gelt prdcasms @ffem|l shoul d
al so be free of pinholes, since in capacitive and many ot her devi ces,

pi nhol es wi |Yetterr esntitol af rrospekition,cbiit have|pess step\doveragd-orMenepyerf polrgePZT and
related materials, precise and repeatabl e conpositional control is
required i n poeetssing oofp FFdu cieqyires nposidepgsifiong gansaline, phyeh < KeHod ti on

hod . 9., ' ' f in fi d iti
ot oi ent i yabpARton agaiaés fsPisd ool Pl e ing, 0 FERRES, VRIBOREY ol vi ng
the use of bugbl SS'has bélen rf?&&%%{ ho%lr:ig %‘5&&&%&&%9’1@ %ﬁgﬁgthe use

PCTI US99/ 0102885
of seed layers ("Low Temperature Perovskite Formation of Lead Zirconate Titanate

Thin Films by a Seeding Process," C.K. Kwok and S.B. Desu, J. Mat. Res. 8 (1993):
339), these temperatures are still higher than those which have used with success to

deposit PZT by MOCVD techniques of the prior art.

Therefore, a process is desired for the formation of thin films of PZT and related
materials, which affords compositional control, provides uniformity of the thin film
material over large areas, and achieves a high degree of conformality on the
substrate structure, as well as a high deposition rate. The deposited material should
also be free of pinholes, since in capacitive and many other devices, pinholes will

result in a shorted, useless device.

For thin film PZT and related materials, precise and repeatable compositional
control is required in order to produce films of high quality. Physical deposition
methods (e.g., sputtering, evaporation) of thin film deposition are deficient in this

regard, as are traditional approaches to MOCVD involving the use of bubblers.
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Turning to ferroelectric PZT, it is generally recognized that many of the
el ectrical properties can be inproved by replacing A or B site species
with cations of a higher oxidation state. This is typically referred to as
donor dopi ™ Ié)n%?zed fic cases inprovenents in | eakage repcpiasnaRos
fatigue and |R‘B | have been attributed to donor doping. Inproved | eakage
resi stance is observed for donor doping and is believed to be a result of
conpensation of native and inpurity acceptor defects. |Inprovenents in

fati gue have been reported for doping with yttrium(Y), (Kim J.H //Paik,
D.S./!Park, CY.//Kim T.S.//Yoon, S.J.//Kim HJ.//Jeong, HJ., 'Effect of
Yttrium Dopi Tgming tb ferrdetectrisdiZds itris geneeally gerogrinet! tetimasty af ghetleatresl er i st i cs
of Pb(Zr0.65Ti0.35)03 Thin-Fi|nms Prepared by Sol-Gel_ Processing,

| NTEGRATED piopetes eaobriimproved by replaging A oxB siteispeeiey With gafiona qtiaigher) |

Shimzu, M//Fuji H, /[ Shi i, T., 'Effect f L d Nb
(ot 1 £ 1 one s it e BaSe o 0, H SSRSRRREE |, by
MOCVD , | NTEGRATED FERROELECIRI CS 14 7 189 i QR Nob) ,
(Tuttle, B.APPRY W%Bﬁgkaﬁ TROFY ARG ¢ ég%ue (p ‘F‘%&‘?ﬁ%ﬁ%}’ am%)ﬁ)b’;l B?g]aéll ei/,
T.J./ Noi gt L BV ans : od
Technol :)gy fé?ﬁ%ﬁgf@r{ q'}?%g‘;%légqgﬁ%%smﬁo r%\slo?%{‘iéﬁgg}l\?&%%gsﬁ'{ g?&fdﬁ? °

M CROEL ECTROM.ifevEING REBAING f cafiperk@®én offitiva imghrily, acespbridefical um ( Ta)
(Choi, GP.//Ahn, J.H//Lee, WS.//Sung, TH//Km H G, 'Phase

For mat i ons angprovéndnts mdhtigdehper baen sepoftediop ddpiRg WitklyTiri@® ()] (K8mDeposi t ed

by Reactive Sputtering Using Milti-Targets', MATERI ALS SCI ENCE AND

ENG NEERI NG BHS(RalE DT APEkMA TEK M, T . SO opm3aNGEm, HrE(eue,&6Y, 'Effect of 1) |

1996, pp.16-22.). Significantly enhanced i Eél nt . r‘Esi st ance %fs

demonst r at ed Yisyiusdemngionthe FempsiectrncFafigns gnd,S wisthingCharpgtenisfit 88 abri cati on

Led _ g TP . ,
P{/SF? Zae(shi 1P P@Qrﬁgf lpr?&(l)ﬂﬁﬁlﬂ:;ﬁ erl}r%éa?@r&yﬁoé%ggogﬁso Sm%ipag%wyﬁys
Lett., 67 (6kpprlOEVTRIER; (18$80883p)181.288), lanthanum (La), (Shimizu,

M.//Fujisawa, H.//Shiosaki, T., 'Effects of La and Nb Modification on the Electrical-
Properties of Pb(Zr,Ti)O3 Thin-Films by MOCVD', INTEGRATED

FERROELECTRICS, 14, 1997, pp.69-75), niobium (Nb), (Tuttle, B.A.//Alshareef,
H.N.//Warren, W.L.//Raymond, M.V.//Headley, T.J.//Voigt, J.A.//Evans,
J.//Ramesh, R., 'Lag 5Sr0.5C0o03 Electrode Technology for Pb(Zr,Ti)O3 Thin-Film
Nonvolatile Memories', MICROELECTRONIC ENGINEERING, 29, 1995, pp.223-
230.), and tantalum (Ta), (Choi, G.P.//Ahn, J.H.//Lee, W.J./Sung, T.H./Kim, H.G.,
"Phase Formations and Electrical-Properties of Doped-PZT/PbTiO3 Films Deposited
by Reactive Sputtering Using Multi-Targets', MATERIALS SCIENCE AND
ENGINEERING B-SOLID STATE MATERIALS FOR ADVANCED
TECHNOLOGY, 41, (1), 1996, pp.16-22.). Significantly enhanced imprint
resistance was demonstrated by donor doping with Ta using a sol-gel thin film
fabrication process (W.L. Warren, D. Dimos, G. Pike, B. Tuttle, and M. Raymond,
"Voltage shifts and imprint in ferroelectric capacitors”, Appl. Phys. Lett., 67 (6),
(1995), pp. 866-868.).
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SUBSTI TUTE SHEET (RULE 26) WO 99/ 42282 PCT/ US99/ 01025 Doping is
straightforwardly achi eved usi ng deposition processes such as sputtering
and sol -gel. To achi eve doped PZT by MOCVD requires identification of
suitabl e p%ﬁﬁﬁ%égﬁ chemical s that deconpose to the desiredp@fosiomiozand do
not under go I'rabl e interactions during delivery and transport to the
substrate. Few exanples of doping by MOCVD exist in the prior art, and as
will be described, nmany have never been described to date. The nobst common
dopant, La, has been deposited by MOCVD to provide PLZT filns as reported
by Van Buskirk, P.C//Roeder, J.F./Bilodeau, S., 'Mnufacturing of

Per ovski t e TDhobpingisl streigbforwgrdly acuéwsd Deihg depogitiviiprdesses STE@RIUHENING
FERRCELECTRI CS, (10), 1995, pp.9- 22.§§ VWiil e Nb doped PZT has, been
denonst r at edalWOBmlmTEGc@PVeeFFOPFd PREPY MQUEVD requirgsidpptifipgtionaf syifable oy

tf’/ptht SS?kipr%é}%ﬁpIi %réﬁﬁéﬁ%ahgse«)gégfg&;wﬁg Gl A o
H. // Shi i T Effect. La o CHTSUT uj i ¢
Pr oper ![ ?Zg Io'lmdﬁf}‘('aﬂe Lﬁ{ﬁ?%lén%ﬁnhgEﬁ%%%‘%%ﬁﬁ’@%%gﬁeﬁ ectrica

FERROELECTR! Compldhof 85i7 bPMOOVD st Hf: ierasy 80f AGAI0% deltbegppr oach i o

that tetraet IcC and rel atively hazardous due to its high vapor

pressure at mhRPRAVeRR@ bl descritied té dfte.] Pkmost comfrontdapar, IS haieeh 0 war n of
its presence. TFurthernore, the Nb precursor Nb(ethoxide)5 is not

conpat i bl e wiégasiseaftyrMOECVIptogravidoPEZT film$asrsparted by Van Buskirk,
Pb(tetranet hyl heptandi onate)2, used in the present application, It nust be
enphasi zed aB&.#Raeadat, J-lFH@l@ﬂQ%SeMa‘b‘fa‘?&l@éI‘Pﬁgﬁfpml‘éteélg\ﬂn'&hnﬁﬂsmgbehaved

D e5si ng. meebiau Driivers MOt v Epk R DEb el R R BRI, U {5 ornover
thin filmm [ uc e,.and for.n -generatj on.nj el ectric and
ferroel ectri %%m%&hﬁl: ﬁbsd%gf)(g?#%gﬁ %eﬁg _gergonstrat%é%y SRS At th% s

tetraethyl Pb, Zr(tertiary t-butoxide), and Ti(isoproxide), for Pb Zr and Ti

precursors, respectively, and Nb(ethoxide)s as a Nb precursor (Shimizu,
M.//Fujisawa, H.//Shiosaki, T., 'Effects of La and Nb Modification on the Electrical-
Properties of Pb(Zr,Ti)O-3 Thin-Films by MOCVD', INTEGRATED
FERROELECTRICS, 14, 1997, pp.69-75). The disadvantage of this approach is
that tetraethyl Pb is toxic and relatively hazardous due to its high vapor pressure at
room temperature and the lack of a suitable sensor to warn of its presence.
Furthermore, the Nb precursor Nb(ethoxide)s is not compatible with safer Pb
precursors, such as a Pb(tetramethylheptandionate),, used in the present application.
It must be emphasized again that the discovery of a compatible set of well-behaved

precursors for each doping application is essential.

There is therefore a pressing need in the art for new approaches to the deposition of
novel thin film materials of such type, and for next-generation piezoelectric and

ferroelectric materials applications.
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SUBSTI TUTE SHEET (RULE 26) WO 99/42282 PCT/ US99/ 01025 SUMVARY COF THE

| NVENTI ON The present invention relates in one aspect to a nethod to
deposit thin film piezoelectric materials by MOCVD utilizing a liquid

del i very teg&gﬁ&a&g This technique affords precise conposigdTusabiomest r ol
by virtue of m’Xing liquid precursor solutions and flash vaporization of
sane. Flash vaporization has the added benefit of preventing unwanted
premat ure deconposition of the precursor species; this is especially
important for Goup Il nmet SGMMARY OFETHESNVENTEAN My). In addition

tail ored precursor chem stries may be enployed that are conpatible for each
thin filmnpmaterial because they do not undergo |igand exchange (or |igand

exchange is degenerate). This approach Eqr&events he foymat.j ?}ﬁ-ﬁo
i nvol ati| e Jechressnhavention irelates B ONCepPEI UL bITRSHAL 1o figestt sf{‘)lﬂlrt of the

tants. Th t i ti rel ates. f. ' I
For ol oot r SzeRpsE ArpraoaY s MOE R fEd, ¢ Bk BFERCIERUAE Tk
th . As i N i i o . t: i i
i cness of btk BB prshe cbpfudndl Cnlil 8 vihe 8 ulifle b it 70 2

i nvention i nglwdfs aitiashapstidatibn 67 k. tKlasht Vap6ikzatioh ihhd tiengddedberieit n fi | m
ferroelectric nodified PZTpmateri als in piezoelectric actuating elenents;
i n passive aF pi@lehtifs uawiritete piefrvire dedonmesitiom of ei pra¢urshe\spedes; thinds$ udi ng
both geonetric and spectral- (or int erference-% based devices, such as
novabl e  ni asspéoiatly impoetss, foo Groupy Hbnetalyi(e.g o ity BarCaardiMg). ofn additiodect r al
devices to alter a resonant cavity_ in an eé} l on structure_to detune the
refl ect ance teiloredh pregussprcehenistriesinay bp GHPLOYS @‘%aﬁfr G)‘U‘&H"’G'EL‘* fox £a h"ﬂﬂ)n a

il - of th ' I ic.. fi f | | h
ot S3aTpasksh o oAb e PR M %23
(RULE 26)

degenerate). This approach prevents the formation of involatile species and

facilitates reproducible gas-phase transport of the reactants.

The present invention also relates to piczoelectric and ferroelectric thin film

modified PZT materials, and to devices based thereon.

As used herein, the term "thin film" refers to a film having a thickness of less than

200 pm.

Devices within the broad scope of the invention include, but are not limited to, those
utilizing the thin film ferroelectric modified PZT materials in piezoelectric actuating
elements; in passive as well as active MEMS devices; in optical devices, including
both geometric and spectral- (or interference-) based devices, such as movable
microlens arrays, or movable micromirror arrays, or in spectral devices to alter a
resonant cavity in an etalon structure to detune the reflectance of the device; in
micropumps and microvalves based upon a cantilever geometry of the piezoelectric

film; for applications such as delivering doses of medication, running hydraulic or
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WD 99/ 42282 PCT/ US99/ 01025 fluid flow systens in a MEMS configuration; in
ultrasonic transducers and active vibration control devices; in ultrasonic
transducers for high frequency applications allow ng spatial resolution
for detectin ?539”%%4 defects such as near surface flaws in p@i/Ggodiosraft;
in mcroele & %; and in biological applications, as well as in

uncool ed infrared radi ati on pyroelectric detectors; and in non-volatile
ferroelectric nenory devices, for applications such as data storage
(FeRAMB) andiuié floscsyseents infa MENSRGNfigaration; mastitrasenivr tyansducess andeastive c

aspect, the present invention relates to a nodified Pb(Zr,Ti)03  perovskite
crystal mat evibration edntrol devigesiinewlepsonichizansycess, for high fequeneykanphicatiopst

mat erial includes crystal |lattjce A-sites_and B-sites at | east, one of which
i s nodified allgyingwpa ?%fﬁ%?ﬂﬂf@nf?f ‘ge‘%%s ﬂnﬁugﬁg%é}l@b%’a@# F‘Hﬁ*}“f’ HB¥§ Bup -

consisting of (A-site, substituents consisti . 0 [ o and

B- si ![ e Isugstargf%ﬁ‘lf‘ga@ewgﬁcééelgc SH®S1 ﬁréds lnr é{ﬁ’g"agé%%sa? g]ﬁaﬁ%’lsogg l\]gagﬁ%/gq' a.

Anot h L s i _ i . Shin fil
(Po. &r (2 ShrichGed HERORH faufaloh pRRREcteice Ry A AR ool fbeitant 10 11T
film ferroehgabhyidevies for afplidatibriasucis Redutd dt6rage @RRIAMY) ahd) eepideermaritiopn

relates to a mcroel ectronechani cal apparatus conprising a thin film

pi ezoel ect r i EERG3Msahé¢ Aastimasorg. sensor and/ or actuator el enent thereof .
Yet anot her aspect of the invention relates to a nmethod of formng on a
substrate a nodified Pb(Zr, Ti)03 perovskite crystal material thin film

Farti co A os e Spris R Presert Ron FAes, 1 FoBIoRSH EOCEREObr esence
PR E Syt pbladte oRALS e iR S B, Wi R 1RE PhlZAHifO, FBRRKL hsuabEET
material includes crystal lattice A-sites and B-sites at least one of which is modified
by the presence of a substituent selected from the group consisting of A-site
substituents consisting of Sr, Ca, Ba and Mg, and B-site substituents selected from

the group consisting of Nb and Ta.

Another specific compositional aspect of the invention relates to thin film

(Pb,Sr)(Zr,Ti)O; (“PSZT”), ¢.g., thin film piezoelectric PSZT, and thin film

ferroelectric PSZT.

A further specific aspect of the invention relates to a microelectromechanical
apparatus comprising a thin film piezoelectric PSZT element as a sensor and/or

actuator element thereof.

Yet another aspect of the invention relates to a method of forming on a substrate a
modified Pb(Zr,Ti)O; perovskite crystal material thin film, wherein the Pb(Zr,T1)Os
perovskite crystal material includes crystal lattice A-sites and B-sites at least one

that is modified by the presence of a substituent selected from the group consisting

8
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WD 99/ 42282 PCT/ US99/ 01025 of A-site substituents consisting of Sr, Ca, Ba
and My, and B-site substituents selected fromthe group consisting of Nb
and Ta, conprising liquid delivery MOCVD of the thin filmfrom

met al or gani g, pPaeakhsors of the metal conponents of the thigctidosmiozhe
met al or gani ¢ precursors may for exanple conprise netal (Li-diketonates),
such as titanium

bi s(i sopropoxi de) bi s(2, 2, 6, 6-tetranethyl -3, 5-heptanedi onate) as a Ti
precursor; zoff Acite substatantsk casidtitg ©f Gri €ay BawindyMg3 afd Megiteasubdiituents e) as a
Zr precursor; zirconium bis(isopropoxide) bis . o .

(2, 2, 6, 6- t etselested hirom3ths- grepp £epUstingaelNb ard Jazcomprsing Jiguid |dghiyery
bis(2,2,6,6-tetramethyl-3,5-heptanedi onate) as a Pb precursor; strontium
b1 55 5. 0. 6 MOGEvE iy B EDn avrielraat efestsomel ol et foidgeuS oo, ne.
a Sr precurst?lr 'mnbﬂgi um tetraki s(i sopropoxide) (2,2,6,6-tetranethyl -3, 5-
hept anedi ona 8} 28"% Nb precursor, and tantal umtetrakis(i sopropoxide)

(2,2,6,6- tetramethyl -3, 5-heptanedi onate) as a Ta precursor. The nodified
Pb(Zr, Ti)03 perovskite crystal material thin filmmay suitably have any

appropriate L&l Mtecufsdrh &R EaimplOcastist nifel (3-dikehstes)] sueh modi f i ed
PZT n'ateria?lg&ihﬁtglloggﬁcﬁ(%b, si)( r,Ti)03p,w (Pb,sCa)(Zr(,Ti)03, )

(Pb, Ba) ( Zr , Tas)tAahium bRGisépbpakide)bi3(@;2,6,6-(cRanethiyl-Z,5-hEpladdiionate) as a Ti
(Pb,Ca)(Ta, Zr,Ti)03, (Pb,Sr)(Ta,Zr, Ti)03 §Pb, Ca) (No, Zr, Ti %03, and
(Pb, Sr) (Nb, zpr,eq'ur;c@;gz_irconium tctra.kls(2,2,6,6-tctramethyl- ,5-heptanedionate) as a Zr
precursor; zirconium bis(isopropoxide) bis (2,2,6,6-tetramethyl-3,5-heptanedionate)
as a Zr precursor; lead bis(2,2,6,6-tetramethyl-3,5-heptanedionate) as a Pb precursor;
strontium bis(2,2,6,6-tetramethyl-3,5-heptanedionate)+L, where L = a Lewis base, as
a Sr precursor; niobium tetrakis(isopropoxide) (2,2,6,6-tetramethyl-3,5-
heptanedionate) as a Nb precursor, and tantalum tetrakis(isopropoxide) (2,2,6,6-

tetramethyl-3,5-heptanedionate) as a Ta precursor.

The modified Pb(Zr,Ti)O; perovskite crystal material thin film may suitably have
any appropriate stoichiometry and elemental composition. Illustrative modified PZT
materials include:

(Pb,Sr)(Zr,Ti)O3,

(Pb,Ca)(Zr,Ti)O3,

(Pb,Ba)(Zr,Ti)03,

(Pb)(Nb,Zr,Ti)O3,

(Pb)(Ta,Zr,Ti)O3,

(Pb,Ca)(Ta,Zr,Ti)03,

(Pb,Sr)(Ta,Zr,Ti)03,

(Pb,Ca)(Nb,Zr, Ti)O3, and

(Pb,Sr)(Nb,Zr, Ti)03.

9
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9 SUBSTI TUTE SHEET (RULE 26) WO 99/ 42282 PCT/ US99/01025 In a specific
aspect, the Pb(Zr,Ti)03 perovskite crystal material may conprise a
conposition of the formula PbxSr(1-x)ZryTi(1-y)03 wherein Pb:Sr:Zr:Ti has a
rati o x: (1-@'?/&]2@/), where x has a value of from about 0. 86TAS9%0R5t
0.93, and vy R Ss”a value of fromabout 0.50 to about 0.60. In another
specific aspect, the Pb(Zr,Ti)03 perovskite crystal material nay conprise
a conposition of the forrmula Pb(1-x/2)Nox[ZryTi (1 _y)](1-x)03 wherein
Pb: Nb: Zr: Ti has a ratio (1-x/2):x:y(1-x):(1-y)(1-x), where x has a val ue of
from about 0.01 to about 0.07 and,6 has a.value of fram about .0.40 to
about 0.60. Ima ppacifimatpsely the,BeZr.TH aé’ﬁf&‘f%,tct%s@b?‘%c{‘%i5“6%“88?8%%te
crystal material may _conprisge a conposition of the formula Pb(1

_x) Cax[ Zr (y- $9mpositiop of {he P@)‘iﬁ(z)] (1-x)03 wherein Pb:Ca:Zr:Ti:Ta has a
ratio (1-x):x:(y-z/2)(1-x):(1-y-z2/2)(1-x):z(l-x), where x has a value from
about 0.01 to about 0.05, y has a value of from about 0.40 to about O0.60,
and z has a val ue from about 0.Q@}sQngﬁyMQLyﬁxBSTITUTE SHEET (RULE 26) WO
99/ 42282 PCT/ US99/ 01025 Ot her aspects,” features and enbodi nents of the
invention will be nore fully apparent fromthe ensuing disclosure and
appended cl ai ns.

wherein Pb:Sr:Zr:Ti has a ratio x:(1-x):y:(1-y),
where x has a value of from about 0.86 to about 0.93, and

y has a value of from about 0.50 to about 0.60.

In another specific aspect, the Pb(Zr,Ti)O3 perovskite crystal material may comprise

a composition of the formula
Pb(1-x/2)Nbx[ZryTi(1-y))(1-x)03, -

wherein Pb:Nb:Zr:Ti has a ratio (1-x/2):x:y(1-x):(1-y)(1-x),
where x has a value of from about 0.01 to about 0.07, and y has a value of from

about 0.40 to about 0.60.

In yet another specific aspect, the Pb(Zr,T1)O3 perovskite crystal material may

comprise a composition of the formula
Pb(1-x)Cax[Zr(y-z/2) Ti(1-y-2/2) Ta(z)](1-x)03,

wherein Pb:Ca:Zr:Ti:Ta has a ratio (1-x):x:(y-z/2)(1-x):(1-y-2/2)(1-x):z(1-x),

where x has a value from about 0.01 to about 0.05, y has a value of from about 0.40

to about 0.60, and z has a value from about 0.001-0.02.
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BRI EF DESCRI PTI ON OF THE DRAWNGS Figure 1 is a perspective view of a
crystal lattice orientation of a perovskite conposition of the formula
ABO3 wherein the A sites are predom nantly occupied by Pb and sparingly
occupi ed by /49452 TOT € species selected fromthe group comsisswpngsdf Sr,
Ba, Ca, and ) ané/ or wherein the B sites are predom nantly occupied by
Zr and Ti and sparingly occupied by at |east one of the species selected
fromthe group consisting of Nb and Ta. The isoval ent substitutions are
commonl y  r githér &edts, featutesulnnt iembodiments! of thedinvemtibnPE beheroes dulljescr i bed
for the A-sites, while the non-isoval ent substitutions are commonly
referred to apparémd dipanths ensuing disclosurteand appraded daimshe B-sites. It is

recogni zed that other substitutional nodifications and dopants nay

advant ageously be nade for both A and B-sites. Figure 2 is a schematic '
di agram of a cantil ever 1 } Wl da¥: of a type which may
be used in positioners i .m—g@e defl ection for
an applied voltage is directly proportional to the piezoelectric
coefficient d31 Figure 3 is a schematic representation of a |iquid delivery
system for shoyltaReQUserspes@vel i Bfl al Eryétatd LigiideObridhkativRt 6f ar gduskite ompounds
to a CVD reactor. Figure 4 is a schematic representation of a CVD reactor
that may be cegbsitibry of theyformydal ABS; WiEETeifi itharAcpitesvate. prédomiSuSTocTepied SHEET
(RULE 26) WD 99/42282 PCT/US99/ 01025 Figure 5 shows the conposition of
unnodi fi ed RETPH iahdrespatieby iotaupiednbia oo ot anere spegieshselentedrEomothecgrovhe
invention, in the region near the norphotropic phase boundary. between
r hombohedr al consigtingeefr Sty dHalCapand Mg, andeor gvherindhe Besites r?‘f)%g}’eaf’%‘ﬂ?n PSZT

films deposi c;[cgl(ljpielzc{] b)‘;jl 21(; a(\)nrdd'ﬁna%ﬁ sgmar}ngly;[ gc%upied by at least one of the species selected

from the group consisting of Nb and Ta. The isovalent substitutions are commonly
referred to as “substitutionally modified PZT”, herein described for the A-sites,
while the non-isovalent substitutions are commonly referred to as “dopants”, herein
described for the B-sites. It is recognized that other substitutional modifications and

dopants may advantageously be made for both A and B-sites.

Figure 2 is a schematic diagram of a cantilevered piezoelectric microactuator, of a
type which may be used in positioners and microvalves wherein achievable

deflection for an applied voltage is directly proportional to the piezoelectric

coefficient d31.

Figure 3 is a schematic representation of a liquid delivery system for simultaneous,

controlled introduction of metalorganic compounds to a CVD reactor.

Figure 4 is a schematic representation of a CVD reactor that may be usefully

employed for PZT film growth.
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met hod of the invention, with conpositions at the roomtenperature

nor phot ropi ¢ boundary being indicated. The phase boundary shifts toward
the PbZr3 side of the systemas Sr increases. Figure 7 shows
representatijye X—{a?y diffraction patterns for Sr-nodified Rghfdobom2sin the
conpositi onw&%ﬁ‘é romZr/Ti = 44/ 56 to 54/ 46, wherein all filnms show
simlar mxed [ 100] + [ 111 ] preferred orientation. Figure 8 shows XRD
patterns of PSZT filns deposited by MOCVD in accordance wth the method of
the inventi gpurds Ghéves theonpesitombl usnetifdd PLT ddpa depeaitekimaccardansct i on of
applied DC bias for a PZT filmdeposited by MOCVD, wherein el ectrode area
was 8 x 10- 4vithmhe method i dfnthet inveritions én Wees regiouanear athel MPIEhRIOPie lasehi ft i n
the maxima with direction of bias sweep is _characteristic of a

f erroel ect r bouridarynbetweagrhembehedraband tergopyddL T angent as a function of
conposition for filns deposited by MOCVD in accordance with the nethod of
the invention. Figure 11 a shows ferroelectric hysteresis |oops for

representative fil deposi " j ceardance. hod of
the inventi gﬁﬂ,mﬁvﬁe‘@ﬁ rygﬁp%?%:?%{%gp/gﬁp{grﬂ%% ST ‘?UPE&§W€E{?°§%%?E%6) WO
99/ 42282 PCT,. 9 hiadli e hit Flture ARGTBRGE ing the
ferroel ectr inéeggﬁfé@glgﬁﬁleb@?{ﬁgg%T&gﬁdgggg%#t tE? gj)rn?afﬁﬁplib shows_ferdrbg%al ectric
hysteresi s |pogidary being mdicatednTht phase bounderydbiftsgoward the/PbZAyO3\adie of the:cor dance
with the nethod of the invention, wherein Zr/Ti ratios are indicated al ong
Wi t h noni nalsy§&eman@r fareasest ent, denonstrating the ferroelectric effect in
PCTZT. Figure 12 shows a fundanental resonance vibrational node of a

cantil ever beam wherein the horizontal axis corresponds to excitation

frequency f OFrigueJI-e S7I 3;33? Irg)?flsscff\tg:tive X-ray diffraction patterns for Sr-modified PZT films

in the composition range from Zr/Ti = 44/56 to 54/46, wherein all films show similar

mixed [100] + [111] preferred orientation.

Figure 8 shows XRD pattems of PSZT films deposited by MOCVD in accordance

with the method of the invention.

Figure 9 shows small signal AC capacitance as a function of applied DC bias for a
PZT film deposited by MOCVD, wherein electrode area was & x 104 cm2, and film
thickness was 5193A, and wherein the shift in the maxima with direction of bias

sweep is characteristic of a ferroelectric film.

Figure 10 shows the loss tangent as a function of composition for films deposited by

MOCVD in accordance with the method of the invention.

Figure 11a shows ferroelectric hysteresis loops for representative films deposited by

MOCVD in accordance with the method of the invention, wherein Z1/Ti ratios are
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wave of 2.8 V, and the vertical axis is proportional to the anplitude of
the vibration, denonstrating the piezoelectric effect in filns produced by
the nethod of the present invention. Figure 13 shows ferroelectric
hysteresis Iﬁg&%zug, r filnms deposited by MOCVD in accor dancgcitéddoidre

met hod of t véntion, with a Zr/Ti ratio of 40/60 both wth and w thout
1%Ca and 0.2%a substitution. Both filnms show full saturation below 2.5V
and high remanent pol arization. Figure 14 shows the | eakage current versus
vol t age for jfdidatwd along withi Srafontefit, demenstrating) thesfameeletricl effeut tith bagRZTand

0. 2%la substitution. The substituted material has 1/7th the | eakage
current densantdSZT. 3V conpared to material which was not substituted.

DETAI LED DESCRI PTI ON OF THE | NVENTI ON AND PREFERRED EMBODI MENTS THEREOF 13
SUBSTI TUTE SHEET (RULE 26) WD 99/42282 PCT/ US99/ 01025 The present invention

id i al | ful . f ' [ ] tri
Fi s havi ngBERIT0 3hqs tRGo e ChRSRt il b fisatnall' sy BpRIAEHEC 1 ¢
[ andom accesgAERD oot Phth tRSmblo@ biele VSR WhkEh i Galdloel ect i c
ppltc

devices an at1ons. e process of the present invention is scal able
to large aregagiched alo‘ﬁ'? Wwithh a6#nHal T3, andMla porditd @embiwasiny thef fetrovisatier i al s in
the Pb(ZrTi)03 (PZT) tamly of piezoelectrics that have the ability to

si gni fi cant | gffe@NRPTRZT. he pi ezoelectric effect, and other ferroelectric
properties. By way of discussion of the conpositional aspects of the
present invention, Figure 1 1is a perspective view of a crystal lattice
orientation of a perovskite conposition of the forrrul_a AB(B wherein the A
sites are prEigawsiRashory adundamental gssopmeg ipratignal wads 9f & CEARHIFYEL PEMone or

more spect eswﬁgleig(ﬁ[leel?orlczggta ZEXQSe co%[egﬁjd%dsc ongfcﬁétio%gfre%{len%ry’for a sinusoidal AC

wave of = 2.8 V, and the vertical axis is proportional to the amplitude of the
vibration, demonstrating the piezoelectric effect in films produced by the method of

the present invention.

Figure 13 shows ferroelectric hysteresis loops for films deposited by MOCVD in
accordance with the method of the invention, with a Zr/Ti ratio of 40/60 both with
and without 1%Ca and 0.2%Ta substitution. Both films show full saturation below

2.5V and high remanent polarization.

Figure 14 shows the leakage current versus voltage for PZT with Zr/Ti of 40/60 and
the same Zr/Ti with 1%Ca and 0.2%Ta substitution. The substituted material has
1/7th the leakage current density at 3V compared to material which was not

substituted.

DETAILED DESCRIPTION OF THE INVENTION AND PREFERRED

EMBODI THERE
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Ba, Ca, and My, and/or wherein the B sites are predom nantly occupied by Zr
and Ti and sparingly occupied by at | east one of the species selected from
t he group consisti ng of Nb and Ta. In the drawing, the A-sites are

i ndi cat ed b*‘i‘ﬁ Lons denoted by filled circles "" and theTjsopomss ar e

i ndi cated by e centrally positioned atom denoted by enpty circles "0."
The oxygen atons occupy the face centers. The anount of dopant(s) or

nodi fyi ng substituent(s) in the crystal lattice nay be varied in the broad
practice of the present invention, to achieve desired orientation,
structural, chem cal, electrical and el ectronmechani cal pr opert| es. In

gener al , t heTheapresent NVERLTRBIOVIGES & oMMl pssful rﬁiﬁ?qs?lf?fg ORMuIE #UXGd B-site

substituents_vvlll not exceed about 20 tomc er t. of al
lattice. 14 pi s Bpygers 6\ HE‘“?B‘)"’ W@Q?}E‘?‘fg lé%g Thus,

(Pb, Sr, Ca, B f e

i nvention ‘?% w‘%gsd%ﬁngn?sn%?vﬁllla% 0@% t%gt%gf fe& ?CCB‘E E&%S

substi tuent S e{-m 3
("PSZT"). g’Pr%ﬁ‘n‘t@‘%m s rg“s% %%bxgﬂﬁv ?"3.* s?néaléﬁgst?:i %‘%‘ﬁ%‘fl‘i?? the PZT
crystal Iat t31Cimeg1latxon rany phmdzs lnbwzlﬁﬂ filh mugthtMJPchhmE(RZ'b)tfmﬂy but is
generally in the range of from about 1 to about 15 atomc %of the
crystal | i ne smpiezdetdctricSuhliit havecthntabiity do sigmifieantly snhak dho usezolectriat
useful 'y enployed in bulk ceram c PZT, where substituent anounts of such
magni t ude dr efift, |an¢bﬂlyrferre¢lel§§©m@3iﬂlb§/ up to 60% (see Ferroelectric

Materials and Their Applications, Y. Xu, New York: North Holland (1991):
131 for a tabul ati on of dielectric constant, tan 8, kp, and d31, as well as

F. Kulcsar, J. |FrT£E ement s
of electri CQV W&ﬁg’rsf‘l‘sé n'°ﬁﬂﬁ°8%8%§?fﬁ?%ﬁpe%ﬁﬁﬁ ?’nges%#%m?éﬁ?ﬁlt oY
m ¢r oact uat Ofs adlgérélp%ctlve view of a crystal lattice orientation of a perovskite composition of

the formula ABO; wherein the A sites are predominantly occupied by Pb and
sparingly occupied by one or more species selected from the group consisting of Sr,
Ba, Ca, and Mg, and/or wherein the B sites are predominantly occupied by Zr'and Ti
and sparingly occupied by at least one of the species selected from the group

consisting of Nb and Ta.

In the drawing, the A-sites are indicated by the atoms denoted by filled circles “®”
and the B-sites are indicated by the centrally positioned atom denoted by empty

circles “Q.” The oxygen atoms occupy the face centers.

The amount of dopant(s) or modifying substituent(s) in the crystal lattice may be
varied in the broad practice of the present invention, to achieve desired orientation,
structural, chemical, electrical and electromechanical properties. In general, the
amounts of each of the individual modifying A-site and B-site substituents will not

exceed about 20 atomic percent of the crystal lattice.
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voltages to be reduced by levels on the order of 40% of the drive voltages
required by PZT per se. The (Pb, Sr, Ca, Ba, My)(Zr, Ti, Nb, Ta)O03
conpositions of the invention may for exanpl e incorporate niobiumas one
of the B-si %%@%Ei tuents, such as Pb(Nb, Zr, Ti )03 ( PNZT) .raTUSBYEHRS
conposi tions, opant atons substitute for B- site atons (nanely Zr or
Ti) in the ABO3 perovskite lattice and they act as donors Wen niobiumis
enpl oyed as a dopant in the PZT crystal lattice, it may be utilized at any
sui t abl e conThust (Bl Bora, Bat Mig}(ZgckielNb) Ta)O; gomppsitions gEthspresenlin¥ghdigr 1 to
about 10 atomic %of the crystalline material. Such conceptration range is
anal ogous t omay fiertexgmpteuinegrpenaie ByasPe of e A-site substisueptsto R ceramifst i t uent
amounts of such magnitude dr ti | ¥ol,B6ey ease the piezoel ectric
coefficient €3 °S’r5’3?gf1ﬂ‘°ﬁ85 g&ﬁg@&&ﬁﬁﬁé%gkgc{‘ronechani cal coupling factor kp
by 30% In addition, niobiumdoping has 15 SUBSTI TUTE SHEET (RULE 26) WO
99/ 42282 PCT/ US99/ 01025 been found to drastically reduce el ectrical |eakage
by nore than i ' i ' infh&PLT iceystal Rtgcekown
strength, rel‘&{a}i\é{l?sg&gﬁlzs%in&é%gg%Bﬁgﬁﬂ?@rgrsg@fe%ﬁi Cc nmenor S}%appl I cations,

ni obi um dopi pEy Bk uBBZed@anb Gitable comEitfatidn thut & gebnllyiiz ehe rapge off framd
coercivity whi Ye maxi m zing the renenance ratio (nanely squareness in
hysteresis | gsyu} | t6 @baitil§ atdniic P7df the crystallinermateriabr Gacke congentrationgangavent i on,
the metal organic precursors of the component netals of the desired (Pb,

Sr, Ca, Ba, Mylrafgousito thay usafuilp Znmieyed dn duik,ceramisc BT where sHbSEuen, m

ith t 1iqui di | ut | ut.i ] I 180 l.qui d at
i ent -+ enpepaw oA, el Aol el 85090 Dol ek © @

conditions, _or if. th recur cO LLEiON S i t C i ent
condi ti ons, lecgric Male L Fca&&“%uysgﬁu’ F%wayg%k?rp%dtﬂuﬁbﬁ‘émpﬁu qui d or

sol vent medi pgg1)I81 Ifordd/tauldtion of dielectric constant, tan 8, kp, and d31, as well as F.

Kulcsar, J. Am. Ceram. Soc. 42 (1959): 49 and 143). Such improvements of
electrical properties in microactuator applications permit microactuator drive
voltages to be reduced by levels on the order of 40% of the drive voltages required

by PZT per se.

The (Pb, Sr, Ca, Ba, Mg)(Zr, Ti, Nb, Ta)O; compositions of the invention may for
example incorporate niobium as one of the B-site substituents, such as
Pb(Nb,Zr,Ti)O; (PNZT). In these compositions, Nb dopant atoms substitute for B-

site atoms (namely Zr or Ti) in the ABO; perovskite lattice and they act as donors:

When niobium is employed as a dopant in the PZT crystal lattice, it may be utilized
at any suitable concentration, but is generally in the range of from about 1 to about
10 atomic % of the crystalline material. Such concentration range is analogous to
that usefully employed in bulk ceramic PZT, where substituent amounts of such
magnitude dramatically increase the piezoelectric coefficient ds; by up to 80% and

the electromechanical coupling factor kp by 30%. In addition, niobium doping has
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sol vent nedium may be of any suitable type which is conpatible with the
specific precursor conposition enployed, as is known and understood by
those skilled in the art of liquid delivery MOCVD. The |iquid precursor
conposi ti onwtoh) ,Js5 introduced into a vaporization zone, irpcTussoI0zhe
liquid is rapidly vaporized, e.g., by flash vaporization on a foram nous
vapori zation el enment heated to suitable tenperature, to produce a
correspondi ng precursor vapor. The precursor vapor then is transported to
t he chem cabessafoand de mivastitallynredheerblectrical vieakage royymbrer tharamwoel erdersmifr i se a
CVD reactor of known or conventional type, which nay be suitably equipped
t 0 i nt r oduc enaghicuderand impmve\elgstrical bueak;émamength, refativede Jsh peross- clRanmber
with a heated substrate at a, tenperature whic fects depositio of the
met al const iferreslectEicHREMATH aDEiHB'i‘OIEnWBb‘PWémQHBé’EIP ittrehaél e .°“I§'6?t°‘{]Wi s :

pur pose, the suybstrat y_be.nmounted on. a_heated I her
substrate mm*%w%ﬁ§F$m gb&?%%f‘ﬁg%? r@‘%@?ﬁ%@gb&mﬁy
PCT/ US99/ 01025 st M : yThaPQr fromthe process being
di schar ged P?%“F%gﬁﬁ‘g%%gsé‘ﬁ*g#%ﬁgﬁgg? ax)d subj ected to further treatnent
or processing in a known and conventional manner. The |iquid delivery
nmet hod of the present invention may be enployed to form (Pb, Sr, Ca, Ba,
M) (Zr, Ti, hccof@ndd wiihl e inventioy, the metslotgaricspremuirscas o theatomponentsui t abl e
thi cknesses, and under any suitable process conditions in the liguid
precursor vaypals ofithe desieeddPennfCedBa Mpber, dbpgsiTia)@nfiln é‘i?sl!‘“%ﬁ'\SFFgmt hin film
deposi tion techni ques, MOCVD offers a uni que comnbi nati on of coﬁ(fsi tion
control, uniqhidriormyeithgeps neat figuids op dilutg spiugansyd dhe presursQigisro it At y and a
hi gh deposition rate. Most _inportantl I\/O&N I s, capabl f aformal film
deposi tion b Té‘&‘—peEﬁ“ffBﬁg‘? ngﬁm%&r%’c%/%?@& a&’???h?fcg‘?r%sglg? ﬁ?rgﬁé\%{g’ pr esent
fromany ot Rete be Speélﬂ'gcﬁméo'nﬁ'asition is a solid at such ambient conditions, then as a

solution of the precursor in a compatible liquid or solvent medium. The liquid or

solvent medium may be of any suitable type which is compatible with the specific

precursor composition employed, as is known and understood by those skilled in the

art of liquid delivery MOCVD.

The liquid precursor composition then is introduced into a vaporization zone, in
which the liquid is rapidly vaporized, e.g., by flash vaporization on a foraminous
vaporization element heated to suitable temperature, to produce a corresponding

precursor vapor.

The precursor vapor then is transported to the chemical vapor deposition chamber,
which may for example comprise a CVD reactor of known or conventional type,
which may be suitably equipped to introduce the precursor vapor for contact in the
deposition chamber with a heated substrate at a temperature which effects deposition
of the metal constituents of the vapor onto the substrate element. For this purpose,

the substrate may be mounted on a heated susceptor or other substrate mounting
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techni ques denonstrated to date. By using the liquid delivery MOCVD net hod
it is possible to nodify PZT with additional elenent(s) in a
straightforward manner to achieve the desired product film

characteri swlﬂc%%.nilige liquid delivery MOCVD net hod of the i nuemgssommry be
carried out K220t r oduction of the precursor reagents to the

vapori zation zone of the process system in conbination with one anot her,

or separately. For exanple, multiple vaporizers nay be enployed to

vapori ze di kfrestae} witheche spens vapos diwen dbe pregesy ibziagi dischargedr fomotte, wit h
the resulting vapors of the separate operations then heing bl ended for
transport t depdsiiontebatberand subiectef-iodurther GreameAhIOCCHHBE Bt @ KIOWLANd, anor ( )
may be mxed with carrier gas(es), e.g., argon, helium nitrogen, etc., as
may be necesemyeptionsl M4BT od in a given application. It will be appreciated
that the liquid delivery MOCVD nethod of the invention may be carried out
I n any suitable manner, and the optinum process conditions nmay be 17

wi Chout -unddedupd Tz hediad g prsey Ral R b Sl KR T L.

wi t hout und erimnen I on 1 VI inthe art, to
achi eve the glegir 8d, Md)@rpTi,t Nb, Tajgst filaiseoro anyrombatitde cabdtiaces, afsamei ng
conducted. Further, the filmas deposited may be further processed in any
sui t abl e mangRible ahigknessdsy andnerkr gy snitahleli prgceso candiiens fim cthe liquid
tinme/tenperature relationship, and/or in a specific atnosphere or

envi r onnent ,préaursor owparization ahd rehemirel vapad deppsition ISWP%or*?qm(’%,tth&,m Ca, Ba,
My) (Zr, Ti, Nb, Ta)O03 material The thin filmPSZT material.of t

i nvent i on hateperitéon taehmiquss.dYOCYRkpféerha unigyr ambination Of FOTRRASHIAD PPEXL of ¢ he

Qemonot rat | G SOQva HEBERFR: Pl SBpeEnt SnRimBR ) F i pattdtlyay,
Most importantly, MOCVD is capable of conformal film deposition on three-
dimensional structures, a crucial feature not present from any other film formation
techniques demonstrated to date. By using the liquid delivery MOCVD method it is
possible to modify PZT with additional element(s) in a straightforward manner to

achieve the desired product film characteristics.

The liquid delivery MOCVD method of the invention may be carried out with
introduction of the precursor reagents to the vaporization zone of the process system
in combination with one another, or separately. For example, multiple vaporizers
may be employed to vaporize different precursors in separate vaporization
operations, with the resulting vapors of the separate operations then being blended
for transport to the chemical vapor deposition chamber. The precursor vapor(s) may
be mixed with carrier gas(es), e.g., argon, helium, nitrogen, etc., as may be necessary

or desired in a given application.
It will be appreciated that the liquid delivery MOCVD method of the invention may

be carried out in any suitable manner, and the optimum process conditions may be
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nmet al organi ¢ chem cal vapor deposition (MOCVD). A wide variety of devices
may be fabricated within the broad scope of the invention including thin
filmferroelectric nodified PZT naterials of the invention. For exanple,
thin film SWd’ﬁW{sﬁs of the nodified PZT materials of the ipors9p/or2say be
enpl oyed in piéezoelectric actuating elenents, in passive as well as active
MEMS devices, in optical devices, including both geonetric and spectral
(or interference) based devices, such as novable microlens arrays, or
novabl e mi creadily determainedayithoutRinkine exyferigntationy py theagkibeds mdividupl in thei ty i n
spectral devices to alter a resonant cavi t% in an&tgl on str, q{eure to
detune the mBf Keechignsethsfdesised didmi erb theopystratp fAne whjcl depogitiopls YRS ¢ hi n
filmnmnodified PZT materials of the invention include mcropunps and

mi croval ves cod¥edon canti | ever geonetry of the piezoelectric film for
applications such as delivering doses of medication or running hydraulic
or fluid flow systens in a MEMS configuration, ultrasonic transducers and
active vibrat] | ' riaRad 4eiibte matner e,
frequency a%%#ﬁ%h@?m%gldﬁ@vﬂtﬁﬁﬁ%g?Pg%hefgggﬁaﬁ on ?or 18 SUBS'FIl'Ie'%]UTE SHEET
(RULE 26) WQy98{ndARB2ada6rlindSO A OspRAHC dith@rinpegnseatiaticehipe taadsudh aas near
surface flaws in applications such as evaluation of the structural

char act eri sispeificdtmagptery @ienvirerment,th pragutecibe fionl desiredthis Blgn fam (Pb,
applications, uncool ed infrar gﬂ éadi at.ion pyroelectric detectors, and
non-vol at i | &1, € Beokigd&f:rki ymaiehtlces for applications such as data
storage and repl acenent of EEPROVs and flash nenory. As a specific
illustrative exanple of a device that may usefully enploy the nodified PZT

H1ustr: am . .. | | . i
i agr am of | ThechiR kAo TeBHA33 e {80k b ok nBtdidToré pfndhup AETH C
ey be used ol BABLLGNSY e ﬁé@enlff'}ﬂ;«éﬁml V% praa Glvanasiiiey albsiistahd ect i on

for an applie age 1s direct proportional to the piezoelectric
coefficient fal dethBastration osfc dyptmezotRetric effects in PZT films deposited by

metalorganic chemical vapor deposition (MOCVD).

A wide variety of devices may be fabricated within the broad scope of the invention
including thin film ferroelectric modified PZT materials of the invention. For
example, thin film structures of the modified PZT materials of the invention may be
employed in piezoelectric actuating elements, in passive as well as active MEMS
devices, in optical devices, including both geometric and spectral (or interference)
based devices, such as movable microlens arrays, or movable micromirror arrays.
Films of such type may also find utility in spectral devices to alter a resonant cavity
in an etalon structure to detune the reflectance of the device. Other potential uses of
the thin film modified PZT materials of the invention include micropumps and
microvalves based on cantilever geometry of the piezoelectric film, for applications
such as delivering doses of medication or running hydraulic or fluid flow systems in
a MEMS configuration, ultrasonic transducers and active vibration control devices,

ultrasonic transducers for high frequency applications allowing spatial re_solution for
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I ncludes a cantil ever beam nenber 12 conpri sing upper el ectrode 14,
pi ezoelectric thin filmelenent 16, |ower electrode 18, and support
menbrane 20. The cantil ever beam nenber 12 as shown is positioned at one
end on pedeww 24,0f the substrate 22 with the other end mainmopmsstioned
over actuator ‘cavi %y 26 to allow deflectional vertical novenent of the
cantil ever beam 12 in operation of the device, in the direction indicated
by bi-directional arrow A. A nunber of m croactuator devices can be
envi si oned bRitingrsmabiadefattsomcle asmdat guface flawpm applicaions sech dsreyhluationg opt i cal
devices and liquid control devices. Depending on the application, the
requi r enent of ftbe soietuzal; eharasteristiest ob rpginge giserafin migrogleganiese sbiokegigal, o y
widely. In a cantilevered piezoelectric mcroactyator of the t t hat may
be. uso ul 'y SBpsRBRRSq ITPolE INeGlerOIakAn HTE ST daecornand pebifie |
defl ection for .ap. applied, vol I.s._directl Loport i I
pi ezoel ect r if?:“‘%?!fé&'fci rﬁ?rg?ﬁy d(%‘c.csl %\?%B%hcaﬁ?{g sg'él? %{se it gﬁ)ra[ggoaglarree:g?ﬁebﬁﬁt
proporti onal | ge and to the piezoelectric coefficient
d31, an incrogggle’kpﬁd%@?ﬂgt?ﬁj%ﬂﬁgib en vol tage increases the deflection.
Looking at this relationship another way, for a given deflection, the drive
voltage is 19 SUBSTI TUTE SHEET (RULE 26) WD 99/42282 PCT/ US99/ 01025
reduced wit Ing dupeeifis sithsttaive. exmplerof dideviee thal hayesefidtysmpop tesnadifiedal so a
significant advantage as integration of mcroactuators into_ integrated
circuit (1 CPZTethincfilsn ingterigls of theypresertdnysption Figure 244 sehematie dingransof npor t ant
even for small displacenent devjces. Thelpmégi fied PZT thin filmupmaterials
t'Hi

of the presaneantilpyenst i RigzoRlSEHEC PICEOACRAGE @olps g Mmaynbs ¥84% M st cs

t hat d th hi gh] y. ad t ' i t uat | Leat i .
The. et ai or geArEnech B HiefoNRs SHGR acri BHE Ben bl 3 Bb0te 0BBer B0 LM% ¢ <
the o Od;JCFdiﬁf}f;DBrofpbhwﬁalofo fBeicRBREBkiE BetfitRnd @y £! OTHERMicrOctuator 10

pi ezoel ectrical I'y

includes a cantilever beam member 12 comprising upper electrode 14, piezoelectric

thin film element 16, lower electrode 18, and support membrane 20. The cantilever
beam member 12 as shown is positioned at one end on pedestal 24 of the substrate
22 with the other end being positioned over actuator cavity 26 to allow deflectional
vertical movement of the cantilever beam 12 in operation of the device, in the

direction indicated by bi-directional arrow A.

A number of microactuator devices can be envisioned that are based on cantilever-
type deflection, including optical devices and liquid control devices. Depending on
the application, the requirements for operating deflection needed in such devices
may vary widely. In a cantilevered piezoelectric microactuator of the type that may
be usefully employed in positioners and microvalves, the achievable deflection for

an applied voltage is directly proportional to the piezoelectric coefficient d31. Since

the deflection is directly proportional to the applied voltage and to the piezoelectric

coefficient d3], an increase in d3] at a given voltage increases the deflection.

Looking at this relationship another way, for a given deflection, the drive voltage is
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controll ed mcroel ectronechani cal devices. Applications for such PSZT fil ns
are w despread. Optical uses range frommcromrrors to mcro-etalons,

whi ch could be detuned froma reflectance condition. Device dinensions
fromtens tg‘,@w}ﬂ?ﬁds of mcrons are possible, and MOCVD hpsr/pssenies! ar
advantage in e tabrication of arrays of devices where surface topol ogy
W ll be present. O her optical positioners can also be based on these
films, such as deformable mrrors. In other device applications utilizing
the thin fil fadasediwitheidcieased dgj.cLowerdinve volageirequénemients are alsaca signifficant and

m cropunps have many inportant applications fromindustrial control to gas
sanpl i ng devidantagd s dmegratiddf micrbaciatdrk éntprietsgratedi cincaitt (ICh deviggs 1s
precursors for the netal conponents of the product filmare dissolved in a
sol vent and &dmenplatad dyi the drtaand théspsarainsimportat eyew for sl displacemenipout

Covg M T \pvicea. The rpedifiedBET Wil mAtRAIGT Uy Presen S Fian S

- tant . Q. 0 J) .- t A '
Chanbor 1o uReSttisostisisal Fssctetbid arbOP RO ity fulaliGacdlRRORC ©7 )
t o about 120%&3&&“ @%‘.}a%&ssures bet ween about 0.1 to about 760 torr. 20

SUBSTTPUTE S WO 99/ 42282 PCT/ US99/ 01025 Ot her active
oxi di zing species may be used to reduce deposition tenperature, as through
the use of a remote plasma source. Illustrative exanples of conpatible
precursor chegk sietdlegatic @hémizhlevhpoe depusition progesoafithei invention qermiss hendi ng
(Pb, Sr, Ca, Ba, My )(Nb, Ta, Zr, Ti)03 filns: (Pb, Sr)f(Zr,,Ti)OS,

(Pb, Ca) ( Zr , TpjodBetion( P, Sms( Bf , B$ZD 3nablimey thay devalopmen30f piezoelectrically
controlled microelectromechanical devices. Applications for such PSZT films are
widespread. Optical uses range from micromirrors to micro-etalons, which could be
detuned from a reflectance condition. Device dimensions from tens to hundreds of
microns are possible, and MOCVD has particular advantage in the fabrication of
arrays of devices where surface topology will be present. Other optical positioners
can also be based on these films, such as deformable mirrors. In other device
applications utilizing the thin film modified PZT materials of the invention,

microvalves and micropumps have many important applications from industrial

control to gas sampling devices.

In one embodiment of the present invention, the precursors for the metal
components of the product film are dissolved in a solvent and flash vaporized at
temperatures between about 100 to about 300°C thermally and carried into the
MOCVD reactor with a carrier gas (e.g., Ar, N2, He, or NH4) where they are mixed
with an oxidizing co-reactant gas (e.g., 02, N20, 0O3) and transported to the
deposition chamber to undergo decomposition at a substrate heated between about

400 to about 1200°C at chamber pressures between about 0.1 to about 760 torr.
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(Pb)(Nb, Zr, Ti)03, (Pb)(Ta,zr,Ti)03, (Pb,Ca)(Ta,Zr,Ti)O03,

(Pb,Sr)(Ta, zr, Ti)03, (Pb,Ca)(Nb,Zr,Ti)03, and (Pb, Sr)(Nb, Zr, Ti)03,

(Pb, M3) (Nb, Zr,Ti)03, PZT cerami cs exhibit piezoelectric effects over a

wi de range Bp@si tions. The highest el ectronechanical porpsdongsact ors
occur in the region of the norphotropic phase boundary between the
tetragonal ferroelectric phase and the rhonbohedral ferroelectric phase.
Thi s boundary occurs at approximately 48 nol % PbTi 03 in the PbTi G3-Pbzr 3
syst em ( see (thazative oxidizingspezies asay B uskdf toeredibe/deRositon temiperatusgnds H.
Jaffe, , New York: Academ c Press (1971)). Recent work with thin filnms has
shown si ni | ghronglsthe use ¢fpemolgpiasinacshuise. of Pi ezoel ectric Coefficients of
Ferroelectric Thin Filnms," K .Lefid and GJ.M Dornmans, J. Appi. Phys. 76
(1994): 1764). Useful Zr/Ti ratios near the norphotropic boundary are in -

the range of_from about, 40,60 to . .about 60/40Q.  21.SUBST]. (RULE
26) D 9o/ 4 AHuBaEYS FRRURIFD 25 B RSR Wpor epftis R R BT ed ou
by i nj ecti ng, g4 fiRERbOICHREoRdRE TP, IS? e, BAAMgINE aH) Z)TO(8 filmgosi ti on chanber
at reduced pressure. The precursors deconpose thermally on a heated

substrate angbIrkZcT)OLrted to oxides by an oxidizing gas which is also
fed into the chanber. The present invention preferably is carried out with
an MOCVD t edRhjCa)@r,ppPgi tti ng the use of a wide range of safe precursor

chem stry without the control problens of traditional MOCVD net hods,
(Pb,Ba)(Zr,T1)03,

(Pb,Mg)(Zr,Ti)O3,
(Pb)(Nb,Zr,Ti)O3,
(Pb)(Ta,Zr,T1)03,
(Pb,Ca)(Ta,Zr,Ti)O3,
(Pb,Sr)(Ta,Zr,Ti)O3,
(Pb,Ca)(Nb,Zr,Ti)O3, and
(Pb,Sr)(Nb,Zr,T1)0O3,
(Pb,Mg)(Nb, Zr,T1)O3,

PZT ceramics exhibit piezoelectric effects over a wide range of compositions. The
highest electromechanical coupling factors occur in the region of the morphotropic

phase boundary between the tetragonal ferroelectric phase and the rhombohedral
ferroelectric phase. This boundary occurs at approximately 48 mol% PbTiO3 in the

PbTiO3-PbZrO3 system (see Piezoelectric Ceramics, B. Jaffe, W.A.R. Cook Jr., and
H. Jaffe, , New York: Academic Press (1971)). Recent work with thin films has
shown similar results (see "Measurement of Piezoelectric Coefficients of
Ferroelectric Thin Films," K. Lefki and G.J.M. Dormans, J. Appl. Phys. 76 (1994):
1764). Useful Z1/Ti ratios near the morphotropic boundary are in the range of from
about 40/60 to about 60/40.
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as nore fully described in "MOCVD of BaSrTi 3 for DRAMs", P.S. Kirlin,
Proc. of the 4th ISIF, 1994; "Liquid delivery of |ow vapor pressure MOCVD
precursors", Gardiner, R A, Van Buskirk, P.C, Kirlin, P.S., Proceedings

Mat . Res. Sg& ”i‘??s’; Fall Meeting, and U. S. Patent 5,204, 31fcT/Usm0e0s Apri |
20,1993, th %Il osures of which hereby are incorporated herein by

reference in their entirety. In the liquid delivery MOCVD approach, |iquid
solutions are supplied- to a vaporization zone using a high precision punp
or other supply arrangenent, for exanple as shown in Figure 3. Figure 3 is
a schematic representation of a |iquid delivery system 60 for

si mul t aneousyYIOE3M pHpxidel filmg is wgupdlyi carriegouby HYjeptiga 3iTeeteloTaaBig IS a CvD
reactor. The netal organic conﬁoungs are in respective Iit.@ui d solutions in

reservoirs SEPS speams o oy deReRition, chamber; ?tofeiﬁlgﬂed{)(%eéf‘ﬁg'r ISPy 56

JSSI nﬁ(rjoimnf Li %{)r?lﬂtfésleg ?rnfaglwiacl?etaieﬁnsu tEatPe Lhd Y F%‘v%gtg& Zt@g;ﬁdersﬁ%nﬁee‘j l'ine

precursor streamis nder t action of

punp 68 thr %&ﬂzi F%gs gvﬂichqs H136 fodViARPE ZRIMINE. ZRE Breéent iMVeRLNRPREraAY i On zone
may contain a hea rit or other elevated tenperature vaporization

mat ri X, suchisasmidd 961 VRN an MGOVDedhalque pesittmgitte thef, widt eange ofisaflai ch 22
SUBSTI TUTE SHEET (RULE 26) WD 99/ 42282 PCT/ US99/ 01025 the liquid is rapidly

o | e R o 28 o ghban.t o or the qud £ e PoT 1 1m
on a subst r atsemengdpby descrbgd @h&dﬁ&ﬁm%gﬁﬁf@?: t&’&m’g%ﬁq&ﬁ?‘é %ﬁ‘?cqm d
Vapor | 7ot 1 onef tbe SdSL 1987 i BFTkTY THEw AP RriPsLs Yok Pregteort”
Fespective Gt JEA-t Vit PySSRT Bi KPS, FofiebindY MAE K65 30 33,

vapori zati ong2ope) iBKES S, Patent 5,204,314, issued April 20,1993, the disclosures of

which hereby are incorporated herein by reference in their entirety.

In the liquid delivery MOCVD approach, liquid solutions are supplied to a
vaporization zone using a high precision pump or other supply arrangement, for

example as shown in Figure 3.

Figure 3 is a schematic representation of a liquid delivery system 60 for
simultaneous, controlled introduction of metalorganic compounds to a CVD reactor.
The metalorganic compounds are in respective liquid solutions in reservoirs 50, 52
and 54 which are manifolded together by manifold 56 joined in liquid flow
communication with liquid precursor stream feed line 58. From feed line 58, the
precursor stream is flowed under the action of pump 68 through line 70 to the

vaporization zone 72.

The vaporization zone may contain a heated frit or other elevated temperature

vaporization matrix, such as a screen, mesh, metal or ceramic discs, etc., on which
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this approach highly desirable. This techni que has been applied to the
controlled deposition of PbLaTi B3 ("Chem cal Vapor Deposition of
Pbl - xLaxTi 03," P.C. Van Buskirk, J.F. Roeder, S. Bilodeau, S. Ponbrik, and
H. Berat an, “@59(;49@t ed Ferroelectrics 6 (1995): 141), YBaGu&@n($ob0t035t u

G ow h of CGAXIS lented YBa2Cu307 on Silicon with Conposite Buffer
Layers by Plasma Enhanced Metal organic Chem cal Vapor Deposition" Zhang,
J.; Gardiner, R A ; and Kirlin, P. S ; Mit. Res. Soc. Svnp. Proc., Vol.
275, (1992) tKel Aquid T$ BapRiiCu@pdridetttal fomy direi precurberrvapat stveapowhetiiptben 15 on of
T12Ba2CaCu20x superconducting thin filnms usi ng fluorinated 13-diketonate
sour ce reagdluwed'in Mapradesshiine ™ to the CYiDhesactor76 fog deppsitiorpof the modified pye, R ;
Hubbard, K. M ; Mienchausen, R, E.; Appl. Phys. Lett., 7(1990) 2136), and
BaTi 03 (" Red\7definronea sybsatgtheran ot sthoy®)-y Crystal line BaTi03 Thin Filns","
Van Buskirk, P. C.; Gardiner, R A ; and Kirlin, P. S, Nutt, S.J. WMater.
Res. 7 3 (1992) 542). Conpared to traditional MOCVD bubbl er technol ogy,

liquid deli \ﬁregr(,)aﬁl&l ﬁ%‘%&%@%ﬁ‘?@%&%ﬁ‘?ﬁ lr\r/fsé‘y?l)aa Proa&isthdiERuils ShiFbe

respectively, ("Large area growth of PZT filns
by MOCVD', ShixBa fust pibr to-\dpofiRdtion; besides Kﬁts’lmFmty, The, atflifyodaniake Sight

Proceedi ngs, 5th Inp. Synp. on Integ. Ferroelectrics, Colorado Springs,

CO, April 1%ombosihéPAdjustmebntsSwiki @dnpuitdr ncohirbivée. gy byVn@iBirfgo thel re@@ectiBUBST| TUTE
SHEET (RULE 26) WO 99/42282 PCT/ US99/ 01025 CGbit DRAM appl i cati ons,

Lesai cher r e,pr&tusser liqeide freauihageservgirs to Hie. pusynind/asrvaperizagion zeeg) meakeect ri cs,
Monterey, CA,  March 14-16, 1994). The disclosures of all of the f&)regoi ng
ref erences ahis appwestpbighlvedesiahle; Thisytechaiquechas beenrppplied to dhs coptiglled ysed i n

the liquid delive - Of ' [ ) A nprise

sol vent comiEaPY e TR P ERaRicRl v iar DLt A T oy O Y VERTE L R

08/414, 504 14| &0 MEC R Gebter, 189 Biloded) 5. BESiR! alRPOHN Herath! Hiréihted
Ferroelectrics 6 (1995): 141), YBaCuO ("In-Situ Growth of C-Axis Oriented

YB23Cu3zO7 on Silicon with Composite Buffer Layers by Plasma Enhanced
Metalorganic Chemical Vapor Deposition" Zhang, J.; Gardiner, R. A.; and Kirlin, P.

S.; Mat. Res. Soc. Symp. Proc., Vol. 275, (1992) 419), TIBaCaCuO ("Metalorganic
chemical vapor deposition of TlBapCaCu20x superconducting thin films using

fluorinated B-diketonate source reagents.” Hamaguchi, N.; Gardiner, R.; Kirlin, P.
S.; and Dye, R.; Hubbard, K. M.; Muenchausen, R. E.; Appl, Phys. Lett., 57 (1990)
2136), and BaTiO3 ("Reduced Pressure MOCVD of Highly Crystalline BaTiO3
Thin Films", Van Buskirk, P. C.; Gardiner, R. A.; and Kirlin, P. S., Nutt, S.,_J.
Mater. Res. 7(3) (1992) 542).

Compared to traditional MOCVD bubbler technology, liquid delivery allows
deposition rates five and ten times higher, respectively, for PLZT and BaSrTiO3
films ("Large area growth of PZT films by MOCVD", Shimizu, M., Fujimoto, M.,

Katayama, T., Shiosaki, T., Proceedings, 5th Int. Symp. on Integ. Ferroelectrics,
Colorado Springs, CO, April 19-21, 1993; and "SrTiO3 thin films by MOCVD for 1
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et al., United States Patent Application no. 08/484,654 filed June 7, 1995
in the nanes of Robin A Gardiner, et al., and United States Patent
Application No. |[Docket 2771-167CIP2] filed Novenmber 20, 1997 in the nanes

of Thonas Hxv Hgiz et al., which are conpatible with the sReGHdebs1025
met al or gani B¢¥fsors used for forni ng the (Pb, Sr, Ca, Ba)ZrTi3 thin

filmmterials and efficacious in the constituent liquid delivery and
chem cal vapor deposition process steps. Figure 4 is a schematic

representat | qﬁm fikdtfoRs, Al es@ichen@UP dy J PkdoéadingsMEIMRY, S9h4L 8f Intey.St em 100
t hat may beggge ul | ya%r%pl oyed fsor PZT film gr ovlvt%f. The liquid stgeam

conpri si Ng Fefrddidtirecs P MoRtEr&0 IC.A5 Makich Ads] 6) 009y e MHpUSIkslosuiresest dlDgtheer i s
introduced to the systemin line 101, and passes to the liquid stream punp
102, from éregding teferenceli are irgorpothtédriterein by tbferemee. 104 cont ai ni ng fl ow
control valve 106 and passes into the vaporization chanber 108. The
vapori zation chanber 108 of the Figure 4 systemmy be simlarly

VDIV Syst oifhe Teent it ieod i G DA AR MO G\ Brore & d Bypion dron
[ f. | i .13 Wy I l - fl
oo, s aePhial SOt SR ahRsps, A GREBHLC 1y (PR SBAE, BaHOZCE T O

then flows iy J:i t 0l 13 2¢h95 SRR A, ifer, 26) VO
99/ 42282 Pcﬁq’ﬁg@@%%é‘cz)%y@gh?#gill%%gwi’lggis nt o t%wcig/fo rea;A_t S?ld e

contai ni ng Regt ednitddbStated Patehil B pphicatioh ineh 08/484, 685 Rleddiulté 7, 11095 i em i s
deposited. Also introduced into the CVD reactor is a flow of oxidizer gas

in line 140 nh@esref Ropin #ak@arginers \efjeah, gad Unied States PhBht dpplinatioaulNo.N20 gas

fromline 138, each containing suitable valving and mass flow controllers.

Ef f | uent ga$Dbeken? el 670D°2] fidedcNoyember2(; 488 thenames af Thpmas B. Baysugh 1 ow

lines including a main (fast pu } | i ne cont ai nagiflow control .valve 120
ifle

i [
and an auxi et &k Whisho¥e FOmpRt h- thet spe -1ﬁgmetaporg ¢ precursors used for
forming the (Pb, Sr, Ca, Ba)ZrTiO3 thin film materials and efficacious in the

constituent liquid delivery and chemical vapor deposition process steps.

Figure 4 is a schematic representation of a portion of a liquid delivery MOCVD
process system 100 that may be usefully employed for PZT film growth. The liquid
stream comprising multiple precursor solutions homogeneously mixed together is
introduced to the system in line 101, and passes to the liquid stream pump 102, from
which it is discharged into feed line 104 containing flow control valve 106 and

passes into the vaporization chamber 108.

The vaporization chamber 108 of the Figure 4 system may be similarly constructed
as described in connection with the Figure 3 liquid delivery MOCVD system. The
vaporization chamber 108 receives a flow of argon carrier gas from line 134
containing flow control valves and a bypass flow loop, as well as a mass flow

controller. The resulting precursor vapor then flows in line 110 containing flow
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flow control valve 122. A vaporizer bypass |ine 130 containing flow control
valve 132 therein interconnects the vaporizer with the trap. The reactor
114 and the trap 118 are in flow conmunication with punp 128 by an

i nter connecw(pg,j‘}z;ﬁe containing throttle valve 126, to i nMposEr/osPOUREr
pressure drop "1 n the systemand to ensure discharge of spent precursor
vapor fromthe CVD reactor. A suitable | ead precursor for MOCVD fornmation
of | ead-containing titanates of the invention is |ead

bi s(2, 2, 6, 6-doptrolavavd1 112 3nt6-the [(I\AD eeictom alt1¢) conmiring dpated sulstraien] ¥ obase
coordi nat ed anal ogs. As used herein, the termthe =

2,2, 6, 6-t et reich theldedred PZTethinafilatis depasited. The Pb(t hd) 2 conpound has no
appreci abl e vapor pressure at room tenperature, which makes it much safer
to handl e than al kyl |ead reagents such as tetraethyl Pb. However, the | ow

volatility o E&P?xgt%x?g%cé‘ 1&@&E€CVﬁr{e§%§r l}%??@v Jr Sl AP Sas ih ifie Y36 fithed By et hod

of liquid pr

bi s(i i bi , t hal h diréyf aliree) 138, h

{5 9] SF R} P e o i 1 i 0 ki) 3,

tetrakis(2, 2@|_Q§1ta@1ﬁh§%ﬁi?dm:t VilVing afd hag Beve domrvlles) Effider:tgasifréin te €VBef ul | y
|

enpl oyed as and” Zr source reagents, respectively. Further, 25
SUBSTI TUTE Skdaidr (RLpdsseda) thOrgo]1 votamgPOpwUSes gl oliag amirin (fasttpimp)

B- di ket onat e anal ogs may al so be usefully enployed in the invention. A
second sour cknd comtaiming £owiqontseli alwe 120 and an auxiliary (slow pump) line containing

bi s(i sopropoxi de)bis(2,2,6,6-tetranethyl -3, 5- heptanedi onate). .These
conpounds ar fowgenteeteialvesiagly ¥aﬂoﬁzgrt§émsimﬁéapﬁg%fﬁl&l%ﬁ)ov&89 tforlfé'ﬁﬁ%l | i gand
exchange is pgssible since the titaniurr | s coordinatively saturated
(see "Nucl ea?”?x’zﬁ'ﬁg‘c‘m?“ﬁ@gif#atﬁﬁ@apgﬁaerlvﬁ}hﬁgg%é'&ect ral Studies on Labile

ci s-Di al koxy-bi s(acetyl acetonato) titaniun(lV) Conpounds."” Bradley, D C ;
Hol l oway, C.E. J. Chem Soc. (A), 2282 (1969)).

The reactor 114 and the trap 118 are in flow communication with pump 128 by an

interconnecting line containing throttle valve 126, to impose a proper pressure drop
in the system and to ensure discharge of spent precursor vapor from the CvD

reactor.

A suitable lead precursor for MOCVD formation of lead-containing titanates of the

invention is lead bis(2,2,6,6-tetramethyl-3,5-heptanedionate) [Pb(thd)2] and Lewis

base coordinated analogs. As used herein, the term thd = 2,2,6,6-tetramethyl-3,5-

heptanedionate. The Pb(thd)2 compound has no appreciable vapor pressure at room

temperature, which makes it much safer to handle than alkyl lead reagents such as

tetracthyl Pb. However, the low volatility of Pb(thd)2 (0.05 torr at 180°C) requires

the use of the method of liquid precursor delivery.

Titanium bis(isopropoxide)bis(2,2,6,6-tetramethyl—3,5-heptanedionate)
[Ti(OiPr)2(thd)2] and zirconium tetrakis(2,2,6,6-tetramethyi-3,5-heptanedionate)

[Zr(thd)4] are usefully employed as Ti and Zr source reagents, respectively. Further,
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For doping with Sr, the Lew s base adduct of Sr (thd)2 nmay advantageously
be used where the Lewis base is tetraglyne, tetranethyl ethyl ene di am ne,
pent anet hyl di ethylenetriam ne. For doping with Ca, the Lewi s base adduct
of Ca(thd) 2w§g¥,4ﬁgyant ageously be used, where the Lew s b@ee#niss/01025
tetragl yne, "tétranet hyl et hyl ene di am ne, pentanethyl diethyl enetriam ne.
For doping with Ba, the Lew s base adduct of Ba (thd)2 may advant ageously
be wused, where the Lewis base is tetraglyne, tetranethylethyl ene di am ne,
pent amet hy| othe métalyd-diketonatamhalegs mhay alsobé wspfidiytdmpibyedrin tlie inwention. A

tetraki s(i sopropoxide) (2,2,6,6-tetranethyl-3,5- heptanedi onat ?) ,

Nb( O i - Pr) 4¢dchut) sowrpe bfer (e sy Firsoniymm | bis(isapropeide)bisi 2 0.0ite yl3att al um
tetraki s(i sopropoxi de%g&z, 2,6, 6-t(§t rarretegxll- 3, 5-1 hept anedi onat eé,

Ta( O i - Pr) ahepienediensteh Fheseominoynds ase syiEanelyysplable g oreasicamsiid 84 Mo hondi ng

RIS I T i e L
af or ement | ongd Ui L ednTigh o ke RbsghRRlel:AA BRed SpochB SHidiePOILbileed M ch

31, 1995 i a : rdi ner, etea ., United States Patent
Appl i cat i on NGy REky-SBSk| b EshalERRakiBWF) 2@onjfua8d 1 2 BR2RCT/HIBRY/ 01025
08/ 484, 654 F?ﬁggggﬁhegg, 995 iﬁwthe ngggs of gﬁ% n A Gardiner, et al.
and United potigwes CPBlleCherdpiuc () 282(1B69)).[ Docket 2771-167CI P2] fil ed
November 20, 1997 in the nanes of Thomas H Baum et al., the discl osures
of which are hereby incorporated herein by reference in their entirety.

nventi on. FREARHE RS ooy oS Babe i S TEQASHL @ Al s 0°

comrerci ai et ketpl pce, \£or XRD €1, ShrohRRS Lo HOTRAD GonRGRLeT OTet o7

diethylenetriamine.

For doping with Ca, the Lewis base adduct of Ca(thd)2 may advantageously be used,
where the Lewis base is tetraglyme, tetramethylethylene diamine, pentamethyl

diethylenetriamine.

For doping with Ba, the Lewis base adduct of Ba (thd)z may advantageously be

used, where the Lewis base is tetraglyme, tetramethylethylene diamine, pentamethyl

diethylenetriamine.

For doping with Nb, niobium tetrakis(isopropoxide) (2,2,6,6-tetramethyl-3,5-
heptanedionate), Nb(O-i-Pr),(thd) may be usefully employed.
For doping with Ta, tantalum tetrakis(isopropoxide) (2,2,6,6-tetramethyl-3,5-
heptanedionate), Ta(O-i-Pr)4(thd) may be usefully employed.

Other suitable and corresponding reagents for Ca, Ba, Mg, and Ta may be employed.
Tllustrative other species of metalorganic compounds and complexes are disclosed in
the aforementioned United States Patent Application no. 08/414,504 filed March 31,

1995 in the names of Robin A. Gardiner, et al., United States Patent Application no.
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bag sense/ depl oynent systens in autonobiles. It is not unreasonable to
state that this technology wll have a pervasive inpact on society. A
whol e class of active devices has awaited the devel opnment of high quality
pi ezoel ect r%‘ﬁﬁ#ﬁti ng films, and nmany nore devi ces requipdmgssd/beses wil |
be designed in"the future. The manufacturable process of the invention for
produci ng high quality piezoelectric filnms enables the devel opnent of

t hese active MEMS devices. In the area of optical devices, both geonetric
and spect r alog(4ss,654 fided Jane ACKIPS hm thechames of Bebin daGapdingrasteal., erd Préedhi gh

qual ity piezoelectric filns of the invention. The eonetric ggg'ces can be

further subdtatesiBatentrinplicationaNe.i[Peckes gy battvsdP2isliled Nopyember ¢, i crol ens
array, or reflective, such a novabl , Crom rror ray. Pi ectric
thin filns dhe mREEHHs m"}sngle%aluﬁh aﬁ"gg@e Lfg%"%saﬁ%{ @'%ch‘ lareesgﬁgﬁ cavity
in an etalon structure f Jeflectance of the device. Such

appr oach haén?omoratgcgbgﬁpgoaggfg%ﬂg%%lﬂﬁ?{%lln?'gl atively little displacenent, so
response tines can be nmaxim zed. M cropunps and m croval ves can al so be

based on cantil ever geonetry using high quality piezoelectric filns of the
present i nvergrcaiing'thé fe@Rbigiicat afipdreofihe chefipdologhe id/ Almsgf tHe swentixn,

medi cation or to run hydraulic systenms in a MEMS 27 SUBSTI TUTE SHEET (RULE
26) WO 99/ 4238RSPEbhhiNegy bagd5or passivguderides mlreddyc exists| inetheagemmersfalil i n
this scheme as well, or for acting as a servo on a |large industri.al valve
control | i ng rharketplape.aFpr example, SEReses misroprchingoaccelerpmetass B<ted Yhalf hin fil m
PZT materials include ultrasonic, transg#cerf .and active, Vi rsgtti ﬁ_fna control
devi ces. Ul thagssense(deploymeri SY&ems da quigmobyesy, It é%?%‘d“‘é?ﬂsﬂ}tﬂér‘f‘oé"f ge fak
frequency applications i.ch allow gre ial .r ' &k
det ecting sn&‘sl teg@p&’gy sv\f’,mﬁ'?géTarpggvuagﬁggl%b%?\é%%g?él? &Eeﬁ ‘@%’?%Lg%gﬁ’j& Q?ise very
difficult to;Rkduee D¥itdi g ubdeiilenP bt Kigh Qudity piddotiROAE acMelinfiings, @ thin
and many more devices requiring them will be designed in the future. The
manufacturable process of the invention for producing high quality piezoelectric

films enables the development of these active MEMS devices.

In the area of optical devices, both geometric and spectral (or interference) based
devices can be based on the high quality piezoelectric films of the invention. The
geometric devices can be further subdivided into refractive approaches, such as a
movable microlens array, or reflective, such as a movable micromirror array.
Piezoelectric thin films of the present invention can be used to alter a resonant cavity
in an etalon structure to detune the reflectance of the device. Such approach has the
advantage of requiring relatively little displacement, so response times can be

maximized.

Micropumps and microvalves can also be based on cantilever geometry using high
quality piezoelectric films of the present invention. Micropumps can be used for

delivering doses of medication or to run hydraulic systems in a MEMS
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filmformng process with a deposition rate high enough to nake these
devices at the required thickness of between 13 and 40mthick. Such
transducers can be used to evaluate near surface flaws in aircraft, in

m cr oel ect rwg%% gand in biological applications. Qher pogcmisoen1o2s
applications 0 P%e MOCVD process to deposit PZT and PSZT extend beyond

m cr oel ectronechani cal devices. In addition to piezoelectric actuation,
thin filmPZT can be exploited based on nunmerous related ferroelectric
properties. configuratiomp|Micrayalyovire ysafulfin thisstheme pawelbror doi astng ps2 $8%kd on t he
pyroelectric effect is a technol ogy enahl ed by thin filmPZT and rel at ed
material s. oxcrlangelingdustrial yalyRosoptrelhipg Haw 1BABEMCSn the ferroel ectric effect

can be used in mlitary applications for radiation hardened data storage
and comrercially as a replacenent for EEPROVs and flash nmenory. The

el bt r oni cs PRIy RbHCor RS Bekon, it AEPAT, HRARE Al Hlrasbnidl ve

el ectronics S ‘use y enpl oye

m cr oel ect 1 padcBR iiAdi0 viskiridh B Aevides NWIkAGHR! GuBdl@rs b Be area
deposi tion. e present invention provides a unique MOCVD process to

deposit Sr- dapgsteddl MUT VD fbrkigh ¢@qudabp applichibordrirett alba [gyeaten cpasiab e
pi ezoel ectric response relative to bulk ceram cs. H gh 28 SUBSTI TUTE SHEET
(RULE 26) W\QeStibaXBRddbeTing/Smgl deas. Jhafrequentyhiangd betyreenof0-NMHEds been

produced for the first tine and the piezoelectric eff he k
requi renent Yepy diffiqulbfo preducsrbyr Eaditianabhely apramme éﬂ?ﬂ?qdé-at?‘ﬁéﬁé{b o ﬁx’been

denonstrated. The opti num cg sition of the PSZT fi and. us | ect rode
processes toﬁlnhf‘%‘i’i’llﬁgz@°@ﬁ%ﬁ’lt€g3§}?°s1u€3ﬁ§5ngga?ﬂmfé-l;? ggg?}tgys%%?%%ﬁ]g{]ﬂeag by the

et ARG R or bRl BEARPH BEAST Shon VsFEREARERFEE LG to

evaluate near surface flaws in aircraft, in microelectronics, and in biological

applications.

Other potential applications of the MOCVD process to deposit PZT and PSZT
extend beyond microelectromechanical devices. In addition to piezoelectric
actuation, thin film PZT can be exploited based on numerous related ferroelectric
properties. For example, uncooled infrared radiation detectors based on the
pyroelectric effect is a technology enabled by thin film PZT and related materials.
Non-volatile memory devices based on the ferroelectric effect can be used in
military applications for radiation hardened data storage and commercially as a

replacement for EEPROMs and flash memory.

The deposition process of the invention facilitates integration of Si drive electronics
with MEMS devices. MOCVD is usefully employed in microelectronic fabrication
as a manufacturing technique for large area deposition. The present invention
provides a unique MOCVD process to deposit Sr-doped PZT, which has been shown

to dramatically increase piezoelectric response relative to bulk ceramics. High
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macr oscopi ¢ approaches for making cantil ever structures of piezoelectric
thin film materials in the broad practice of the present invention. The
features and advantages of the present invention are nore fully shown with

reference tQ t99ﬁ7f&8| lowng illustrative and non-limting eygmisesooxanpl e
1 Films bet Qen 0 and 5000A in thickness were deposited on two inch
dianeter Ti02/Pt/Ti Q2/Si 3N4/Si wafers at deposition tenperatures
consistent with Si device integration (550C). First, a baseline series of

PZT filns wgsalifethis filesof ASAT bas/oven prodyded donjae (st timeng thepigzosiectte.  Then,

Sr-nodified PZT filnms were deposite eaf Zr[Ti - [47, With substitution
of 4-119% of eHpotithe kpy TedATemEt| %?I@fc% o Sommotpridned MENMS Sniliatiats B

el ectrical gh%;(fct ert'l_ag ion; the balance was utilized for blanket top

el ectrode d@FETIOBH ANd pi ezoel ectric characterization. Cantil ever
structures were formed by cleaving the wafers into small strips.

Pi ezoel ectric characterization was carried out by applying AC signals of

varying freqyuengyimuth thfpdsaivni b uRr PSAT WilinUrRiS uscabfl eleeesder progessesstonant

vi brational nodes using a |laser interferoneter. 29 SUBSTI TUTE SHEET ( RULE
26) WD 99/ 4 2R8ithi RGETéAITAD leakt fpR2 SarChy rendily detértmynedfbyathé skillédnartiseadassdowl | ent and
x-ray diffraction patterns routinely showed the desired perovskite crystal
structure. Hheldasclosure keseint amMisrofgbrications seehnigues camdwedusedoin Plase ¢fo 800 and
el ectrical |eakage currents for fi

lms with Pt top el ectrodes were
accept abl e. MFGEOSERDIGARATPICAEH %Zﬂ#qqgn@\é\iﬂg_ S,tmﬁ%?% qfi RiROfFIeFEg q”\gﬁw
capaci tance co red to the unmd.fied Pz . , Which is an advant age
fromthe vi sr'lf'%bq‘br??f{]lfrf‘%ﬁce8gh1§tpéer§?£c%n}ﬁyrl+'gﬁti ons to response tinmes for

devices made from PSZT. All filns displayed ferroelectric behavior, with
wel | -saturated hysteresis |loops. Mdire inportantly, the piezoelectric

effect was ofgeeieds iafd divan®iges of the present invention are more fully shown with

reference to the following illustrative and non-limiting examples.

Example 1

Films between 2500 and 5000A in thickness were deposited on two inch diameter
TiO,/PUTiO,/Si3N4/Si wafers at deposition temperatures consistent with Si device
integration (550°C). First, a baseline series of PZT films was deposited with Zr/Ti
ratios between 43/57 and 53/47. Then, Sr-modified PZT films were deposited near
Zt/Ti ~ 53/47, with substitution of 4-11% of Sr for Pb. A small piece of each wafer
was removed for electrical characterization; the balance was utilized for blanket top
electrode deposition and piezoelectric characterization. Cantilever structures were
formed by cleaving the wafers into small strips. Piezoelectric characterization was
carried out by applying AC signals of varying frequency to the cantilever structures

and measuring resonant vibrational modes using a laser interferometer.
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the sanples. This is the first denonstration of d31 piezoelectric effects
in PZT films deposited by netal organic chem cal vapor deposition (MOCVD)
and the first denonstration of thin filmdeposition of PSZT in the art by
any net hod. gggﬁ 28?ol utions, each containing Pb, Zr, and Tipgnusdpbfoes ent
ratios bracketd g he conposition range of interest were mxed to the
desired solution conposition for a given run. A fourth solution,
containing only Sr, was added to the three-way PZT mxture to produce Sr
nodi fi ed PZTrysthlliniOGY Rl &ims ovas usxeellent and ex-fay rdiffraction ipatterss TaeYngl
deposition was an inverted vertical configuration, of a type as shown in
Fi gure 4 hershowed thaalesiretlneranskite asysial siuctprge Diglgtc cansianty %%tﬁﬁﬁ%ml?l%w zone

whi ch yi el ded dlat I i f jty. .Th di t f..the .
the viad er waranesa: fRm a0 ancEdhant elsedi ket sarFYaran Bpo s PE var or s.
Th I d f f fpgt )
neatod by copERREaIeR iR ERle 1R brphliled PET MRS B PSP TR RACoweNE)
coaxi al 10t LERE! BphNi%o (RUlRAMU PZCIRIsCYRRh iCRNERERAKS QOmake t he

ey tr Bve

precursors a ed through the reactor to the substrate. For
these ill USWié\téiéro\fﬁ SEEROSkrhé @BSstant hRtrib@iat a6 responket timessfonatevices miadé | ows: 30
SUBSTI TUTE SHEET (RULE 26) WD 99142282PCT/ US99/ 01025 Substrate

t enper at ur e: A CPEOT t omlk| filotsr didplagid TeroRleptricThehving: avithr sxalkwiurgedssure: 2
Torr Reactor wall tenperature:>230C Ar flow (thrqugh precurs

I
mani f ol d) : 10ysteossin 100ps | Marsionporteningie riezoplecic séech ¥4 ‘?hs‘?‘P{Fg imalop. 25 -
0.6 m

the samples. This is the first demonstration of d3 piezoelectric effects in PZT films

deposited by metalorganic chemical vapor deposition (MOCVD) and the first

demonstration of thin film deposition of PSZT in the art by any method.

Three solutions, each containing Pb, Zr, and Ti in different ratios bracketing the
composition range of interest were mixed to the desired solution compositiomr for a
giveh run. A fourth solution, containing only Sr, was added to the three-way PZT

mixture to produce Sr modified PZT.

The MOCVD reactor used in the foregoing illustrative deposition was an inverted
vertical configuration, of a type as shown in Figure 4 hereof. The wafer was located
face down in a stagnant flow zone which yielded good lateral uniformity. The
diameter of the reactor near the wafer was 5 inches, and the reactor was configured
for 2 inch wafers. The vessel was made of fused quartz and the walls of the reactor
were heated by convection using hot air flowing through a second quartz tube
coaxial to the reactor tube (not shown) to prevent condensation of the precursors as
they traveled through the reactor to the substrate. For these illustrative depositions,

the reactor conditions were as follows:
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First order requirenents for a good ferroelectric filmare controlled
conposition and formation of the perovskite crystal phase. In order to
assess these characteristics for the deposited filns, the conposition of

t he af orenention %i | ms was characterized by X-ray fl uoressgpesof{oshF) .
and crystal I"Y%?gf‘\? s assessed by x-ray diffraction (XRDY Crystallinity was
assessed by X-ray diffraction (XRD) with a R gaku DVAX/ 3 HFX
diffractometer in the Bragg-Brentano geonetry (0 - 20). Cu Ka radi ati on was
used in all expSobsmatdtsmperafarea crystal nonochr onet8d°Cbet ween t he sanpl e
and the detector. Five nultiple scans were run on_each st? |l e at a scan
rate of 0.1 1/ seBottomsIeiods: structures were fabri SHEKWHIOe| ectri cal
characterization by evaporation of 1000A thick Pt é% el ectrodes through a
shadow mask. Dep@“@?/allft’@ﬁmbl’m?fﬂ“%as carried out at 2 %by use of hal ogen

| anp heating. Electrical,.characterization was co i of capacitance and
| eakage neasure or WalLIEMPEIAlNG A capaci tancengé\gos%dneasured on a

Kei thl ey 590 CV i plied DC hi tween + and - 5V.
Bi as was swept ff%(;'m R’Vo@%o%ﬁe*gﬁ%oggla%()lggser ve fer?gg?cggfri c switching. 31
SUBSTI TUTE SHEET goRtdsc 26) WO 99/ 42282 PCT/ US99/ 01@2®scéar 0 bi as capaci t ance
val ues were al so recorded. Electrical | eakage was neasured wusing a

Hew et t - Packard 29%Dfl@eni conduct or Paramet er Anal yA80seem a function of

time for all sanples at various DC bias voltages. Leakage val ues reported
here were all olfilai Hleidkness 30 to 100 seconds, whi cR-28edwinl y represent ed
the true DC conduction in the filmelectrode structures (i.e, steady-state
| eakage val ues). Ferroelectric characterization was carried out on a

Radi ant Technol ogi es RT6000 ferroelectric test system Ferroelectric
hysteresis | oops were neasured using a saw tooth AC signal w th maxi num

voltages bet 1rs§grd%12reﬁui}cznéﬂts for a good ferroelectric film are controlled composition and

o

formation of the perovskite crystal phase. In order to assess these characteristics for
the deposited films, the composition of the aforementioned films was characterized
by X-ray fluorescence (XRF), and crystallinity was assessed by x-ray diffraction
(XRD).

Crystallinity was assessed by X-ray diffraction (XRD) with a Rigaku DMAX/3 HFX
diffractometer in the Bragg-Brentano geometry (® - 2@). Cu Ko radiation was used
in all experiments with a crystal monochrometer between the sample and the

detector. Five multiple scans were run on each sample at a scan rate of 0.1°/sec.

Capacitor structures were fabricated for electrical characterization by evaporation of
1000A thick Pt top electrodes through a shadow mask. Deposition of Pt was carried
out at 200°C by use of halogen lamp heating. Electrical characterization was
comprised of capacitance and leakage measurements. Small signal AC capacitance
was measured on a Keithley 590 CV meter as a function of applied DC bias between

+and - 5V. Bias was swept from both directions to observe ferroelectric switching.
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In connection with the above-di scussed characterization effort, a series of
eight <calibration runs was perforned in order to establish the

rel ati onship of precursor solution conposition to film conposition. After
this relationship was established, a nunber of PZT filns werAsdnnos ted in
the target WOPH4 tion range between 40/60 and 60/40 Zr/Ti ratios. The use
of the liquid delivery technique provided the precise control of
conposition required to formfilns of PZT within a relatively narrow

conposi ti on ZeA Eigs cdpabitinte Saltésomere talte recideds i ElearicadfiedRdde viad measieqiosi t ed by
the liquid delivery nethod, in the region near the norphotropic phase
boundary behwa?ra HdvwigirPaciard#850:Smhitentductgo Ratemper Analyeer astd fngtion efs of PZT
films was conplete, attention was focused on the Sr m)difiscfﬁ\tion. PSZT

fP ib |( trrf]d\)/vgr_e dmpde’th talbwsﬂgﬁg’fqlf@@h@;gﬂ(ag?ﬁd)@al‘d ﬁer"_é?’!ewé’“‘ _%{?Wﬁfﬁt@onl of
in e precursor s i on. usi n ositio i.fjops. simlar
to those fomllpobtaingd |3k 30§r§98?}@éd¥v3’1‘°?’1 ﬁ&egai& Feé’ﬁesgé%‘?gﬁ?o&r#&p;: and t he
perovskite cryst al o f 1.0 € &afilREpPhot ropi ¢
boundary 32 ccé@lg%ﬂ %ﬁ‘e‘ﬁ@%ﬁﬁ%ﬁt@%ﬁ%&g@}@%%%/ 6%83/01025 toward
the PbZr03 side of the quaternary system so filmconpositions with higher
Zr/ Ti than 52/48 were targeted. Figure 6 shows the conpositions of PSZT

films deposigepdelettrio chabctanationival calted dtloharRadiaritHBechnolegits &T6000 t h
conpositions at the roomtenperature norphotropic boundary being

i ndi cat ed. TRodMvidetebiosyswar \Festorlettsic thystenesis Idops MisPy MBasutadcusiis a $8Y system
with increased Sr as indicated in the figure. The thickness and

conposi t i ongoath AChsignal suithtrnaximpm| vieliages begembd : Yo in Table |. Table I.
Conmpositions of films given in terns of the stoichionetric fornula

In connection with the above-discussed characterization effort, a series of eight
calibration runs was performed in order to establish the relationship of precursor
solution composition to film composition. After this relationship was established, a
number of PZT films were deposited in the target composition range between 40/60
and 60/40 Zr/Ti ratios. The use of the liquid delivery technique provided the precise
control of composition required to form films of PZT within a relatively narrow

composition range.

Figure 5 shows the composition of PZT films deposited by the liquid delivery
method, in the region near the morphotropic phase boundary between rhombohedral

and tetragonal PZT.

Once this series of PZT films was complete, attention was focused on the Sr

modification. PSZT films were deposited by substituting Sr(thd)2-tetraglyme for a
portion of Pb(thd)2 in the precursor solution. By using deposition conditions similar
to those for PZT, films were produced of the desired stoichiometry and the

perovskite crystal phase. Sr shifts the room temperature morphotropic boundary
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PbX/ 1 QO Sr(ioo-X)noo (Zry, 100 Ti (i oayy-00)03 RunThi cknessConposition (Pb +
Sr =100, Zr + Ti = 100) No.(A)PbSrTiZr 9262310005050 12464310004456
13519310005446 14465010004357 16462210004357 17474910005347 1840739645149
20447790105545 21;0?6089116634 XRD reveal ed excell ent crystapét/gsdosrdar al l
of the PzT 3N films listed in Table |I. A representative series of
X-ray di ffractlon patterns for PZT films in the conposition range varying
from2Zr/Ti = 44/ 56 to 54/46 is shown in Figure 7. All filnms showed simlar
m xed [ 100]Jtowarfl tHelBbZrOprsidesofitbelquatéraary aysteam. soIBm SoBSTitiohsT witbHightr ( RULE
26) WD 99/42282 PCT/ US99/01025 Al films therefore had preferred

or i ent at i onZr/Ti thandi2t48asdre tavgataindom pol ycrystal line nmaterial, in which
[110] yields the strongest diffracted intensity. The [100] conponent of
preferred orientation is likely due to stresses induced by msmatch in

coefficient of thermal expansion betwe substrate 0 and
the PZT (- Figure @ shows clyex gsmc#ltweg af P§§T i{lm depprited é“ P‘Fq(“FFiaé‘?“r &étg%;r )

the | 1 of t I
cell Lo It meod: el e ditetoe L iiesiudte a Y 1 Jobrebisaintt | o T
likel'y due tbou}uﬂl?y %QE ﬂd?éﬁ?erd. aithetpﬂgse boundary shifts toward the PbZrO, side of the

system with increased Sr as indicated in the figure.

The thickness and compositions of the resulting films are summarized in Table L.

Table L

Compositions of films given in terms of the stoichiometric formula

Pbxnoo Sr(lOO-x)/lOO (Zrynoo Tl(lOO-y)/lOO)OJ .

Run Thickness  |Composition (Pb + Sr =100, Zr + Ti = 100)

No. (A) Pb Sr Ti Zr
9 2623 100 0 50 50
12 4643 100 0 44 56
13 5193 100 0 54 46
14 4650 100 0 43 57
16 4622 100 0 43 57
17 4749 100 0 53 47
18 4073 96 4 51 49
20 4477 90 i0 55 45
21 5560 89 11 66 34

XRD revealed excellent crystallinity for all of the PZT and PSZT fiims listed in
Table I. A representative series of X-ray diffraction patterns for PZT films in the
composition range varying from Zr/Ti = 44/56 to 54/46 is shown in Figure 7. All

films showed similar mixed [100] + [111] preferred orientation.
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surface of the substrate that was used in this case as part of the

el ectrode stack. Ti- rich PbTi03 seed | ayers have [I 11 ] preferred
orientation (see, for exanple, "Effects of the Utilization of a Buffer
Layer on the Gowth of Pb(Zr,Ti)03 Thin Films by Metal or ggihrausoeisescal
Vapor DeposMO%i?382\  shinizu, M Sugiyama, H Fujisawa, T. Hanmano, T.
Shi osaki, and K. Matshushige, J. Cryst. Gowth 145 (1994): 226). Figure 8
shows XRD patterns of the PSZT filns deposited by MOCVD in accordance wth
the method ofii file thérefoné hahprefeired opemitions.cid conirash tatandomgioycrystalling  PZT
being observed in all filns. The snall peak at 28 = 30.5 is_due an

uni dent i fi eshaseriabnih phiche[119heighdse shan siwongestt diffraciads infensis e The d 1 cause
any serious degradation of filmproperties, and can, be,elim nated by
further opt icompenenbef preferred QrigHAILS ﬁﬁ‘ﬂﬁ dugp, siresses é’i‘%\ceqﬂ\%’ ggﬂﬁ%?tf Thee
measur enents reveal ferroelectric sw.itching in.th bo e

di rection ofwﬁg‘“ﬁﬁ‘%é%%%é em&%%&ﬁ\&%e&thﬁu ﬁ&%te gS 'S hgﬁglws %‘Y\ﬁg}z{ygnal
capaci tance as, a, f ' . ' AL 38 Qfes@ PHE hidimufeRrsht ed by
MOCVD, vvheréTn6’g9 8@%&%%5‘%@? ?%%—4 cng, ea?nd fi1mthickness was

S193A  The cahhduratioh dalifts TRexioffR ait 1001q of el teqizonh dilas iRah plane of
characteristic a ferroelectric film 34 SUBSTI TUTE SHEET (RULE 26) WO
99/ 42282 PCTheE8A/ OTE2H 1Therefred arientatien o pkelytduscte therliQ2 dayer &6 Sonds to

t he maxi mum sl ope of the polarization-voltage hysteresis curve, which
general |y caurfasechdshansubbtratethat was usedan thinease geparbefiihe slectredessiacke it he

f lectric._d ' i.n the thi il . e. .h I t Leh th
nyst oresi s TR seeddeearap (Eh1d pfere el (8 LRSI e pozr
fil f d, t. I f N - T [
contrast ¢ o Bk Ualier Byt kBT o Glouft B PREL O Thin His 85 11
Metalorganic Chemical Vapor Deposition," M. Shimizu, M. Sugiyama, H. Fujisawa,

T. Hamano, T. Shiosaki, and K. Matshushige, J. Cryst. Growth 145 (1994): 226).

Figure 8 shows XRD patterns of the PSZT films deposited by MOCVD in
accordance with the method of the invention, with preferred orientation similar to
PZT being observed in all films. The small peak at 20 = 30.5° is due to an
unidentified second phase. The presence of the second phase did not cause any
serious degradation of film properties, and can be eliminated by further optimization

of the composition.

Small signal AC capacitance measurements revealed ferroelectric switching in the
films when the direction of DC bias sweep was changed. Figure 9 shows small AC
signal capacitance as a function of applied DC bias for a PZT film deposited by
MOCVD, wherein electrode area was 8 x 104 cm2, and film thickness was 5193A.
The shift in the maxima with direction of bias sweep is characteristic of a

ferroelectric film.
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orientation of the filnms. For bulk materials, 633 is increased with Sr
substitution (in the notation exy, 6 refers to permttivity, x refers to
the direction of neasurenment, y refers to the crystallographic direction);
however the thin filmmaterial is strongly textured away fpcafoshéom2s

ori ent ati onWOME2B2duced dielectric constant for PSZT is an advant age with
respect to the RCtinme constant of the film This tinme constant

contributes to the overall switching speed of a device, which is highly

i npor tant i Frye gk iifiatht GiaBacitande aErvélavresponidsofit itteamazimmine ndopel of thet angent
was al so exam ned as a function of conposition. Figure 10 shows | o0ss
tangent as @ofatizationevoltage bystqesis curve Which generallyoeopsides it thengoerays n
accordance w th the nethod of the inventi o,n,,vvhereia PEZTtgélggs showed

| ower | ossevoltagelrequirsd teswitgh the ferigelegtrie domains ify the thinyfilpy(i-e. the ¥oHagEr o hi gh
| osses were expected based on the heg% Zr content. Loss tangent is known
to increase ahW h&?ﬁhyé‘ii’éqs?"&f"eﬁ?ss?ﬁﬂ" S4e®@bunts for the high value in the
5.2 atomic % Sr film Loss tangent is generally related to the amount of
energy expended in noving domain walls during ferroelectric switching; |ow
loss is generall. | hed B tidwérRdn MBosd fop ity ed

| osses in Pﬁdﬂzﬁﬁgﬁ%ﬁ@gﬁgté#s}%ﬁfgmslﬁ?# %&J@L% 26) VO 99/ 42282

PCT/ US99/ 01G2fr ffnks. OFhi$ Was Begumsradt a6l bilk| dam, Butstht affexd ralatedi e thecréferredel ectri c
hysteresis | oops. Figure 1la shows ferroelectric hysteresjs.|oops for
r epr esent at iorientatiomref te fidras.t Ber ik mpternlp 533 inPersAsed i éﬁslu St’cq’fémrél hod of

the i tion, wherein Zr/Ti ratios, indj cated al | tent.
A 1 00pS. waheneighan bn BReR 0 PUBHORGL eIt R Ervpp QL PR Pribnge oo
both PZT and PSZT. The sh f the hyst is | h W

comos: 11 onceers @<l COSRUPERRIG GUBRPBY Moot 1 oF S BF B STy ol
The d trati ff | ectri.c behayior, . t th
nirinsi ¢ queKPey ey e B3 oraniai Bz TIE Hobed dl@dio crlalb ot PRTAs AL TRE

advantage with respect to the RC time constant of the film. This time constant

contributes to the overall switching speed of a device, which is highly important in

applications such as hardened optical systems.

Loss tangent was also examined as a function of composition. Figure 10 shows loss
tangent as a function of composition for films deposited by MOCVD in accordance
with the method of the invention, wherein PSZT films showed lower losses with the
exception of the film at Zr/Zr+Ti = 0.67 where high losses were expected based on

the high Zr content.

Loss tangent is known to increase at high levels of Zr, which accounts for the high
value in the 5.2 atomic % Sr film. Loss tangent is generally related to the amount of
energy expended in moving domain walls during ferroelectric switching; low loss is

generally desirable. These results indicate that Sr improved losses in PZT films.
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Ei ght wafers were used in deflection neasurenents: sanples 9, 13, 14, 16,

17, 18, 20, and 21 and the wafers were processed in several batches. Upper
el ectrodes on wafers 9, 13 and 14 were sputtered Cr/N while the remaining
waf er s had eva}oor ated Ti/Pt upper electrodes (with Ti in GRhAeénkd h the
PZT, used a¥OR¥#%caution for obt ai ni ng good adhesion). In order to avoid
the effects attributable to | eakage currents caused by the Ti in the top

el ectrodes, deflections induced by an AC signal were neasured using a |aser

vi bronet er ?ﬁ AMhSldpRsiRatfile displdyed sitiirared tftrooelevarishysenaint Ibopssi Figerel eakage
had | ess of an effect in dynam c neasurenments. One end of each beam of

mat eri al wagla ghovesd férmekectrins byseresis Heopsafoerreprosntaliag filmse depogitethdy t he free
end of the beam The anplitude of the AC excitation voI e was 2.82 V on

al | sanpl esMOG¥DER eceadanse withhe agthogpf taesyentiony zyé}&ﬁl o, pre
f to identif d
bar 1 cul ar - indheied RSV SECoMETo AL foas AT AT Sl AeGhalil e DT

to the reso rpiqe he silicon cantil ever beam
denonstrati %"Flﬁﬁtpc ﬁgafl?ﬁ% vverazld%gerSUBSTl TUTE SHEET (RULE 26) WO

99/ 42282 PCT/ US99/ 01025 i ndeed piezoel ectric. The PZT filmwas thin with
respect to the silicon beam so the filmthickness had a mninmal effect on

the resonang ][13 ElﬁagH%FﬁieQ@stel‘e"sls\l\&% dheiged withadompdsitivh,lw ebilothat is@bseivadave been
measur abl e i | ms "were not piezoelectric. In nost cases a whistle

was audi bl e f@Smiryefefrastpdieic m&enalsemhetdenmngmmmef farxoeleatmic beha\e@fuaraély Fi gure
12 shows a fundanental resonance vibrational node of a cantlw beam
from sanpl e filfls shotwed dhian thetintringie quality af thaRZ apd PPET SR dibys vas BigRi t at i on
frequency for a sinusoidal AC wave of 2.8 V, and the vertical axis was
proportional to the

Eight wafers were used in deflection measurements: samples 9, 13, 14, 16, 17, 18,
20, and 21 and the wafers were processed in several batches. Upper electrodes on
wafers 9, 13 and 14 were sputtered Cr/Ni while the remgining wafers had
evaporated Ti/Pt upper clectrodes (with Ti in contact with the PZT, used as a

precaution for obtaining good adhesion).

In order to avoid the effects attributable to leakage currents caused by the Ti in the
top electrodes, deflections induced by an AC signal were measured using a laser
vibrometer as an alternative to DC deflection measurements, since leakage had less
of an effect in dynamic measurements. One end of each beam of material was
glued to a base and the laser spot was directed onto the free end of the beam. The
amplitude of the AC excitation voltage was 2.82 V on all samples. The excitation
voltage was swept through a range of frequencies to identify the resonances;

narrower scans were done around particular peaks.

Resonances were -observed on all samples, corresponding to the resonant

mechanical modes of the silicon cantilever beam, demonstrating that the films were
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anplitude of the vibration, clearly denonstrating the piezoelectric effect
in films produced in accordance with the nethod of the present invention.
It was expected that the | owest neasurable frequency was the fundanental

bending node. This was verified on wafer PSZT-21 by scannigegaidogoioaser
spot al ong WOIY4B8Zm fromthe free end toward the ci anped end. The

anplitude varied quadratically as a function of position, verifying that
this was the fundanental node. Table 2 |lists the fundanental frequencies

and Vi br at i quaiRekdeisiaR. MR PTTRIAKas tRiBOVitNeSpeat to thdsilicmcbeatn, setbt beam
Tabl e 3 Resonance data determ ned by | aser vibroneter neasurenents wth

2.82 V exci i tRidkivess hede ndnimal effekd onThé rleorens Fequpaoies. [Vavae noge dhnt
no. no. (mm (Hz) (A) 9138012400. 20 923809431. 6 9338069301. 2 1321309226. 2
143607843. 1 13 wvilabisiE Would hrcreen mreasurable i the fims wepane@ie208l58i81 6B 5

1443809820. 02 16138036752. 7 16238011950. 33 .16338049980. 7 72854241. 1
most cases a whistle was aud?ible as tFEl’e sample was swept guoug?x ti‘ne resonglﬁ

frequency.

Figure 12 shows a fundamental resonance vibrational mode of a cantilever beam
from sample 13, wherein the horizontal axis corresponded to excitation frequency
for a sinusoidal AC wave of + 2.8 V, and the vertical axis was proportional to the
amplitude of the vibration, clearly demonstrating the piezoelectric effect in films

produced in accordance with the method of the present invention.

It was expected that the lowest measurable frequency was the fundamental bending
mode. This was verified on wafer PSZT-21 by scanning the laser spot along the
beam from the free end toward the clamped end. The amplitude varied quadratically
as a function of position, verifying that this was the fundamental mode. Table 2
lists the fundamental frequencies and vibration amplitudes measured at resonance at

the end of each beam.

Table 3

Resonance data determined by laser vibrometer measurements with 2.82 V excitation

voltage amplitude.

Wafer Beam Thickness Freq Ampl
no. no. (mm) (Hz) A)
9 1 380 1240 0.20
9 2 380 943 1.6
9 3 380 6930 1.2
13 2 130 922 6.2
14 3 60 784 3.1
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173855241. 2 18138024540. 16 18238025030. 13 20138011670. 13 21238010980. 38
21338011890.37 All of the illustrative filnms descri bed above clearly.
dermonstrated pi ezoelectric effects. The liquid delivery MOXCVD approach of
the invention denonstrated the enhancenents of d31 pi ezoelRqihydosio1025
coef fici ent WO94#3¥2d by Sr substitution in bulk ceranic materials. Exanple
2 The | ead precursor chosen was | ead

bis(2,2,6, 6-tetranethyl -3, 5-heptanedi onate) [Pb(thd)2]. This conpound has
no appreci ah4e vapos# pressure aB8oom tenped8iture, whi dhO2rakes it nuch
safer to hangl e than tetra-al kyB80ead reag®nss. However, 2he | ow
volatility qg Pb(thg)2 (0.05 TonBg0at 180C)11%squires the W3® of liquid
precursor deglivery3 Titanium 380 4998 0.76

bi s(i sopropqxi de) bi 8(2, 2, 6, 6-t et ganet hyl - 3, 84hept anedi ondtE)

[Ti (Oi-Pr)3gthd) 2] swas used as ghe titani uspgprecursor. Zi.zconi um
tetrakis(2,3g6, 6- tetranethyl-33gg9heptanedpssaate) [Zr (thgll¢] was used as
the Zr sourgg reagept. These cglg@ounds args@xtremely sopyple in organic
nmedi a and ng,possi ble detrinmentajg, |igand ﬁ(@;hange is pogssble since the

titani um at i's cogrdinatively,ggturated. doplng indgggd filnms by MOCVD
requires a g{lobl um grecursor t hajg |s therlrrg stable, g@agily transported

into the gas 'phase, "and chem caI I y conpat with the 38 SUBSTI TUTE SHEET
(RULE 26) WD 99/42282 PCT/ US99/ 01025 PZT precursors in solution and during
t hermal vapori zation. Although |igand

All of the illustrative films described above clearly demonstrated piezoelectric
effects. The liquid delivery MOCVD approach of the invention demonstrated the

enhancements of d31 piezoelectric coefficient observed by Sr substitution in bulk

ceramic materials.
Example 2

The lead precursor chosen was lead bis(2,2,6,6-tetramethyl-3,5-heptanedionate)
[Pb(thd),]. This compound has no appreciable vapor pressure at room temperature,
which makes it much safer to handle than tetra-alkyl lead reagents. However, the
low volatility of Pb(thd), (0.05 Torr at 180°C) requires the use of liquid precursor
delivery.  Titanium bis(isopropoxide)bis(2,2,6,6-tetramethyl-3,5-heptanedionate)
[Ti(O-i-Pr)2(thd),] was used as the titanjum precursor. Zirconium tetrakis(2,2,6,6-
tetramethyl-3,5-heptanedionate) [Zr(thd)] was used as the Zr source reagent. These
compounds are extremely soluble in organic media and no possible detrimental

ligand exchange is possible since the titanium atom is coordinatively saturated.

Nb doping in PZT films by MOCVD requires a niobium precursor that is thermally

stable, easily transported into the gas phase, and chemically compatible with the

38
SUBSTITUTE SHEET (RULE 26)



exchange reactions often occur in solution, exchange nechani snms nust be
degenerate and thus not detrinental. To this end we explored the use of

ni obi um tetrakis(isopropoxide) (2,2,6,6-tetranethyl-3,5-heptanedi onate)

[ Nb(O i -Pr)ﬁ&t h%#a Thi s reagent provided chem cal conpatigipridoyoiods

sol uti on and't gas- phase transport of the entire chem cal m xture.
The follow ng process conditions were applied: Substrate tenperature550610C
Bottom el ectrodePt/ <barrier>/Si Total reactor pressure2-10Torr Reactor wall
t enper at ur e-piP GrdedfsbisCin Alutidrovnd ARHKE heédRal Mapuifasor: m ABdubh digad 450scem
Total reagent Mol ar concentration0.29M Reagent solution flowrate0.1 -' 0.2
n/mn | na reph@égentcattions oftan, otéue ini Isnlutiers, dxghosge euechanigndCnugs Pe/ MyQ' Si .
The pressure was 5 Torr, oxidizer flow was a m xture, of 450 _sc¢m 02 and

450 sccm N20degemetate pied thus agkdetrimental. r B dhiggad weexplorsd theruse o PoRUYRIt es. XRF

| ysi the. fol | ow ' Ny : '
o (4 9 0. GgisairpSd i SSRGS AGRRRb L (BG pAgiggness (1T
SUBSTI TUTE EE -I;ea(gle?HLEro%@ed chemical compatibility in solution and during gas-phase

transport of the entire chemical mixture.

The following process conditions were applied:

Substrate temperature 550~610°C
Bottom electrode Pt/<barrier>/Si
Total reactor pressure 2~10Torr
Reactor wall temperature ~200°C
Carrier Ar flow ~100sccm

0O, flow 450sccm

N,O flow 0~450sccm

Total reagent Molar concentration  0.29M

Reagent solution flow rate 0.1 ~0.2 ml/min

In a representative run, the film was deposited at 610°C on Pt/MgO/Si. The pressure
was 5 Torr, oxidizer flow was a mixture of 450 sccm O, and 450 sccm N, O, and the
reagent flow rate was 0.2 ml/min for 40 minutes. XRF analysis gave the following

thickness and composition data:

Thickpess (um) Pb (at.%) Nb (at.%) Zr (at.%) Ti (at. %)
0.34 49.7 0.4 28.0 21.9
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WD 99/ 42282 PCT/ US99/ 01025 The filmhas 0.4 at% Nb with a Zr/Ti ratio of
56/ 44. XRD patterns taken fromthis filmshowed all characteristics
associ ated with singl e-phase perovskite PNZT thin filmor substrate |ayers

(Pt or Si) nggggzggesul ts confirnmed the grom h of high quatdriyse®didZs t hin
films by thgv descri bed process conditions. Exami Thin film

(Pb,,Cai-,,) (Zry Til.y Z Tae) was deposited by liquid source MOCVD usi ng
t he precursors shown bel ow. Lead

bi s(2, 2, 6, 6Thefilamas by 2B, Nb wethaArd rativefS6/44, PERPpajterns taggn &opnthis
bis(2,2,6,6-tetranethyl -3, 5-hept anedi onate)-tetragly Cgﬁztdgd%wa
tetragl yme] fiinrshowed il charpetRtistics assogiated twethy %ﬂ@?ﬁb&?%’"ﬁ’é‘iﬁ te),
[Zr(thd)4] Titanium

bi s(i sopr opdbinges) sibsate Jaysrs(Bt &F Shive Thste. resultsycapfismed; s, geggh of fighs ;

Fg)g(%hg)tzlaﬂ;gl%gmwlﬁé@%s%’% g%)&)’ge TPOGeEs SondiOPS { hay] These

precursors are extrenely soluble in organic nedia and exhibit no
detrinmental |igand exchange. The solvent can be that described in U S
Patent No. 5,820,664, U S. Patent Agpmpkadi on No. 08/ 484,654 and U. S.
Patent Application No. 08/975,372. The foll ow ng MOCVD process conditions
were used: THubAlnt RbeCh eI at,u&aa,)ma@omdtm@nbqud\éoq\fﬂ? LD/ Sj
Total reactor pressure: 1.2 Ton 40 SUBSTI TUTE SHEET (RULE 26)

the precursors shown below.

Lead bis(2,2,6,6-tetramethyl-3,5-heptanedionate), [Pb(thd)2]

Calcium bis(2,2,6,6-tetramethyl-3,5-heptanedionate)-tetraglyme,

[Ca(thd)2 tetraglyme]

Zirconium tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionate), [Zr(thd)4]

Titanium bis(isopropoxide)bis(2,2,6,6-tetramethyl-3,5-heptanedionate), [Ti(O-i-
Pr)2(thd)2] |

Tantalum tetrakis(isopropoxide) (2,2,6,6-tetramethyl-3,5-heptanedionate), [Ta(O-i-
Pr),(thd)]

These precursors are exiremely soluble in organic media and exhibit no detrimental
ligand exchange. The solvent can be that described in U.S. Patent No. 5,820,664,
U.S. Patent Application No. 08/484,654 and U.S. Patent Application No.
08/975,372.

The following MOCVD process conditions were used:
Substrate temperature: ~565°C

Bottom electrode: Ir/SiO,/Si

Total reactor pressure: 1.2 Torr
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WD 99/ 42282 Reactor wall tenperature: -220C Carrier Ar flow 200 sccm 02
flow. 500 sccm N20 flow. 500 sccm Total reagent concentration: 0.30 M
Reagent flowrate: 0.14 mi/mn. Deposition tine: 1950 seconds

PCT/ US99/ 01025 Sol uti on conpositions were chosen such that gqidddvloys | % of
the A sitesWa¥42%¥cupi ed by Ca and noninally 0.2%of the B sites are
occupi ed by Ta. XRD patterns taken fromthese filns showed all
characteristics associated with single-phase perovskite Ca and or Ta doped
PZT thin fi |Rgacter walliegipemihgel-2267G (Ir or Si). These results confirned the
grow h of high quality doped PZT. Capacitor structures were fabricated for
el ectrical Cuniexdtrdlowzd00 ssenby evaporati on of 1000A thick Pt top

el ectrodes through a shadow mask. Deposition of Pt was carried out at 200C
by use of h&few J08%echeati ng. Ferroel ectric characterization was carried
out on a Radiant Technol ogi es RT6000 ferroelectric test system

Ferr oel ectriN,'zQ]Q%‘f" SI€M| oops were nmeasured using a saw tooth AC signal

wi th maxi nmu | t ages. be . Measur enent of | eakage current was
carried out rﬂfgﬁﬁ%ag%ﬁﬁgﬁehﬁ%g%éﬁ\%l ectroneter using a staircase voltage
ranp with O.I&Xﬁa&ggg,rg@ploﬁ@nﬁmh_l time at each voltage. Current density

nmeasured in this way has both rel axati on and steady state | eakage
cont ri but i onsepodifion HBSIISDEENGIEET (RULE 26) WO 99/ 42282 PCT/ US99/ 01025

Solution compositions were chosen such that nominally 1% of the A sites are

occupied by Ca and nominally 0.2% of the B sites are occupied by Ta.

XRD patterns taken from these films showed all characteristics associated with
single-phase perovskite Ca and or Ta doped PZT thin films or substrate layers (Ir or
Si). These results confirmed the growth of high quality doped PZT.

Capacitor structures were fabricated for electrical characterization by evaporation of
1000A thick Pt top electrodes through a shadow mask. Deposition of Pt was carried

out at 200°C by use of halogen lamp heating,.

Ferroelectric characterization was carried out on a Radiant Technologies RT6000
ferroelectric test system. Ferroelectric hysteresis loops were measured using a saw
tooth AC signal with maximum voltages between 2.5V. Measurement of leakage
current was carried out using a Kiethley 6517 electrometer using a staircase voltage
ramp with 0.5V steps and 5s dwell time at each voltage. Current density measured

in this way has both relaxation and steady state leakage contributions.

M
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Figure 13 shows ferroelectric hysteresis | oops for filns deposited by MOCVD
In accordance with the nethod of the invention, with a Zr/Ti ratio of

40/ 60 both with and without 1 %Ca and 0.2%a substitution. Both films show
full saturation below 2.5V and hi gh remanent polarizationpdrh@vseodst shows
the | eakageWOPHER} versus voltage for PZT with Zr/Ti of 40/60 and the
same Zr/Ti with 1 %Ca and 0.2%la substitution. The substituted nateri al

has 1/7th the | eakage current density at 3V conpared to material which was
not substi t utiggre 15 MhdVGETISré¢leodPhys@A@is Ibdps fohBlms-deposited &R MOEVD in
B-site-nodified PbZrTi 3 materials and (Pb, Sr, Ca, Ba I\/gg Zr, Ti, No, Ta) 03
filnms of theaccordameivath the methad obtha mvendonmtitra ZiE ratis of 490 batavithns
including ferroelectric random access nenpries, hjgh rformance thin film
mi cr oact uat oarsl,withosbbeEa 2nh§-2 e qubslifutiopoBeth fiﬁ‘éts*‘%f’ ﬁﬂf@aﬂpa WMors, and

ot her device applications where peraqvski i ezoel ectri roel ectric
material s ar%5vrgg@|mgﬁé?ﬂ‘m?ﬂ%p(§ﬂzﬁ€mbf ‘W&H?ﬁﬁ%‘?ﬁtﬁﬁ)’?‘% ngggqﬁﬁfsgéed to form
cantil evered i ezo | 4 G, r 118, RLsidt0 s and
m croval ves, vqlﬁgq @2?%3‘%8{‘1 %ré’g‘ogld'?&%ita}n{?ieﬁggrsg[tngg /Fﬁ?ghilg% egr atdézc?agﬁi[ rcuit

devi ces. Optjgak, faViARSuBHRREEHaRYalHAS 1/7kH1Whe Idakagd® dibres deality ABVL he

I nvention inc udt(Lal geonetric and spectral- (or interference-) based

devi ces, suckyRfaréiiy aii@ialriviichives aoesubstitsted.or novabl e micronirror arrays,
or in spectral devices for alteration of resonant cavities in etal on
structures to detune reflectance of such devices; as wel|l as for operation

of hydraulic and fluid flow s;_/,stem;l for ultrasonic transducers and active
vi bration control devices, 1\ PL1 1 face anal ysis of
materials, etc. In non-volatile ferroelectric nenory devices, thﬁathin

S ]

fi 1 m materi alTe Megitbeansir Bysite-modified 2bErliPagmaterialy candr 6. s¥e i
ooy or " B BF0R "l R ATRS, yia BBRE Bl k"

applications including ferroelectric random access memories, high performance thin

film microactuators, uncooled infrared detectors, spatial light modulators, and other
device applications where perovskite piezoelectric and ferroelectric materials are
required. The films of the invention may be employed to form cantilevered
piezoelectric microactuators for use in positioners and microvalves, that may be
usefully integrated into integrated circuit devices. Optical devices enabled by the
thin film materials of the invention include geometric and spectral- (or interference-)
based devices, such as movable microlens arrays, or movable micromirror arrays, or
in spectral devices for alteration of resonant cavities in etalon structures to detune
reflectance of such devices; as well as for operation of hydraulic and fluid flow
systems, for ultrasonic transducers and active vibration control devices, and in
detectors for surface analysis of materials, etc. In non-volatile ferroelectric memory
devices, the thin film materials may be employed in data storage structures such as

ferroelectric random access memory elements, for replacement of flash memory and

EEPROM devices.
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WD 99/ 42282 PCT/ US99/ 01025 TAE CLAIMS 1 A nodified Pb(Zr, Ti)03 perovskite
crystal material thin film wherein the Pb(Zr,Ti)03 perovskite crystal
material includes crystal lattice A-sites and B-sites at |east one of
which is nodified by the presence of a substituent sel ectegdiasybfgs Jroup
consi sting 8993’?432833\-si te substituents consisting of Sr, Ca, Ba and My, and
(ii) B-site substituents selected fromthe group consisting of and Ta and
the film thickness is | ess than 150nm The nodified PZT deposition process
conprises a liquid delivery MOCVD approach to thin-filmgrowh from

met al organi ¢ precursors, such aMi ket onates), dissolved in a
solution to deposit the netal co the thin film 2. A nodified
Pb(Zr, Ti)03 perovskite crystal material thin filmaccording to claim 1,
nodi fied by at |east one of said A-site substituents. 3. A nodified
Pb(Zr, Ti ) 03 jper owsisiotified 'BMZrTi)Omperovsidte chystal fiatemiab thiw fima gvhegein dheai m 1,
modi fied by at |east one of said B-site substituents. 4. A érgdi.f i eg
Pb(Zr, Ti ) 03 RueZxTi}0y fecovskiseserystal raatesial includes ¢rystal latuge Astiigs ARC PSR Ahi m 1,
modi fied by Sr. 5. A nodified Pb(Zr Ti)03 perovskite crystal [al thin
fi 1 m accor dileat bue of:whichis mogifiedrhycthe piesence of a %e%ﬁtﬂaﬂti%ff@f}(%% 03
perovskite crystal materjal thin fil maccordin chai i(fi4 ed by
Ba. 43 SUBSTrqupTeonsistingrof (RUAEIS 8‘)"“&&%!*%‘22&'25 g&%‘ﬁ&gbﬂtﬁ%%&%ﬁ@%di fied
Eg((j,z][ i l:j) 83 ei_rteO\éﬁt;(sltiEueent%rQ/echaelcl #1504 Sthé Yrodp bdhsfslihgcRCAA" $h ! e Cil M 1.,

thickness is less than 150nm. The modified PZT deposition process comprises a

liquid delivery MOCVD approach to thin-film growth from metalorganic precursors,

such as metal (B-diketdhates), dissolved in a solution to deposit the metal

components of the thin film.

2. A modified Pb(Zr,Ti)O; perovskite crystal material thin film according to

claim-1, modified by at least one of said A-site substituents.

3. A modified Pb(Zr.Ti)O; perovskite crystal material thin film according to

claim 1, modified by at least one of said B-site substituents.

4. A modified Pb(Zr,Ti)O; perovskite crystal material thin film according to

claim 1, modified by Sr.

5. A modified Pb(Zr,Ti)O; perovskite crystal material thin film according to

claim 1, modified by Ca.

6. A modified Pb(Zr,Ti)O; perovskite crystal material thin film according to

claim 1, modified by Ba.
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8. A nodified Pb(Zr,Ti)03 perovskite crystal material thin film according
to claiml1, nodified by Ta. 9. A nodified Pb(Zr, Ti)03 perovskite crystal
material thin filmaccording to claiml, nodified by Ta and Ca., where Ta
< lat.%and _Ca < 4at.% 10. A nodified Pb(Zr, Ti)03 perovski p€rosisnink
material thi"Y° 8 wherein the Pb(Zr, Ti)03 perovskite crystal material
which is nodified by the presence of A-site substituents consisting of Sr,
Ca, Ba and My. 11. A nodified Pb(Zr,Ti)03 perovskite crystal material thin
filmaccording to claim10, nodified by Sr. 12. Thin film piezoelectric

PSZT. 13. Thin filmferrqelectric PSZT, 14. Thin filmpiezoelectric PNZT.
15. A deviceTsel e mﬁﬂ@ﬁ“@lwaW%FWFaﬁW%&HAﬁPeECLCP@FRchani cal
devices and ferroelectric devices, conprising a nodified Pb(Zr, Ti)O03
perovskite chajmilamodifiedPYMe-thin filmincluding crystal lattice A-sites
and B-sites at |least one of which is nodified by the presence of a
substituent selected fromthe group consisting 44 SUBSTI TUTE SHEET ( RULE

26) VD 991 42362 PATLIUSIRPRATINO, blrbuehn ks Wikl 9a e sRsicig 19 of ST

Ca, .Ba and a B-site substituent's selected fromthe group

consi sting ofyhh 12RdifRd byGa. A device according to claim 15, conprising a
ferroelectric thin film capacitor including upper and | ower el ectrodes
having a ferroelectric thin filmmaterial therebetween, wherein the

ferroelectric thin filmmaterial conprises thin fil ferroelectric PSZT.
17. A devi ce 9accordmedified Rh(45. Q5 perovskye iceystal ‘%Pt?ﬁag]rdﬁélfrél& P‘E‘Pﬂféﬁ'ﬁa?ﬂ cal
claim 1, modified by Ta and Ca., where Ta < 1at.%-and Ca < 4at.%.

10. A modified Pb(Zr,Ti)O; perovskite crystal material thin film, wherein the
Pb(Zr,Ti)O; perovskite crystal material which is modified by the presence of A-site

substituents consisting of Sr, Ca, Ba and Mg.

11. A modified Pb(Zr,Ti)O; perovskite crystal material thin film according to
claim 10, modified by Sr.

12.  Thin film piezoelectric PSZT.

13.  Thin film ferroelectric PSZT.

14.  Thin film piezoelectric PNZT.

15. A device selected from the group consisting of microelectromechanical
devices and ferroelectric devices, comprising a modified Pb(Zr,Ti)O; perovskite

crystal material thin film including crystal lattice A-sites and B-sites at least one of

which is modified by the presence of a substituent selected from the group consisting
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apparatus including a thin filmpiezoelectric PSZT el enent as a sensor
and/or actuator elenent thereof. 18. A device according to claim15,
selected fromthe group consisting of: optical systens; novable m crol ens
arrays; novable mcromrror arrays; spectral devices for apdEussgi02€sonant
cavities; c%‘??%&?ﬁér pi ezoel ectric filmelenment mcropunps; cantilever

pi ezoel ectric filmelenent mcroval ves; ultrasonic transducers; active
vibration cogf§h-siesibs@aentd/Emsisligtofi 53 CABAhnE M, ahd 0 BY1tO SltRGiuentS
detectors; and non-volatile ferroelectric menory devices wherein the

pi ezoel ect ri gelectdd/from thefgesup@ehsistingiof NbandTar acter. 19. A devi ce according
to claim 15, conprising a cantil ever beam device including a piezoelectric
thin filmPSZT beam el enent. 20. A device according to claim15, conprising
a cantil ever beam sensor. 21. A device according to claim 15, conprising a

cantil ever bé&m adtdg¥iceaccordingsopizim §momprising adeageteciriy thindiloneapac

PCT/ US99/0 t 025, 22. A nethod of forpm on a substrate a ppdified

Pb(zr, Ti ) 03 Hehiding.pprer @ﬁ;]'@?’a'f elegirodes AVINg; ¢, Teroaleatnc A ﬁBﬂc%ts?%h

| attice A-sites.and B-sites at ast one, of .. whi ch.i.s Lfied. b he
presence of tahegqgg ??'ugh?“‘é‘eﬁ’gc@aaﬁ%% e%‘l’o‘ﬁﬁ‘“&%}n%‘.@&“ﬁ tﬂlo }ﬁz‘l;') A-site
substituents Q@E [ of Sr, Ca, Ba and My, and (ii) B-site substituents
sel ect ed fro?n %btalrkotpggrbonsi sting of Nb and Ta, conprising liquid delivery
MOCVD of the thin filmfrom metal organic precursors of the nmetal conponents
of the thin film 23. A nethod according to claim 22, wherein the

met al or gani ¢ 1pr ecAr deviee acamnding de ¢léitmariSucomprising a microelectromechanical

bi s(i sopropoxi de) bi s(2, 2,6, 6-tetranethyl -3,5-heptanedi onate), titanium

bi s(tert - but appagasysincluling, & thint fim pirzeeleatrics PSZTcplemeantdroAatedsorodnd/es ani um

actuator element thereof.

18. A device according to claim 15, selected from the group consisting of:
optical systems; movable microlens arrays; movable micromirror arrays; spectral
devices for altering resonant cavities; cantilever piezoelectric film element
micropumps; cantilever piezoelectric film element microvalves; ultrasonic
transducers; active vibration control devices; uncooled infrared radiation pyroelectric
detectors; and non-volatile ferroelectric memory devices wherein the piezoelectric

film is ferroelectric in character.

19. A device according to claim 15, comprising a cantilever beam device

including a piezoelectric thin film PSZT beam element.

20. A device according to claim 15, comprising a cantilever beam sensor.

21, A device according to claim 15, comprising a cantilever beam actuator.
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oxo bis(2,2,6,6-tetranethyl -3, 5-heptanedionate). 24. A method according to
claim 22, wherein the netal organic precursors conprise zirconium
tetrakis(2, 2,6, 6-tetranethyl -3, 5-heptanedi onate) and/or. zirconium

bi s(i sopr opoxi(?ge% is(2,2,6,6-tetranet hyl -3, 5- hept anedi onatp)r/us8®&o102s net hod
accordi ng t WOK4 22, wherein the netal organic precursors conprise |ead
bis(2, 2,6, 6-tetranet hyl -3, 5- hept anedi onate) and Lewi s base analogs of this
material . 2622.A gt hrthodcafoforining droa Ghbstrate22 modiféede Ph(ZrTi)O3bgefoyskite 03
perovskite crystal nmaterial conprises Sr or bariumas an A-site

substi t uent , crgsal mdteriadithin filme inclwdiog crygaliatticp Aesites suxd B-sitespt legst oneobnt i um or
barium bis(2,2,6,6-tetranet hyl -3, 5- heptanedi gnate) coordinated with Lewi s
bases such awhickisimedifiercby the presanse pf 4 subgtitugnt selecied:isomm dhe;grqup ePRsISHRE hy |

di et hyl enetri am ne. 46 SUBSTI TUTE S T ULE . 42282 . '
PCT/ US99/ 010%!)2“?.3“%'%%%‘3%35 cansiging 9'?('? t ‘Bé aaﬁ“%@ %@%Fﬁe f‘ﬁ’é“%’(‘ir ,Ti )03
perovskite crystal . majer]j compri se g ' . Ak '
substituent, s%‘ﬁ&f%\m%?‘efhﬁ Fﬁkp Y ‘.%nirgfagi%c%dr g@ﬁ@bﬁ%g%@%@‘eﬁgﬁm ci um
or magnesi um'cg&ﬁ i trhi¢dlorgAnic pe s o U RAER] copsrdhRdfed Wi th
Lew s bases Suc as??tﬂgttﬁlggf?;%{rr@?ﬁt etr%rr%et h§/’| et hyl enedi am ne" and

pent anet hyl gdlgtihyilgnetri amne. 28. A nethod according to claim22, wherein
the netal organi c precursors conprise niobiumtetrakis(isopropoxide)
(2,2,6,6-tetranet hyl -3, 5- hept anedi onate). 29. A nethod according to claim
22, wherein the netal organic precursors conprise tantalum

t et r aki s(i sop3.opoki meghog 2acpording- toe elaimhed2h Yherin, _the Jnelalorsapica PEFUISS. A

met hod according to ¢laim2

at | east oneCMPrset MAYHMD] é@f‘%&g‘b@%}gg&’ﬁ&%égé?%ﬁ%%g—ﬁ%&%@%ﬁw ?g[rpri se

titanjum bis(tert-butoxide)bis(2,2,6,6-tetramethyl-3,5-heptanedionate) or titanium

oxo bis(2,2,6,6-tetramethyl-3,5-heptanedionate).

24. A method according to claim 22, wherein the metalorganic precursors
comprise  zirconium tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionate)  and/or.

zirconium bis(isopropoxide) bis(2,2,6,6-tetramethyl-3,5-heptanedionate).

25. A method according to claim 22, wherein the metalorganic precursors
comprise lead bis(2,2,6,6-tetramethyl-3,5-heptanedionate) and Lewis base analogs of

this material.

26. A method according to claim 22, wherein the Pb(Zr,Ti)O; perovskite crystal
material comprises Sr or barium as an A-site substituent, and wherein the
metalorganic precursors comprise strontium or barium bis(2,2,6,6-tetramethyl-3,5-
heptanedionate) coordinated with Lewis bases such as tetragiyme, tetramethyl

ethylenediamine and pentamethyl diethylenctriamine.
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hept anedi onate); zirconium

tetrakis(2,2,6,6-tetranethyl -3, 5-heptanedi onate); | ead

bis(2,2,6, 6-tetranethyl -3, 5-heptanedi onate); strontium
bis(2,2,6,6-tetranethyl-3,5- heptanedi onate)tetraglyne;, angciizbeonns
tetrakis(i sWBPREde) (2, 2,6,6- tetranmethyl-3,5-heptanedionate). 31. A
nmet hod according to claim22, wherein the netal organic precursors conprise
titani um bi sf7, sopK apetoddedddiag fo Slaith B2, twhefeineie! BH(ZATHO paronsia@icoystd ) ;
zirconiumtetrakis(2,2,6,6-tetranethyl -3, 5-heptanedi onate); and | ead

bi s(2, 2, 6, 6- mhtetidlacomiphises €aorhmagnasianti asnad &)-site3 2ubstituent, land whereindiheg t o
claim 22, wherein the netal organic precursors conprise titanium

bi s(i sopr opometivrganic(frecRrsorsomprise:e calcinmPr nagnesivm Sis(2 2 Hi6tetramethyl- oni um
tetrakis(2, 2,6, 6-tetranethyl -3, 5-hept anedi onate); |ead Pi s(2,2,6,6.47
SUBSTI TUTE SBiStteptanediqnatsy poasgingiod sithgbevrs-basgaosck) ag sejraglyme, tetramethyl

tetramet hyl - 3, 5- hept gnedi,onat e) ; t |east one - of strontium

bi s(2, 2, 6, 6- ctbglpq%mﬂ@%@ﬁ%ﬁ{ﬁﬁ&&?‘gmm& ragl yme and ni obium
tetraki s(i sopropoxide) (2,2,6,6-tetranethyl-3,5-heptanedi onate). 33. A

met hod according to claim 22, wherein the netal organi c precursors conprise

titani um bi S?'g_SODAoﬁ%bﬁlea\:&raﬁ@, t&: Elaftn 122! "WoHERSIN Ythe %n&amﬁg%hwﬁ?ﬁucmafse) ;

zirconiumtefrakis(2, 2,6, 6-tetranethyl -3, 5-heptanedi onate); [ead

bi s(2, 2, 6, 6- cémprise WRibiuth tetrakis(ivoptopoxide)d2.2i6c0-tetramethgl-3,5dwptanedienate). cal ci um
bis(2,2,6,6-tetramethyl- 3,5-heptanedionate) tetraglyne and tantal um
tetraki s(isopropoxide) (2,2,6,6- tetranethyl-3,5-heptanedionate). 34. A
met hod according to claim 22, wherejn tr}te di f itgd Pbgé'rr, Ti,)03 erovskite
crystal mateRfal Anhmsthof|accordingatos game 3% i Wherep | tBe  BefalorgAMs PECY8Ep

consisting Ofcc:)mprisc tantalum tetrakis(isopropoxide) (2,2,6,6-tetramethyl-3,5-heptanedionate).

30. A method according to claim 22, wherein the metalorganic precursors
comprise at least one of titanium bis(isopropoxide)bis(2,2,6,6-tetramethyl-3,5-
heptanedionate); zirconium tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionate); lead
bis(2,2,6,6-tetramethyl-3,5-heptanedionate); strontium bis(2,2,6,6-tetramethyl-3,5-
heptanedionate)stetraglyme; and  niobium tetrakis(isopropoxide) (2.2,6,6-

tetramethyl-3,5-heptanedionate).

31. A method according to claim 22, wherein the metalorganic precursors
comprise titanium bis(isopropoxide)bis(2,2,6,6-tetxamethyl-3,S-heptanedionate);
zirconium tetrakis(2,2,6,6-tetramethyl-3,5-heptancdionate); and lead bis(2,2,6,6-

tetramethyl-3,5-heptanedionate).

32. A method according to claim 22, wherein the metalorganic precursors
comprise titanium bis(isopropoxidc)bis(Z,Z,6,6-tctramcthyl-3,5-heptanedionatc);

zirconium  tetrakis(2,2,6,6-tetramethyl-3,5-heptancdionate);  lead bis(2,2,6,6-
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(Pb,Sr)(2r,Ti)03, (Pb,Ca)(2r,Ti)03, (Pb,Ba)(zr,Ti)03, (Pb,My)(Zr,Ti)O03,
(Pb)(Ta, 2r,Ti)03, (Pb,Ca)(Ta,zr,Ti)03, (Pb,Sr)(Ta,Zr,Ti)O03,

(Pb, Ca) (Nb, Zr, Ti )03, and (Pb, Sr)(Nb, Zr, Ti)03. 35. A nethod according to
claim?22, wherein the Pb(Zr, Ti)03 perovskite crystal materg&)ysohivnsses
PSZT. 48 SUBOMMRME SHEET (RULE 26) WD 99/ 42282 PCT/ US99/ 01025 36 A net hod
according to claim?22, wherein the Pb(Zr,Ti)03 perovsidte crystal naterial
conpri ses atetamothyl-3, Sdwptanedianete);omnd| at RBsssr oie xOfZrspontiumy )HE2,2v0H@T ei n

Pb: Sr. Zr: Ti has a ratlo X:(1- where x has a val ue of from about
0.86 to abotfiramethyl-3 §ﬂ8mﬂv¢m'92=&¥%ﬂw=ofm¢r Siabiysa | ttetpakisfispproppxide) 0. 60. 49

SUBSTI TUTE %E-E—t RUL%\)%G_J)S-heptanedlonate)

33. A method according to claim 22, wherein the metalorganic precursors
comprise titanium bis(isopropoxide)bis(2,2,6,6-tetramethyl-3,5-heptanedionate);
zirconium tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionate); lead bis(2,2,6,6-
tetramethyl-3,5-heptanedionate); and at least one of calcium bis(2,2,6,6-tetramethyl-
3,5-heptanedionate) tetraglyme and tantalum tetrakis(isopropoxide) (2,2,6,6-
tetramethyl-3,5-heptanedionate).

34. A method according to claim 22, wherein the modified Pb(Zr,Ti)O4
perovskite crystal material thin film has a composition selected from the group

consisting of:

(Pb,Sr)(Zr,Ti)03,
(Pb,Ca)(Zr,Ti)O3,
(Pb,Ba)(Zr,Ti)0O3,
(Pb,Mg)(Zr,Ti)03,
(Pb)(Ta,Zr,Ti)O3,
(Pb,Ca)(Ta,Z1,Ti)03,
(Pb,Sr)(Ta,Zr, Ti)O3,
(Pb,Ca)(Nb,Zr,Ti)O3, and
(Pb,Sr)(Nb,Zr,Ti)03.

35. A method according to claim 22, wherein the Pb(Zr,Ti)O; perovskite crystal

material comprises PSZT.
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36. A method according to claim 22, wherein the Pb(Zr,Ti)O, perovskite crystal

material comprises a composition of the formula
PbxSr(1-x)ZryTi(1-y)03,
wherein Pb:Sr:Zr:Ti has a ratio x:(1-x):y:(1-y),

where x has a value of from about 0.86 to about 0.93, and
y has a value of from about 0.50 to about 0.60.
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