;] _"e3eP-d6>T~i 0 nuc, m A-SI TE- AND/ OR B- SI TE- MODI FI ED PbZr Ti 03 WﬁR'AﬁBSZUUZ
AND (Pb, Sr, Ca, Ba, My)(Zr,Ti,No, Ta)03 FILM5 I e TY | N
FERROELECTRI C RANDOM ACCESS MEMCORI ES AND HI G-I”mﬂmﬂm lTHI N FI LM

M CROACTUATCRS Field of the Invention The present _liég}ggntl on relates to the
chem cal vapor deposition (CVD) formation of Pb(Zr, |(’) 03 materials nodified
with Goup Il cations (Sr, Ca, Ba and/or Mj) on the A-sites thereof, and Nb

and/ or Ta ! P (Hh, <Ti, Nb,
Tay03 11N ANBIOR TSI EFOnAIED Poertios atErIBEs AN SE 1, o
per f or manc€as hi Bas i | Ma{Zn, TaNbEDO3s, BHMSn rHAMING de W ELIAY) i I i ons.
Descri pti oFERROEEERIREC:J RANDO@M 0AECCESSc MEMORIES ar AND e #¥HGHy
finding i NEERFOFRMANCECEHINFILM VMICROACGTUATARS non-vol atile
ferroelectric random access nenories (NV-FeRAMs), uncooled infrared (IR
detectors, spatial light nodul ators, and m croel ectromechani cal systens
(MEMS). Many of these applications require optimzed ferroelectric,
pyroel ectric and rel ated properti BESCRIPTION € known to be sensitive to
fil mconpositions and incorporations of dopants or nodifiers. In order to
effect such conpositional variation, there is a need in the art for
correspondi ng processes enabling the production of perovskite filns with
superi or ddeldosfithe dmedntiomd per f or mance properties. ~~I1111 A~ 2 p AUG
2002 Directing the discussion nowto a rel evant background aspect of the
present . invention, the devel opnent of reliable actuation nethods and
devices is one of the key challenges in the evolution from m cronmachi ned

sensors t olhe pressst inveptio &¢latss éathesshemigad vapardspositipy (CY DA (fprmation of
i | ectd,i ' : y f~t eghnal ogi,cal | t
For - such ke SHOTRaeRaR Bl Bt Tubi BRelrBsP ch MR MeRp ithg °
ffici . hi gh_pj | ectri tfi.cients. . Th fam | f
mater al kit prerbstonth BT Brdpe arufdsdbieer 20 HaBhySErChReryT 1
_Y) 03 (PZWgy(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 varnation, there is a need in the art for
corresponding processes enabling the production of perovskite films with superior

compositional and performance properties.

*G00002+*



One primary factor limting devel opnent of piezoelectric MEMS has &nAUBemm
| ack of suitable, high quality thin filmpiezoelectric materials. PZT and

rel ated conpositions are the best piezoelectric naterials available in bulk
formand are a |ogical choice for thin-filmmcroactuator applications. A
nunber of m croactuator devices can be envisioned that are based on

cantil evertype deflection, including optical devices and liquid control

S| <o e e SR DRI e A ORE i BA, °
I e e T T R
—voltage i efi " efllohedy ORRr ¢ naleybRubhe BoR? OGhRRThdchiEAC! Kb (@31

Since the flection is directly proportional ('he applie age and to
the piezo I kG i R . Y | t age
i ncreases ‘?{nﬁfé&eﬁ é:fr P@gﬁ%nlrl]&! E%%T(rﬁﬁéh«gyst)hpg&?@%@%%%%%ﬁi@%r%%g? for a

gi ven def liagichQud plopertids ofetedRhd1agRall fnpREHAee FoMistdh MENER388li@Rdns, LOVer

drive voltage requirenents are alSo a significant advantage ‘as I ntegration
of PZT m Giiddadihgahighs elebirémédhafizanicodpling Gokfficldnty aléVhighsS piesodlegtienpl at ed
by the art and this remains inportant even for small displacenent devices.
2 2 0 AdeefficieatsAc chhied inmagt ycomrhomofahmilyb ef anatertied t extibitihg ashthnefe theset he art
to devel op_conpagsitions and process technol ogy for the achievenment of high
qual ity fi°h%F§°"Fﬂ§F!°SéF%b%§B¢é“%@@i‘axllﬁ}'w @<ection for a given drive
voltage in mcroactuator applications. Simlarly, these high quality filns
may have ot her advantageous properties. Integration of thin film PZT and
related materials i nto VEMS agéovlei cations requires_a well-control | ed process

that af f o/ RipBy factepHmitns Piszoslertrie MEMShas heap thiplagk devi ce

f fer. . f fer-ta-wafer,.. I iti,on, d st
Cover age. 0L SEHAEr JUE GPaline bR SlRnPRGTF L RaeUlses 14l itk Bt he cdges
of featur %sm‘i,hggb#%g@%s%e&t @Q&c@ea& NBdrats %‘gﬁg@%qﬁ%ﬁ( ?&#ﬁ%ac $ o ghly

econom cal". requirenent 1s conpri's Severa ors 1 ncluding
the abili . S | . and achi eve high process
throughpu?c?/gli?tc %@8 t gﬁ@g@rgﬁctﬁgﬂ? '?E%t%&g'ul k piezoelectric ceramc
materials has changed little in the |ast decade, considerable effort has
been focused on techniques to produce thin filnms of PZT and rel ated

mat eri al s.A mbausfl ifdroegtiatdrpdevives @hn 68 @wisioned! that et basedion Rantilevér- es of
Ferroelectric Pb(Zrp,9Ti0,1)03 Filnms by Reactive Sputtering," T. Okanura,
M Adachi typE. dSlectiemkincludingkoptidahtdayicdsapnd JiquidpgintroPidyeic@0- Deperddifg ) :
1034), sol-gel formation ("Low Tenperature Perovskite Formation of Lead

Zi r conat e uppr ghetapplieationrithegeqyregmestse frneparitingedeflection wepded dmFush B Desu,
J. Mater. Res. 8 1993% }39129 , and.CVD ("Preparatiqon and Properties of
(Pb, La) (zOe¥icsoma YRy wide a caRtilpYered Riezo BUFTORLIHRIPT ®Pfon, " M

s o BT, o i ety SRS W SEHEELTY .
e, OG5V HBHER vrble T Bty MgEHAAP 0, o pliaae. T

coefficient d3]. Since the deflection is directly proportional to the applied voltage

and to the piezoelectric coefficient d31, 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.



3 . 2 0 AUG 2002 Proceedi ngs, Colorado, Springs, CO ( 1993 )) haveezélll t@e?
used to make high quality . thin filmPZT. RF sputtering is an inh (gntA 002
| ow deposition rate process for conplex oxide nmaterials |ike PZT and

uni form conposition is difficult to achieve across large areas. In

addition, as sputtering targets wear, conposition 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. Mreover, sol-gel processing of PZT requires post-deposition
anneal i ng, ieh ca 0, |.zaf | 0, f n af f ect
under | yi ngA%r%? 51&(‘: quvg‘gg t;,&I ?%%sgﬁk%f%%%gnﬂgﬁse %?agg dﬁgéé%p ?@P%S\;ﬁvregorlﬁng
processi ng t . e of: I L Low

Tenper atur%&dg@gésglgﬁ@%}—%& On%tr ﬁ%%g%}*lg‘fgyaea{ Q?rh %nglt?;éhtfl'??%ﬁé?% Fﬁr’lle I'lms by a
Seedi ng Prgegsdze defléctio@r A $ivenBdrikeSVoltade ilBicr38Stuatsr @pBRchkions39)
these tenperatures are still higher than those which have used wth success
to deposi tSiREE:WthM& H e WS ta9hal6thBr Advankéous Preeedicdr €, a process
is desired for e formation of thin films of PZT and rel ated materi al s,

whi ch affords conpositional control, provides uniformty of the thin film
mat eri al over | arge areas, and achieves a high degree of conformality on

t he subst riategrationwd thin dilma7 Tvehd redatechmhbiegihlsdetoAMEM Sappimbtions Tequids@osi t ed
material should also be free of pinholes, since in capacitive and many

ot her deviwelk-congialled| process| that aftords precise siootrob@f apmpositiondtey maintaiFior t hi n
filmPZT and rel ated materials, precise_and_ repeatable conpositional

control i saceeieble devicgperferaance agrpssr wafer pndrironr wafegfto-yiafari {1 additignyi cal

deposi tion thods (e.g., sputtering, eva or,atiofn of thin filmdeposition
are defici fiep £ %a%ﬁa’ieﬂ}mﬁi for, pigrpRarhiniggE é&‘ﬁp‘&%&f&ﬁé% prefe D

[ | vi t f _bubbl : 0 AUG. 2002 Turni t tri
v V"0 e D RBh bt ey Tur0n R Bl bl BPOBERTLL' S
be 1 pr ovegl Byn[cGP! AR fhsf ruiBibt s SRGGAES o IR 'hADS Rlndinl DS
oxi dation SCale. o Thi's 1 yp caﬂy referred to as donor dopirng.~ln specific

cases | DU MBGCR $rdcied S8 0fed 05! S4RRC A" A AHCRRA] pldIBL Hroligfy Deen

attribute ing. Inprov age resistante I's obsefved for
donor dopi Ahclipl the sted of YR akt GfuLR pic@delbétrie fcefudiip ansafialo hadthateive and
impurity acceptor defects. Inprovenents in fatigue have been reported for
dopi ng W tlittly titir theinbagt YdecaddSi ¢onsitletdbld Pffoit, had. beeh/ fdruded 6h Yedhnijues to
T.S.//Yoon, S.J.//Kim HJ.//Jeong, HJ., "Effect of Yttrium Doping on the
Fer r oel ectprodudedhindilms afi 8 ZTandablated nGiteniast eri stics of Pb(Zr0, 65Ti 0. 35) 03
Tin-Filnms Prepared by Sol -CGel Processing', | NTEGRATED FERRCELECTRI CS, (10),
1995, pp.181-188), |anthanum (La), (Shim zu, M//Fujisawa, H.//Shiosaki,

P( zr 11y O THRUERRE nl EBYANBIA BT AR RIS Rep e e b erggietinig g

. 69-75) , pildiz0bid : | f I :
00 Lo7 Foy RREARTE OB Filipd byt Regctiielsplibei)ts T Qldllel MAAS, T.
"LaO0, 55r 0, &6 . ade T | i hi.n- Ei | atil
ooy oo SRR BRbLRE. BRI AR 196 804 Zadh) 0834085001 kSibRRKO oL ©
(Ta), (ChQipowrTRmpefiiite Pérd¥skitd E8rmalioh: df 148 Fircdndte /Tikhite 'Iiﬂlmqi ilms Byase

Formati ons and El ectrical -Properties of Doped-PZT/ PbTi 03 Fil ns Deposited by

React i ve SpSdeliftip Pi@cdss ' DK M/bk and S8IBIBES, J. MARER AL & (BO35ENGE), ANDING NEERI NG
B- SOLI D STATE MATERI ALS FOR ADVANCED TECHNOLOGY, 41, ( 1), 1996,

pp. 16- 22. )("Pepemation caadt Psopertiesnef dPbigiEntDPss Thimdiknady Metadorganiat ed by
donor doping with Ta using a sol-gel thin filmfabrication process (WL.

Warren, D.Clisimioal, Vapor Piepesition," MitQkada and K. ortkeaganhAppl\liysalle(19A2F:t s and
P 86 50ss: gt Cigwih andbBirgeterization of Fermoelectie PH(Z2, 1103 Thin Fiins by

MOCYVD 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



Doping is straightforwardly achi eved using deposition processes such %s
sputtering and sol-gel. To achi eve doped PZT by MOCVD requires 2 AUG 2002
identification of suitable precursor chenicals that deconpose to the
desired product and do not undergo undesirable interactions during delivery
and transport to the substrate. Few exanples of doping by MOCVD exist in
the prior art, and as wll be described, nmany have never been described to

date. The st ,co dopapt ., La nd sited /D, to _provide
o oY 111 mePraceeih . Serindsoool FRoHERRve siRfnRta B/ malieh hBafi oL
" Manuf act yri ng of,,Rerovskite Thin-Filnms Using Liquid Delivery MOCVD ,
|'NTEGRATED FE T RICS, (10), 1995, pp.922.). Wile Nb doped PZT has

been denonstrated by Shim zu et al., they used tetraethyl Pb, Zr(tertiary
t-butoxide)4 and Ti (i soproxide)d4 for Pb Zr and Ti precursors, respectively,

and Nb( et i . as : b: j 2U j LShy.osaki ,
T Fect B i€ of0inERRY A0k SepbMof rarqygrtretl (B EBmpld, it

Pb(Zr, Ti ) Ghaterldls iké& PZTBandYanleknY Compbditi&isAl e uh et Vet RlsStargd dread 997,
pp. 69-75). The di sadvantage of this approach is that tetraethyl Pb is toxic

and rel at ilyeidditiéty aa apetteiing tadgdtd Swdak,0BomipesitiondIcan SdHfe anld troestdrgstper at ure
and the lack of a suitable sensor to warn of its presence. Furthernore, the
Nb pr ecur sontahigatidnoix iedayielyprobiematicrfatprbodess vortiol s SbbgelRirogasssswftar s, such
as a Pb(tetranethyl heptandi onate)Z, used in the present application. It
must be erbetiers conttbl agfacompération, mit diaye quoor ystelf caveragepatMdareevesesologel

wel | - behaved precursors for each doping application is essential. There is
t her ef or e paogssuingi pf REEd requinep epestdepesitionevarmeplingac whicht canhdeadegosi ti on

of novel thin filmmterials of such type, and for _next-generation

pi ezoel ectvaperizatigniand, nss of tih, andegap, 3igct undelyipg dCosfructyges. Althongls 2002

SUMVARY OF THE | NVENTI ON Th t inventi | ates | tot
et hod t o PIRSSSIHES PRFIHITRHY i ISEEBE PERcEFE WPEPSTAAFS TR RRBEIPL RIS ng o

01 9 Yo 5 0 T S L g o7

vapor i zat 98, Pfims e sé%bﬂ,%f])r}ﬁéeg?," Rl kQekhas St@.?ﬁé’s‘agﬁ%ﬂ?ﬁﬁg.ist 1953)

preventing unwanted premature deconposition of e precursor speci‘es; this
i s especi a3by thé¥e Wrhpératubéd ar&sal Righkr tHah Fhdse (Whih havel useBavitiducaed th) . 1 n
addition, tallored precursor chemstries may be enpl oyed that are

conpat i bl epesit RZT by MOCVD teshiighicdrof #he prévramtse t hey do not undergo |igand
exchange (or |igand exchange is degenerate). This approach prevents the
formation of involatile species and facilitates reproduci bl e gas-phase
transport of the reactants. The present invention also relates to

pi ezoel ectlhercfergda frspeest i desired fonthe ormatiorpel thin dilpy pf Filepndarelatedind t o

devi ces based.t hereon. used hereiin, the term"thin filpl refe to a
film havi Wtwéhi%mﬁ%égﬁfﬁﬁ qogwpesifigua] copigo pfﬁ“@émnef'egnw 9{%}? iR oad
scope of the invention includ but are not |imt { thgse wtilizing the
SRCPCr D1 mobSerid PR s At acn g € Bhnep o iy bRt 209
el enents; SSi g i | i i ces,
el ud ng “BRs i s Wi £ Epadifibd Hie, THE SBES mabla MpLRISE BT C00
such as mpaklrSidHofdsOLiRSintlabatifive Md MRYARE: ddvide BikkdlEs I ARt iPd 1 N
spectral devices to alter a resonant cavity in an etalon structure to

det une t hghéredd, asdi@R@eviet. t he device; in mcropunps and m croval ves based

upon a cantil ever geonetry of the piezoelectric film for applications such
as delivering doses of nedication, running hydraulic or 7

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.



2 0 AUG 2002 fluid flow systens in a MEMS configuration; in uItras%nﬁc
transducers and active . vibration control devices; in ultrasonic AUG 2002
transducers for high frequency applications w allow ng spatial resolution

for detecting small defects such as near surface flaws in aging aircraft;

in mcroelectronics; and in biological applications, as well as in uncool ed

i nfrared radiation pyroelectric detectors; and in non-volatile

ferroelectric nmenory devices, for applications such as data storage

(FeRAMs) and repl acenent of EEPROMs and flash nmenory. In a specific aspect,

e P esent DL ARBEHEROS, el PR B Pk 1 Yot
et yes chtpl Ll b Gyl b sp o 8 SR Shed 6% aRBRO LUl |

consi st i ngyQfiatfersdidie. TURSE Wg%ﬁéﬁ@@{&ki d&op&)spiﬂﬁs%._ &peBac gids M3, and

B-site substituents sel ect e group con i ng of Nb and Ta.

Anot her Spﬁfidrwéin&ﬁﬂﬁﬂ%hﬁdgeﬁ‘é’éistﬁﬁgeﬁﬁg@ arldhpriAY RiVel H2Bn bRFiBItEStd O thin film
(Pb,Sr)(zr, Ti)03 ("PSZT"), e.g., thin filmpiezoelectric PSZT, and thin

filmferrogdmetbpiagPEéproved ldakhdiaresiSred ik obsaredicor d@:iortdb?in'grmamé ion relates
to a mcroel ectronechani cal apparatus conprising a thin filmpiezoelectric

PSZT el enmetliesed @ Isenseault aficdmpenaationadfaratied embinipurite aceptor defectanot her
aspect of the invention relates to a method of formng on a substrate a
nodi fi ed Ppfoyemgmpsinfatigushdavedeen seppred fartdoping|withhyttrivio (), (Kker ei n t he
Pb(Zr, Ti)03 perovskite crystal material includes crystal lattice A-sites
and B-si t e5HdfPaile d38./Baec, (h¥v/Kim. de¥i/Noen $/Kire, Biedeons ot Bifsetnft i t uent
Cone st i ngY BRUBoRRE ORSEF R pISCU Pt AR SWitBUDE CHBHESTSUGHE: od 1 om ¢ he
group conspigbiPgs Rl 05 tinl Piim§ PPYated 151l plocdEding’ SNTEGKAPER the

FERROELECTRICS, (10), 1995, pp.181-188), 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 5Sr(,5Co03 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.).



thin filmfrom netal organic precursors of the netal conponents of the thin
fil'm The metal organic precursors may for exanple conprise netal 20 AUG 2002
(1 3-di ketonates), such as titanium

bi s(i sopropoxi de) bi s(2, 2, 6, 6-tetranet hyl -3, 5- hept anedi onate) as a Ti
precursor; zirconiumtetrakis(2,2,6,6-tetranethyl-3,5-heptanedi onate) as a

Zr precursor; zirconium bis(isopropoxide) bis
(2,2,6,6-tetranet hyl -3, 5- hept anedi onate) as a Zr precursor; |ead

bis(2,2,6, 6-tetranethyl -3, 5-heptanedi onate) as a Pb precursor; strontium

01 S(2: 2,6, k8L S SR N R AR R0 R b s scflak GiicBgse: 25 2

precur sor= I'Soprop

(2,2,6,6- _tﬁfdrs%ﬁgEﬂ?YfCP‘e?ch?éé{%gfog&Eﬂﬁ%gtﬁbdﬁ) geqyi}ﬁﬂd@ﬁt‘iﬁ Bbn of AfltdbRNt @l um

tetraki s(i sopropoxi 6t et r anet hyl - eptanedi onate) as a Ta

precur sor bﬁ)rzﬂﬁsdmkﬁlii&@s fRB( delcorhpdétIoRRE @siiel bfodutdaido MR uRddrgd thin Tilm

may suitably have any appropriate stoichionetry and el enental "conposition.
|1 ustrat i wRlegiedblé ir@&a&%ﬁs'ﬁ&f@}g delivery asd walBport RPthelshbstiate] | D3, _
(Pb,Ca)(2r, Ti)03, (Pb,Ba)(Zr,Ti)03, (Pb)(Nb,Zr,Ti)03, (Pb)(Ta,Zr,Ti)03,

( Pb, Ca) ( Tagxdimplés)dTdopingtbyWIDICRAD £€kistlin) 8 prioFint, Gad Wil be descHBed, aihy
(Pb,Sr)(Nb, Zr, Ti)03. 9 2 0 AUG 2002 In a specific aspect, the Pb(Zr, Ti)O03
per ovski t ehave ystval beamtiescribed toadate Olipy mest commerpdopahi, da, lods betre f or nul a
PbxSr(1 _x)ZryTi (1-Y)03, wherein Pb:Sr:Zr:Ti has a ratio x:(1-x):y:(1-y),
wher e x hadepasites yeMEICYD dorpedyidet PIGZB 6lms anitepoxtedbyo¥an Buskizk, has a val ue of
fromabout_0.S0 to about O, n anqgt her specific aspect, the Pb(Zr, Ti)03

60. |
per ovski t -Ev{Rqeder. ddt/@Biledeanss, Manyfactusing of Siepryskits Bhindfilmsdsingr mul a Pb( 1
/2)~ YTi 1-vy)~ - ' - Nb: Zr - Ti '
12 2. it pere mocyp’ et S el FERASECEC T 31,588 0501 10
about 0. 0722.)".i F\Q’h}ie %Sdo%eg ?’%ﬁlagfbegnr &&thonstrated by Shimizu et al., they used

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.



about 0.40 to about 0.60. In yet another specific aspect, the Pb(Zr EA@ 7
perovskite crystal material may conprise a conposition of the formﬁ 61200
X)Cax(zr(y_z/2)Ti( 1 y z/2)Ta(z)~( 1-x)~3~ wherein Pb:Ca:Zr:Ti:Ta has a
ratio (1-x):x:(y-z/2)(1-x):(1-y-z/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 O. 60,
and z has a value from about 0.001-0.02. Qher aspects, features and

enbodi ments of the invent iﬁ e D ! JRarent from the ensuing

di scl osure and appended cl=+H5—+6 - 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 fornmula ABO3 wherein the A sites are

pr edonm na pi P S i C i O, speci es
sel ected %eynp?e%gﬁ{gin%g%@%’noﬁg?%? ickrrllg %‘# a%?%ci’ég’&gé,tﬁghngéf’\%?ﬁgﬁﬁ {gi? Wher ei n
the B sit e IR YMEREUD! 86l I A LLaagl ccupi ed
by at |ea te%%gecgc gﬁgé spe?:) es sel ecfﬁg(ljﬂ%{gr o%n%l?lﬂg gérlgggdf:%ﬁ?ﬁg?l ngh%f Nb and
Ta. The i St_@é’lﬁiifiﬂtafﬁ#@qs}%ﬂeéi@é OMPoHiGhat QBHE] by ﬁﬂﬁ@ﬁfﬁ&iﬁ%liq&d precursor
"substitutionally nodified PZT", herein described for the A-sites, while
the non-i seiaioastnd flast viptrizatien af sam@NFsh yap@iAfior dad thearided bpretits” ,
herein described for the B-sites. It is recognized that other

subst i t ut i ofrErevemidg fineahiednsremiathrel dpeomhsosition aftithe rpreqyeson spycies thisdis f or
both A and B-sites. Figure 2 is a schematic diagramof a cantil evered

pi ezoel ectespeciatlycimportantifor Grafp H metpls (gig..chr, Bay Greand Mp)i ninpadditiomner s and
m croval ves_wherei n achi evabl e defl ection for an applied voltage is
directly pridgred oresyesor chemistriqs may b cmnloyedcthat arecqompatibleifor ppghything js a

schematic representfation qf a liquid deljvery system for sinu|taneous,
control | eéglnhmamtgmﬂsﬁew@rﬁgmge liohe GuriRDEE dorliespd EHRIEH S Fi gur e
41sa SChd%rgrg&éra(l:te)r. eﬁﬁsggﬁr%‘%ého r}JrgJent% %/eD f%lergé%}o%r o% hi%%/olgg% tQSecliIeSSGfa%lcll y

facilitates reproducible gas-phase transport of the reactants.

The present invention also relates to piezoelectric 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



enpl oyed,for PZT filmgrowth. 11 a 0 auc Zoo2 Figure 5 shows the
conposition of unnodified PZT filnms deposited in accordance with t hé 06002
of the invention, in the region near the norphotropi c phase boundary

bet ween rhonbohedral and tetragonal PZT. Figure 6 shows the conpositions of
PSZT filnms deposited in accordance with the nethod of the invention, with
conpositions at the roomtenperature norphotropi c boundary bei ng indicated.

ner ngé‘fii A L ¥>fs‘°f§'rh%5\i =PI hitfe PO o R Satba R B3 or
__wherein anoppeobfl Adaderinr ARIE hABAPAITH! HOT il erﬁ@%“’ o4
——orientati gfy, gﬁhv\gk‘é]a‘% aﬁrc%ﬂ& n g&%&@%ﬁ%réﬁﬁlp&f&% \Eﬁm ds'feaf lettﬁ%q

i n accordanc e"invention | gure 9 ows small si gnal
AC capaci ta’gm‘ge afteraft; le%fo&'leﬁ‘Bnﬁ@‘phﬂ@% %l@éﬁﬁ Bﬂihcﬁtu?&'raﬁ'dvm %HBS' ted by

MOCVD, wherein el ectrode area was x 10-4 crn2, ‘and
uncooled infrared radiation pyroelectrlc detectors; and in non-volatlle ferroelectric
memory devices, for applications such as data storage (FERAMs) and replacement of

EEPROMs and flash memory.

In a specific aspect, the present invention relates to a modified Pb(Zr,Ti)O;
perovskite crystal material thin film, wherein the Pb(Zr,Ti)O; perovskite crystal
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,T1)O3 (“PSZT”), e.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)O;
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 of A-



t hi ckness was 5193A, and wherein the shift in the maxima with di reév\;'log @fZUUZ
bias sweep is characteristic of a ferroelectric film Figure 10 sh “

| oss tangent as a function of conposition for filnms deposited by MOCVD in
accordance with the nethod of the invention. Figure 11 a shows

ferroelectric hysteresis | oops for representative filns deposited by MOCVD
in accordance with the nethod of the invention, wherein Zr/Ti ratios are 12

fie?rﬁé’&igﬁ? SRR otse o PR I PSR SRS Pt cot i
Wyftﬂei e, erh R eht RUSRGRRT N T Fﬁ?fﬂ%?’?fﬁ“ SR 0GR ﬁf?ﬁraﬁgﬁé
e i PR R R T

cantil ever beam wherein the horizontal axis corresponds to exci tat| on
frequency for a sinusoidal AC wave of t 2.8 V, and the vertical axis is

propor t i OTak nietalbipanie Pp¢dubdotiemay forexampler coinipdite nibIYB-gliketdriatg), istich

pi ezoel ectric effect in filns produced by the nethod of the present

i nvent i onas titagiune bik@scropexide)bis(252,6 Gtteiramethgl-3 6 depantdiomae) asra Tii | ns
deposited by MOCVD in accordance with the nethod of the invention, with a
Zr/ Ti r at precofsor @ir6Onibuot thtralis(@,2a60-tetrannashy]-315-W€ptasedadorte) 9§ a Zsubst i t ut i on.
Both filnms show full saturation below 2.5V and high remanent polarization.
Fi gur e 14Dprsieuiser; tmonemhgéiswop@nde)\be&@%6,6d¢traarg@hylo?r,51hzmam ipnare)/ Ti  of

40/ 60 and the same Zr/Ti. with 1%a a 2%da substitution., The substituted
mat eri al A®3Z1 PIECHISPR; éeqdebaﬂaa@ﬁ éﬁwaémﬁhsdém%h@grmsﬁdlwea SFBEPAEUEOFat er i al

hich ves not; subeti 1 tied, PETALER DESCRETIN G THE | PYENTLQN AND
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,T1)O3,

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

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

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

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

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

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



Z 0 AUG 2002 The present invention provides a comercially useful process
for formng active Wpiezoelectric filns having utility in 2 U AUG 2002
m croel ectromechani cal devices and ferroel ectric random access nenories, as
well as in other piezoelectric and ferroelectric devices and appllcatlons.
The process of the present invention is scalable to |arge areas for S
integration, and provides new thin filmmaterials in the Pb(ZrTi)03 (PZT)

famly of |ezoel ctric the a it to s flcant enhance the
b 67001 ecth e SFHG poPegh dhE hiA: HEOT BEeRRkie Vo mRleriAL S a0

di scussi on _of tg g&rgsltHonal aspects of the present inventlon Flgure 1
i's a persyREPPYHOYPEREIPIMIUIA, v st al I attice orientation of a perovskite
conposition of the formula AB03 mherein the A sites are predom nantly
occupi ed by Pb and sparingly occupied by one or nore species selected from
the group consisting of Sr, Bqn, 1’§Z§’ d/or wherein the B sites are
predom nantly occupi ed by Zr and spa¥|ngly occupi ed by at |east one
of the species selected fromthe group consisting of Nb and Ta. In the
drawing, the A-sites are indicated by the atons denoted by filled circles
"" and theﬂﬁn§ﬁpg%kQBQHm@thﬁkﬁﬂ(py)ybﬁ gentrally positioned atom denoted
by enpty circles "O " The oxygen atons occupy the face centers. The anount
of dopant @ﬂm):rd)thxdvélw pofrembdbbut 0186t sbout 0.98 endcr ystal |attice may be
varied in the broad practice of the present invention, to achieve desired
ori ent at i grhas atvalue tofifizim atwdut i150a6 abait®B: i cal and el ectromechani ca
properties. In general, the anmounts of each of the individual nodifying
A-site and B-site substituents will not exceed about 20 atom c percent of
the cryst tice. Thus Pb, Sr, Ca, Ba, i,
Nb, Ta) 03%%‘?&5 PRCIAC asrech e ﬁ\%&ﬁ?ﬁé PRSI o mPf?PaEWé?‘rﬁPg‘%%’%’corporat e
Sr as one of the A-S|tefsubst|tuents to formceram c conpositions such as
(Pb, Sr)(ZPCTPP9§u?“P§§¥"?nnWMen strontiumis enployed as a nodifying
substituent in the PZT crystal lattice, it may be utilized at any suitable
concentration, but is generally in the range of firomabout 1 to about 15
atom c % of the crystalline mgj ion range i s anal ogous
to that usefully enployed in b&ﬁL&ﬁévgggg 5%$9ﬂ§%%¥§£substltuent anount s of
such magni tude dramatically increase d31 by up to 60% (see Ferroel ectric
Materials and Their Applications, Y. Xu, New York: North Holland ( 1991 ):
131 for awnsRin BbNYIZETI Kised ratié (1-w/29R0%1 &D(1-y)(@#%)8, kp, and d31, as well as
F. Kulcsar, J. Am Ceram Soc. 42 (1959): 49 and 143). Such inprovenents of
el ectri cahnhpreopehm; aemluenofrfromoataiut t0dr toaghplit 080] amd y (has ri value of et uat or
drive voltages to be reduced by levels on the order of 40% of the drive
vol t ages eeapti0rdftotgpomOr6her se. The (Pb, Sr, Ca, Ba, My)(Zr, Ti, No, Ta)03
conpositions of the invention may for exanple i ncor porate ni obi um as one of
the B-site substituents, such as Pb(Nb, Zr, Ti)03 (PNZT). In these

OmpoS {1 G Ser NoiBP Sl Whect UHB! PG T pBSLAGC L0 LARHED O T1)

in the ABO3“perovs rs

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):2(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.

Other aspects, features and embodiments of the invention will be more fully

apparent from the ensuing disclosure and appended claims.
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When niobiumis enployed as a dopant in the PZT crystal lattice, 2} nR% bff]UZ
utilized at any suitable concentration, but is generally in ther Be @
fromabout 1 to about 10 atomic % of the crystalline material. Such
concentration range is analogous to that usefully enployed in bulk ceramc
PZT, where substituent anobunts of such magnitude dramatically increase the
pi ezoel ectric coefficient d31 by up to 80% and the el ectronechani cal
coupling factor kp by 30% In addition, niobiumdoping has 15 2 0 AUG
2002 been found to drastically reduce electrical |eakage by nore than two

orders of magnitude a%’wmﬂ%ﬁgﬁTgﬁﬁﬂwgg ength, relative to
PZT per se. In ferroelw=ct ; m dopi ng of PZT has
been denonstrated to minimze inprint and coercivity while maxim zing the
remenance rati o (nanmely squareness in hysteresis |loop), relative to PZT per
se. I n acchg@RnteisVa tderdpB&ivenVRM 0P chystal RitRE ObriknRition PSE aUpBYskif t he
conponent netals of the desired (Pb, Sr, Ca, Ba, My)(Zr, Ti, No, Ta)03 film
ar e i nt r odsonegsitionl afhie doralanABO{ Wherehstheeisités apeipledoafinahitlyuberupiedut i ons

if the precursor is aliquid at anmbient tenperature and pressure (e.g., 25C
and at nospdyePbcandr gsasinghy) ocoupitidt by e @r miofe speeigsr etastedofromotheogidupon is a
solid at such anbient conditions, then as a solution of the precursor in a
conpat i bl econsigtimgl 061SrsBhy €at amdk dMgjnandidrewhergin theoB site$ arenpredediinamtlyny be of
any suitable type which is conpatible with the specific precursor

conposi ti mcwpq? by da and Ji jand gpasinghaersunicddiysat desst one afithe spesiesiselegtedn t he

art of liquid delivery MOCVD. The |1 quid precursor conposition then is

i nt r oduced™qAtRe groyR seRTIsting ofNb apd Ta; ThgHsevalent substititions are Gosynemly

hoat ed ¢ o TrEdPc cHRRuliGill EEuRE AT  hatR LEHRh FE BF AHEr vapor
The precuraoie 48Ran ithalbel SudsARRROLICSRNSANEME Al «JpRGE- dRRa]! ti on
y ‘for exanple conprise a r or “of Knowr "ot

chanber, eac

convent i onak. dneRGor 18 E: Bitdst R‘?enﬁ%h%@@ kot SEHLr Qﬁ)ﬁg%ﬁnﬁl%&ﬁﬁgﬁﬁmﬁ Qﬁg

precursor vapor for contact I1nt eposition c er wt eate

substrate cﬁﬁ:aﬁtsh%ﬁﬂ@bﬁithﬁ&u!l?'b@%ﬁ%ff@%&hﬁem%it% of the netal

constituents of the vapor onfo the substrate elenent. For this purpose, the

substrate may be nmounted on a heated susceptor or other substrate nounting

16 .2 0 AUG 2002 structure, with the spent vapor fromthe process being

di schar gedrFigurer? ishesdhematic diagrans od mbeantilevered yhi¢zmeleettictmicfaactiator, bf eat nent

or processing in a known and conventional nmanner. The |liquid delivery

met hod of typre Whielsaney ibevaised on pasitianerse @pd omédtovalvesowhereb achievatde, Ba,

My) (Zr, Ti, Nb, Ta)03 fil on any conpat| bl e substrateg, at any suitable

t hi ckness&lefleciipp E‘?’Fdé%‘ %Rﬂjﬁaguy?lﬁa@%elspagﬁgbs pEcEaneb e Pﬁ’émHF?}UFd

precur sor C%mﬁé’&%t‘on and chem cal vapor deposition steps. Anong thin film

deposition techniques, MOCVD offers a uni que conbi nati on of conposition

control, uniformty over |arge areas, a high degree of conformality and a

hi gh deposition rate. Mst inportantly, MOCVD is capable of conformal film

deposi ti ong; tahr [ i : : i e esent
Tife 3N SELhBRAG Iﬂ%?éseﬁtta i brh qﬁaldadéwegast'fygtgﬁlt R WiftulliRkol, ©

from any ot frimformation techni ques denonst ate. By using the
i qui d deldoy@bNed\rketBhidiRn b thetdlotganie @ofipdlifids 18 aWDryackéT W th addi ti onal
elenents) in a straightforward nmanner to achi eve the desired product film
characteristics. The liquid delivery MOCVD net hod of the invention nay be
carried out with introduction of the precursor reagents to the vaporization
zone of tHHagwpeotaess schematic i mpresentatioat pbra WVIDh reactorathatt may, bousefspnr at el y.
For exanple, multiple vaporizers nmay be enployed to vaporize different

pr ecur sor empoyedfar BLE filmmsevthat i on operations, with the resulting vapors
of the separate operations then being blended for transport to the chem cal
vapor deposition chanber. The precursor vapors) may be mxed with carrier
gas(es), e.g., argon, helium nitrogen, etc., as nmay be necessary or
desired in a given application. It will be appreciated that the liquid
delivery MOCVD net hod of the invention may

11



be carned out in any suitable manner, and the optinmum process condirii OBZ’
may be 17 2 0 AUG 2002 readily determ ned without undue experinend 8t AbS 2002
by the skilled individual in the . art, to achieve the desired filmon the
substrate on which deposition is being conducted. Further, the film as
deposited may be further processed in any suitable manner, e.g., by

anneal i ng according to a specific tinme/tenperature rel ationship, and/or in

a specific_.atnosphere.or environngnt, to0 the fi.nal. desired thin

fi ' m for miiBYe 595?‘}0‘&?“"598}“1’1%‘}‘82% bpfnodgied %3@‘“&&@8&‘%“53.‘“%&“@?&% film
PSZT material of the iinvention has bheep heretofgre.unkn nd_{s._a novel
conposi ti o ftg? HBC‘S‘Pés‘é‘ﬁﬁ’ei Ve o 2 ereﬁoélsé’ﬁ?r fhﬁvgﬂ‘i)ﬁ?v@ °§1csghisﬁbodi es
the first ,de t.rat | i i ffects in PZT fil ns deposited
by net al orbé) rc C%ﬁ%ﬂée@&ﬁ%%%%ﬁ:a@gﬁ%ﬁeﬂaﬁ%&l D). Awde variety of
devices may be fabricated within the broad scope of the invention including
thin filmferroelectric nodified PZT materials of the invention. For

exanpl e, tﬁ‘lgﬁ}efé kRBwd tHeCdomRsitihs b PS7Atifhe depdbited®t BécopdancOtvith e
invention may be enployed in piezoelectric actuating elenents, in passive

as wel | asméhibd o thd-Mvefleoh, Ghth conipssitionSalt thee vdone fempefdtitétinbhbabpic
geonetric and spectral (or interference) based devices, such as novable

m cr ol ens wundary being indigatod.c The phasgibonndary shifig sowad |thesPofrOsuside ofthe may
also find utility in spectral devices to alter a resonant cavity in an

et al on st rsysteoras Sroncteasesie t he refl ectance of the device. Qther potential
uses of the thin filmnodified PZT materials of the invention include

m cropunps and m croval ves based on cantil ever geonetry of the

pi ezoelectric film for applications such as delivering doses of_ nedication

or runni ndigyariaghovs spreseriatiyer X5y diffpetian pattegnsnion Sr-aodificd P AT ifdms

ul trasoni ¢ _transducers and actiVve. Vi | O ntrol. devylices, ultrasonic

t r ansducer® ﬂ?"o‘io”ill?oéﬁlanréﬂgfeﬁ%‘? Zéﬁbl"l‘gﬁ% i?ng‘u g@lv&ﬂ"ﬂ{j a@ﬁéﬂ“? Show é’gﬂfaﬁti on for
18 .2 0 au~ det i I fects such as near surface flaws in
applicati dwgcegﬁg(ﬂﬁgsﬁégﬁrﬁgeﬁegﬁﬁg taﬁ & structural characteristics of agi ng

aircraft, mcroelectronics, biological applications, uncooled infrared
radi ati on pyroelectric detectors, and non-volatile ferroelectric nmenory
devi ces fqfig@aBR sifcRld RRD Saifethsast RRRLP fithe 'dRp&kiRA by 'MOICAIS i Bt coPdansEPROVE
and flash nenory. As a specific illustrative exanple of a device that may
useful |y ewii ¢ rhétBodoflihti@nftdd, thin filmmaterials of the present
invention, Figure 2 is a schematic diagramof a cantil evered piezoelectric
m croactuator 10, of a type which rmay be used in positioners and

m croval ves wherein achi evabl e deflection for an applied voltage is
directly pgiiger shome small sigral gi(e ganacitance; as acfs@fsﬁwrz:pfgaﬂphegpc Pias for a

m croact uat 0 i ncl udes tilever beam nmenber |2 coppri,sin per

el ectrode P ,ﬁépé‘EB‘éﬁ‘@ggVi@Oé&h whersin & eé%ﬁiﬁm%,waisg\ﬁelro g?’@czt F‘Hg@ﬂ‘g& and
support ane 20. canti.l ever,. be nepber 12 as. shown.is si tioned
2t e endnskApEaEs: 515 BR R ne SR B2 il Wik ARRRIO BRI g
positione , . ! | ow defl ectional vertical novenent
of the Ca%tv\{%?éé\flseé;’}x%%&é{g%rnﬁé%8?%&‘#&5%2?'{%‘#%]: the device, in the direction

i ndi cated by bi-directional arrow A. A nunber of m croactuator devices can
be envisioned that are based on cantilevertype deflection, including
optical deyyEes0oaRews iittioss @RENE @8 a AMetieh D cERPEIEdIr Flmt depsiRpd bgat i on,
the requirenents for operating deflection needed in such devices nmay vary
wi dely. | MOGMHDin hevoedande pith zlmemethod iof the iavemiohuat or of the type that may
be usefully enployed in positioners and m croval ves, the achi evabl e

defl ection for an applied voltage is directly proportional to the

pi ezoel ectric coefficient d31. Since. i
Figure 11a shows ferroelectric hysteresis loops for representative films deposited by

MOCYVD in accordance with the method of the invention, wherein Zr/Ti ratios are

12



the deflection is directly proportional to the applied voltage andat@p AWG 2002
pi ezoel ectric coefficient d31, an increase in d31 at a given vol ta(ge

i ncreases the deflection. Looking at this relationship another way, for a

gi ven deflection, the drive voltage is 19 2 0 AUG 2002 reduced with

i ncreased d31. Lower drive voltage requirenents are also a significant

advant age as integration of m croact uators i nto i nt egrat ed circuit (10

devices is_cont | ate t he rt an v for
el | di s pRAERrE Aokt e SF ol demdRtteainint Fiforeme Biie &F pofit BT Che
present i nvgri;g have pi ezoel ectric coefficient char acteristics that
render themh I'y advant ageous in such m croactuator applications. The

nmet al or gani ¢ chem cal vapor deposition process of the invention permts the
production of films of PSZT enabling the devel opnment of piezoelectrically

controlle r ; BZT fil s
Chgaug 1qggﬁ&$v£ fé?ﬁ%tb%ﬁi&l?]}lstéii@sﬂ foBs £ Oﬁérb&ﬁdtﬂ@ $ilth® Qepd¥iad g

are V\AdeSpl’ tica es ra rom rrors to mcro-etal

whi ch coul pioeevId§h WG ddrce With ﬂethembaw%&mémdrpmvhel!&mzem dhfi@ngeons from
tens to hundreds of mcrons are possible, and MOCVD has parti cul ar

advant age ihdiciteé al@lpr Withtnaminelf CarandyFa @bntdfty idefonythaing therfea6€lettdirol ogy
wll be present. Oher optical positioners can al so be based on these

films, sucffeasind®@TETmble mrrors. In other device applications utilizing
the thin filmnodified PZT materials of the invention, mcroval ves and

m cropunps have many inportant applications fromindustrial control to gas
sanmpling devices. In one enbodi nent of the present invention, the

pr ecur sor Figwe ltzhﬁioﬁﬁtaamm resenagee wihsatignglimode fof jansantilever Seshyed in a

solvent and flash vapori zed at tenperatur es bef ween about 100, t o about 300C
t her mal | y Véifgeindhe horgpon 1S KATTRARONES tocskcHiaHon freduency r a.sg}usgléglfxg 9., Ar,

Lo o 02 WNECHE a8 ity Ui Foiealciin i3 RestaEivel (4 Y eREHBER votimder go
decomosi gl din aﬁa&{g  BEALSERELAES T Ao A0% ), ADRIAPYOC 2t
pafiRky #eeth e

chanber pressurés ween eratti Ve

oxi di zi ng g0 res&tﬁn H;?],gooz speC| es may be used to reduce deposi tion
tenperature, as throu the use of a renote

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 Z1/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
EMBODIMENTS THEREOF
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pl asma source. |llustrative exanples of conpatible precursor chem it i 002
are |listed below, for production of corresponding (Pb, Sr, Ca, Ba, V\%mg
Ta, Zr, Ti)03 filnms: (Pb,Sr)(zr, Ti)03, (Pb,Ca)(zr,Ti)03, (Pb,Ba)(Zr,Ti)O03,
(Pb,My) (Zr,Ti)03, (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, My) (Nb, Zr,Ti)O03, PZT ceram cs exhibit piezoelectric effects over a

wi de range of conpositions. The highest el ectronechanical coupling factors
occur in the region of the norphotropic phase boundary between the

__Thi & boundl PR el on DB R ek gl AR PR st ﬁ&?ﬁ’éﬁﬁﬁr%&@?ﬁifgf
' b G ' . N ,
T Rew vor B ReA R R AEAAR, § pitroflneciipd de B fepoPRLE, S o

Simlar 1 GaHbd oLRE mdicid! ATRO) afn BURE BRLEALMIE afiP frldefdc G devibes
Ferroelectric Thin Filns," K Lefki and J.M Dormans, J. Appl. Phys. 76 (
1994) 1 176#hH. apigfiedtitns Z'Théiprécdhd 65theGRésehhRivemidaNielseAible 1 Yipslareds #sre i n t he
range of fromabout 40/60°to about 60/40. 21 2 D AUG 2002  MOCVD of oxi de
filnms is WSiinaleRsations arideptovides ew ithin didini materalmint thedtbganTinOp(RADrfamilygas
streaminto a deposition chanber at reduced pressure. The precursors
deconpose dfhpiensdl¢ofricn thmt Hmae dhe abiliy rtat sigaifidamlye edanoe the pidzoelextrides by an
oxi di zing gas which is also fed into the chanber. The present invention

pr ef er abl yeffest, and othed farraclestridpraperdCVD t echni que permitting the use of a
w de range of safe precursor chem stry without the control problens of
traditional MOCVD net hods, as nore fully described in "MOCVD of BaSrTi 03
for DRAMS', P.S. Kjrlin, Proc. of the 4th ISIFE, 1994; "Liquid_delivery of

| ow vapor ¥ Wa¥ of disRrseiss %?tﬁﬁm@m%ﬁlqnabaﬁmpﬁ@f thepraseit ipyantigms Fige {p. C.
Kirlin, P.S., Procegedings t. s S0C .. 93 Fall Meetin and U QS Patent
5. 204, 314 15 PRARRRCAYS HEVoR! & bl FticEpac o e BOTRE O MEPRUs T e

i ncor por at Ln r n i Ngitael ' ‘ﬁm L, Cjbid elivery
MOCVD apprtggcfﬁﬁﬁﬁﬂ?qﬁlﬁghsg ﬁté ?‘oﬁ‘g érgéguﬁlﬁggdrﬁﬁ%iyvgg% I za{b gfr']'l& g‘gﬁe usi ng
a hi gh preghsi . {ihe f 4alh hown in
Figure 3. PRl o e O g SIAAF ol thy WAl P82 )

syst em 60 BICaShhd M2 BROUSWhéRIN the B s aftf predbisinh@ly Qlcup®l By Fr@ARITE
conpounds to a CVD reactor. The netal organi ¢ conpounds are I n respective

| i qui d solandi spagingly o&upiedoby ait Geast e asfthedspsbies ekkered nfronf thedgupoget her
by manifold 56 joined in liquid flow comunication with |iquid precursor

st r eam f eesnbistimg GENb Bndhaf eed |ine 58, the precursor streamis flowed
under the action of punp 68 through line 70 to the vaporization zone 72.
The vaporization zone may contain a heated frit or other elevated

Lemer al ung KaRotkaatl. o IRLTX naRUE B0 ud S aio R P LA Les T AT ©

di scs,

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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the liquid is rapidly vaporized to formthe precursor vapor stream \gjﬂﬁh
then is flowed in vapor feed line 74 to the CVD reactor 76 for depg t %12002
of the nodified PZT filmon a substrate therein (not shown). The major
advantage of this liquid delivery MOCVD approach is that |iquids can be

m xed just prior to vaporization; besides its sinplicity, the ability to
make slight conposition adjustnents via conputer control (e.g, by netering

h | A s T v n d/

vapor | 2ot 1 THep 0 ot i NP T B TAGE shpSGls TS pietfe AR e nas
b i ed h | | ed deposi ti.on qf .PblaTi03 (" cChenical \:

Deposi 11 oret K ampls Hpgordth SEa0 0tk o5 s Arste SRt it foroRa RemiBher, o
Ponbri k, w [ 6 1995): 141 )~ YBaCuO
(e s o gl Sl CESPREETE CRINGT oS i con wi 1 h Composi to-

Buf fer Layers by Plasma Enhanced Met al organi ¢ Chem cal Vapor Deposition”
Zhang, J.; Gardiner, R A ; and Kirlin, P. S.; Mat. Res. Soc. Synp. Proc.,
Vol . 275, 197 @qg y ; a0 ' sition
of leBaZC‘giéJ&g%&xorg%?e}sce&%gcti ng“‘ {fﬁ?ﬁ;’? ??{%@&eﬁhﬁﬁﬁ %rgfﬁggfa]gt%iég?ket onat e
source reaafNbeé ufilizédnB g uitatle ;cofdnthati6, buRis géfiefdllyin the raﬁxfb dforye, R ;
Hubbard, K M ; Mienchausen, R E.; Appl. Phys. Lett., 57 (1990) 2136), and
BaTi 03 (" Réduckt dBoas bliatemiéNa/eT thé chis@lline rityridl aShelneorBadirdidbnThnge iki | ns",
Van Buskirk, P. C.; Gardiner, R A ; and Kirlin, P. S., Nutt, S., J. Mater.
Res. ~ (199alogouv)o thanpsefaly templopai tin dndk dvRoMD B4bBbivhere substivhaygy,
liquid delivery allo deposi%i'o rate? five and,ten tinmes hjigher,
respect i vempunis, of ppueh magniy amaticallys inorqage (1315 /0, uBr v 00781 (89T i1 s
by MOCVD', Shim zu, M, Fujimtaq, M, Katayamg, T., Shiosaki, T.,
Pr oceedi ndimrogieptric Matejalsand, plications o} & News Yods| Neshdlatisnd ngs, oo
April 19- 993; d v ST D f 2 UG 2002
kT 2% R abadld B b ot St o b1 o o3

Goit DRA at1ons, Lesaic roceddings, yrnp. on

I nteg. Fergqel ectrics, Mntesey, Ar 14- 9d). The disclasures of
ARRe AR S CAAE O E PR RERT R L T
sol vent & e | Ll EVELicMdnyD i ntion
may Ssui tgge fﬁé%ﬁf)géeh%%ﬁ?ehgwggﬁggdgti&%lg as dPés}.?:rﬁg?g&r%WB%t gg&%t at es
Pat ent  ApRoltagdsi 18 beteduded/vy 1dvclddn fthd 6fdeMNBf #0% DF thel @ VoltdoBe redairesd Of
Robin A. Gardiner, et al., United States Patent Application no. 08/ 484, 654
filed JungyPZTIP&%ei n the names of Robin A Gardiner, et al., and United
States Patent Application No. [Docket 2771-167CIP2] filed Novenber 20, 1997
in the nanes of Thomas H. Baum et al., which are conpatible with the
specific nmetal organi c_precursors used for form ng the (Pb, Sr, Ca
Ba) Zr Ti 03 Tthei (Rbs 1, rﬁmﬁge, Mel(Zr, ThdNlr F2)0acpwnastiions: ofcthe dnvention @y for qui d
delivery and chem cal vapor, deposition process steps. Figure 4 js a
schemat i c qx@m’@s dRECIPPIZIE JHORIUR 3] AReofof o thei fﬁnﬂae dRosGFys Bfocess
system 10 f ok P J r l'iquid
q)bklps?ﬁ’%ﬁﬁm 'fll) ltﬁ'esg %B&%quﬁ%%sl, Nb (ﬁ)}ﬂ“ Atg}ng sﬁé\%tnutewre g

stream conp precur sor -so ons honbgeneously m Xed toget her

is introd t £y ' iUl d stream
purp 102, 1 el (e ch T} 1 ht ARG ekl R R el STl 1 ow
control valve 106 and passes into the vaporization chanber 108. The

vapori zation chanber 108 of the Figure 4 systemmy be simlarly

const r uct aghafnid8Red is@fplbfedCAMESHanOh the IPZ T &isthil 16¢cE, i8 nldyBeél Hiligsd | very
MOCVD system The vaporization chanber 108 receives a flow of argon carrier
gas from lat agy hdéhbiocdnenttalion] b@ivis geérally invehke tafgeadtdirdin App@sstd dkwwt | oop, as
well as a mass flow controller. The resulting precursor vapor then flows in
line 110 dOrdtamiv ¥goff thewrystalline 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 d;; by up to 80% and

the electromechanical coupling factor kp by 30%. In addition, niobium doping has
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24 2 0 AUG 2002 control valve 112 into the CVD reactor 114 contaigng n
heat ed substrate 116 on which the desired PZT thin filmis deposi tggﬁ &r’@o?ﬂﬂ?
i ntroduced into the CVD reactor is a flow of oxidizer gas in line 140

formed by makeup oxygen gas fromline 136 and makeup N20 gas fromline 138,
each containing suitable valuing and mass flow controllers. Effluent gas
fromthe CVD reactor 114 passes to the trap 118 through flow Iines

AR Y G T R W A e
b [ i : WAl 3 [ i h
byvase || ahbaf 384 ko St LG ARG ORIAE 071 phetgonpocts he

conmmuni catg QN idaMo) nidbikh gregigg_%? 'ng Hak 'B@erF@é?ﬁcﬁiéﬂaﬂ%E thhrottle

val ve 126, to I npose a proper pressure In the systemand to ensure

di schar ge rghirf{e Ninppin€ GHA %@re‘fﬁ?”(ﬂhﬁl@%ﬁiﬂﬁ’z_i@/ ltheé @Rérhce fati (aiely | ead
precursor for MOCVD formation of |ead-containing titanates of the 1nvention

is | ead bisghateresd ifhystirésiRop), relative oA Bpadeonate) [Pb(thd)2] and Lew s
base coordinated anal ogs. As used herein, the termthd =

2,2,6,6-tetramet hyl -3,5 heptanedi onate. The Pb(thd)2 conpound has no
appreci abl e vapor pressure at roomtenperature, which makes it nuch safer

t o handl e It kapordhiogl withale iragtion s tieumetabagi¢ pastiisprs B theHoowapeuwentt he | ow
volatility of Pbgt hd)2 (0.05 torr_at_  180C) requires the use of the nethod
of i qui dmstelsof des desired (R.\St, ©as Bai Mg)(Zr, Ti, Nb, Ta)O; film are introduced in

bi s(i sopropoxi de) bi s(2, 2, 6, 6-tetraneg h%/I - 3, 5- hept anedi onate) . .

[Ti (O Pr) i’@f‘lﬁh?@]ﬂ’ sitberAsmeat ligwids or dilute solutions if the precursor isa liquid at

tetrakis(2,2,6,6-tetranet hyl -3, 5- hept di ghat e Zr(thd)4] arg.usefull
bl oy e SEBIH AP R IALBrer e B e 25 A D wlfepe PeehelgLpondagons, Y

or if the precursor composition 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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-2 0 AUG 2002 other netal 13-diketonate anal ogs may al so be usefuII%
enpl oyed in the invention. A second source for Zr is zirconium 20 AUG 2002
bi s(i sopropoxi de) bi s(2, 2, 6, 6-tetranet hyl -3, 5hept anedi onate). These

conpounds are extrenely soluble in organic nedia and no detrinental |igand
exchange is possible since the titaniumatomis coordinatively saturated

(see "Nucl ear Magnetic Resonance and Infrared Spectral Studies on Labile

For ([));AEL/F% ey e "SRR Bl e "l ARl Rgeeq TRt th e
pase i st aepoagnatinoef pid A AN AR B prolR Pt o JotR nd N oW

di et hyl en%ﬁ&eﬂ%{iﬁ gk doping with Ca, the Lewi s base adduct of Ca(thd)?2
may advant ageous ynf)e used, where the Lewis base is tetraglyne,

tetramnet hyl et hyl ene di am ne, pentanethyl diethylenetriamne. For doping
with Ba, the Lewi s base adduct of Ba (thd)2 may advant ageously be used,
wher e t he TheWqgidddiRehsmetiotd ad! thd Presérft tifvoitibh YhaAt H%Yérﬁpl@géﬂ ffoff, (Pb,

pent anet hyl diethylenetriam ne. For doping with Nb, niobium

t et r aki s( Ss,dpe, BapMgIEr, T2 Nb, §afd4t fdmsamsny compatihle pulzatrattis pat any pyitable
No(Oi-Pr)4(thd) may be usefully enployed. For doping with Ta, tantalum

t et r aki s( tucipresypsx and Jundgs 2n@, Sitabler proeedsy tor@litidnes pina thed lignidt piecursor
Ta(Oi-Pr)4(thd) may be usefully enployed. Qther suitable and correspondi ng
reagent s vaporZatioBand Mhemigad VRROTEgPasiticanpieps e dAmong ikinr Blm depesitien speci es
of netal organj c conpounds and conpl exes are diisclosed in the aforenentioned
United St é&cbslqp%eﬁoﬁw i o815 oA HBIqUe gFombination {9f sempgpitign 3 ¢ontiddos i n t he

nanmes of Rohin . A Gardiner, et .gl,, United. States Patent plication no. 26
O ALG 2BBIGH AT IS Tehs & high deEree OfGoRqrIgality ] A TED GeBORT AR,
Gardiner, et _al., a i St at es, Pa plJd cati on . [ Docket

2771- 167 *m@%ﬂ%ﬁ@ﬁ%@?‘f’z& ¢ B§ %’ﬁ%ﬁ‘é’ %ln@“ogepflﬁ{g%s"%%@&um et
al., the dj j ] i I, [Py ey erence
in their gin %@?‘?%ﬁ%&% %gcﬂgealqg%&%?{ggﬁal |rg?‘hpg(r3ttﬂ}gf(ﬁ{tnhnfgmrr%t_tﬁ(ﬁ{c)dol ogy
and fil msQfinigh& demisiRirhRa to MRYS ByasHpohe fihullaksided MRESAD WietkiRVit 6L

al ready exists in the commercial rmarketplace. For éxanple, Si based

m cromac h'B&ﬁdola@@ AN HELE Wit AditiGied eleenit(s) 1108 sERIREOERRA dydiBet toSySt ens
in autonobiles. It is not unreasonable to state that this technol ogy wll
have a penctdsvevthe degiedtpraducs film eharactéristiesl e cl ass of active devi ces has
awai ted the devel opnent of high quality piezoelectric actuating filns, and
many nore devices requiring themw ||l be designed in the future. The

manuf act ur abl e process aof the invention for producing high gqualit,

¢ . f
pi ezoel ectpe diquid dglivssyYIOC YR amethod | of the invetionpay b earm IVET\/B‘"é’evi ces.
In the area of optigcal devices, bot eonetric and s tral (or
|t er fer e tepuof Be preEttSEnegls OET R Afiet R R PRE Bl ect ri ¢
films of e, hoveRdd 9hm J}Iéem%%?{{,e&f 5¢ alda“r‘é{%‘? For %Q&ngg Mt&{l@%aﬁ&%‘i}s‘“ ded
into refractive approaches, such’ as a novable mcrt ens rray, or .
reflective,,SHEhedlofedOiaRaBorBeC [dTaehO prélurdYs iRl S&Rede Clddofizatld fi1 M8
of the presgnt i nvention can %e used to g’lter a resonant cavity in an
etal on st ppghtisi, Wothdfe Yesltidevdmld ecthenesarafe dpefatiday i behte bleaddd oach has
the advantage of requiring relatively little displacenent, so response
ti mes canfdiqrasportiozthe chévhichbyapop epsiliofi chamber. VR gradursdrsaptiés)imaed on
cantil ever geonetry using high quality piezoelectric filns of the present
i nvent i onbe Mixedowithparrienpadies) sgdargon, 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

17



delivering doses of nedication or to run hydraulic systems in a MEMS 27

0 AUG 200Z _w configuration. Mcroval ves are useful in this scheme aEUW&NUG 2002
or for acting as a servo on a large industrial valve controlling flowin a
process. Exanples of other devices based on thin filmPZT materials include

ul trasonic transducers and active vibration control devices. Utrasonic
transducers can be fabricated by MOCVD for hi gh frequency applications

vihi ch al | ow er .spati resol ution for ti spal | .def ect The
I equency gty eiETREN WBoW SRS PE GG bY %&Q&lqﬁa hohviaeal dRhe
tradi tional bul k, cer ] thlnf f or.m n r.ocess wth
a deposi tlagnl%? AChIeRE edr‘?é‘ﬁﬁﬂ?ﬂ@ A tsﬂbé@?%&l?l @1 ﬁ‘é‘ofle%u FBY

t hi ckness b tmween 13 and 40. mthick. Such transducers can be used to
eval uat e r‘fg‘éq q.‘ilrface flaws in aircraft, in mcroelectronics, and in

bi ol ogi cal applications. O her potenti aI applications of the MOCVD process
to deposit PZT and PSZT extend beyond m croel ectronechani cal devices. In

addi t1 on 8rl AREAGE DL AdpoRfdd by B0 furlilt Brdcehdd T dnf AlitaBR AkMicDI L £¢ Dased

on nunerous ref at ectrlc properties. For exanple, uncool&d

infrared py %ﬁ%hﬂgg Q&E&&ﬁagr@ basi,eeiﬁemrhé/eerﬂyerr&s}eeféwti&lsﬁbf Q68/ot Snda
e

t echnol ogy™ enabl by thin filmPZT and related materials. Non-vol atile
menory deypsific Hamsphed of brviforidentté pidduce &icf @it dediredhBinuBladiform (Pbl i tary
applications for radiation hardened data storage and commercially as a

r epl aceneft, Ga BaEMAvs TaiNd, Th¥matenalr y. The deposition process of the
invention facilitates integration of Si drive electronics with MEMS
devices. MOCVD is usefully enployed in mcroelectronic fabrication as a
manuf act urin techni ue for | ar ge area dep05| tion. The present invention

provi des ZheHhigdi estab gkt dn\fPé\EiQBIhPS brencherrteforeynkngmng And sa been
shown to dra tlcaII P rease plezoele ric response rfsgatlvgto bul k
cerami cs. nPJI"gEO’Z‘QOS‘hQnG resgpbinyention; PGSRt lpﬁeé"t‘BP a

d d ,
i omelrsty Bfonddaibn hﬁedg?oﬁa%@%‘f%ﬁéﬁﬁ%ﬁsﬁapp | s ey
denonst ra}x}%‘?alOrEnlc%HHn %mgﬁ%sfd&ﬁggécca ) PSZT fi I m and use of el ectrode

processes 10 m ric be readily determ ned by the
skilled artisan based on the di scl osure herein. Mcrofabrication techniques
can be used in place of macroscopi c approaches for making cantil ever
struct ur e widePlagigfedfafevides niahibe thbridiedewithinahs bioad sEdpelfaRelinveatsdd ce of
t he present 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 resolution for
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The features and advantages of the present invention are nore ful 2@@\/\%02
with reference to the following illustrative and non-limting ex | &%
Examine 1 Filns between 2500 and 5000 in thickness were deposited on two
inch dianmeter Ti02/Pt/Ti02/ Si3N4/Si wafers at deposition tenperatures
consistent wwth Si device integration (550C). First, a baseline series of
PZT films was deposited with Zr/Ti ratios between 43/57 and 53/47. Then,

of - 110 Qe apaibRertES Syl R BirelE Yl i hplsaiat S daRiph ' "
4-11% Be “A>SHel T Preee: PEFIES YaBed Tt
o1 cct r odo hiciBs FFIGRAE Mblierk R, oF) AHAE diSert bRt dtics BERl °F

structure r I Pk i I ' :

Pi ezoel ect§ ?%{ﬁé‘d’ agﬁ%ésa‘%g??ga@ﬁ%\ﬂmmgl%g?r %gagﬁ{lb% é:pp ’yh(g%%\gggkglrll%l s of
varying f rQeesieric ienlote d6ABds for upplications sushas d@BdstoRas dhd PeplaRprnant

vi brational nodes using a |aser interferoneter. 29 Z 0 auc zooz

Crystal | i of EEPROMS and flashEmeyasryexcel | ent and x-ray diffraction patterns
routi nely showed the desired perovskite crystal structure. D electric
constants of the sanples ranged from 250 to 800 and el ectrical | eakage
currents for films with Pt top el ectrodes were acceptable. The Sr nodified
PZT fi | s Asia specifieSliistfativersXxarhpld of ewdevice dlpd enayarseilly emphoyettie tnaodified

unnodi fied PZT filns, which is an advantage fromthe viewpoint of RC tine
const ant Eédtthinoiilm materials ofche presenttinyensionokiguw\d isasschemiatic disgransefi. Al |
films displayed ferroelectric behavior, wth well-saturated hysteresis

| oops. MoRecantsyered pipzoelectiic migoaeiuater 10s ofr3 dae whishoway hrelisgdyin) | of

S o i A Ao S 5
d the fj [ idzhd ik idal i h t b
any et hod i ERPORIERL b e bl o1 O TR et R & o

ratios br gfcll}ﬁeé Q%ahﬁl‘év&%&ﬂﬁnﬁnﬁ@r { ?E&ﬂﬁﬁiriﬁ% F]bif;\err%?etctrpﬁé %4 ’%i?f‘d%léc‘&ié he

desired s on conposition for a givenr four solut1on, cont ai ni ng
only Sr, wasdHdnd® 16NRwWeR %Fé%fr&@é’liﬁ%]id%?ﬁd%f RiefrBrant 20U CheFanfiRALS | €d PZT.

The MOCVD reactor used in the foregoing illustrative deposition was an
inverted & nteddbes ADfdsGUOWhIiO Posi@bned 4t\upe eAd ofHRWEstdl R4FdfOME Quistgy eof . The
waf er was | ocated face down in a stagnant flow zone which yiel ded good

| at er al u@? fwathnthe wtheflead debuggiositionéd bher acamtdraavite2é td aldowalkBectiomal 5
inches, and the reactor was configured for 2 inch wafers. The vessel was
made of f vertigalgmavementnef theecansilever beamhk? in Aperationvef dhe dlgvisd, by theonvect i on
using hot air, flown ghépa%h a second quartz tube coaxial to the reactor

t ube (not d’é?fﬁ\ﬂﬂ)‘n‘i‘lﬁatg‘i‘ Y Bheirecional A0 fn of the precursors as they travel ed
through the reactor to the substrate. For these illustrative depositions,
the reactor conditions were as follows: 30 .2 0 AUG 200Z Substrate

t emper at Ul 2RO RSB HF Gel R8P earbd THTHORI ThOBe LAY of BRI PT esSUr e

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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Reactor wall tenperature: >230C Ar flow (through precursor manifold): 100
sccm 02 f1ow 450 sccm N20 flow 450 sccm Fi | m Thi ckness 0.25 - 0.6 2 FAUG 2002
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 the
aforenmentioned films was characterized by X-ray fluorescence (XRF), and

crystallini sassess x-ray .di ffraction (X staII nity was
tosaed Bytuked R dRarrRital) Lowed i e G St SRR ERAL Lt oot er

in the Bragg Brentano geonetry (O - 20). Cu . Ka radiation was used . in all
exper i rrentag"%t“lg’? 28 Hytsgratgn ﬁ%ﬁaemaetﬁé&o& l%tlmmtqdh@r%ngpé dgwiges i
"detector. Five E’rudlrhgtg scans re run on each sa e at an rate of 0.1
I'sec. Cap&enEpwplaied h¥ths &g #awweaﬂ'@aom em oF sall di% 4°58%38F| zati on
by evaporati.on of.,1000 .t eI ec rou

Deposi ti oRC8Fr s g}‘h EZJSDL u% i pegflggg’ﬁ'e hﬁ%%tl ng.

El ectrica Q %@ﬁ f g

measur errek’fe%aéaﬁ}:%éﬂ@{ehf car& gg? gﬁ%gdév)\rlatg&grre@’%{ ed on (qﬁ t% E{}gy 590 Cv
meter as Eﬂbﬁ&hht‘apaﬁﬂhcé‘d?&ﬂs' ed DC bi as between + and - SV. Bias was swept
from both (}I rections to observe ferroelectric swtching. 31 2 0 AUG 2002
Zero bias capacitance values were al so recorded. Electrical |eakage was
measured using a Hew ett-Packard 4850 Sem conductor Paraneter Analyzer as a

function Qhetrhé@lot@hicathentisalPvapdr depostidropfock¥s &1l @8 iM@ntiof gRrmiteakage
val ues reported here were all obtained at 30 to 100 seconds, which

gener al | ypmztncme ndfedilinb eof rREZTD@nablinigi cthe odevietopireat fofl m&bdetthoaldy
structures (i.e, steady-state |eakage values). Ferroelectric

char act er coutrdltsd mepsoaientromeghanical aleviceRadpplivativas foraluclyiRSZ TRIIBOY @re
ferroelectric test system Ferroelectric hysteresis | oops were neasured
using a s¥idesped. Apticabines range Hrommicrominers te gderotsialoRsewhich couldzbey. | n

connect i o with.the ahove-di scussed characferization effor es of
ei ght cal Beiined B2, e%agcep‘an?‘&f%d ewcsﬁer&wsms&q*qug%hw@ 5%9 tionship

el Bt | ons RRFORR SRoPae SO YR s arfeuis P anae i ' BEFGRIYE  n (e
target CORRN! 4t ARidANErPELIRE Tod é@ﬂwpﬂﬂe BRAAR, B ol i, use, ©

the Iiqui Irvery reclse cont osition

required tgh GREM bhddR & ﬂPegér Mhishhﬁb}ﬁai ﬁlei%hhéﬂ%l&nﬁfb&é O%C&Hé}oc‘fé\&éeon range.
Figure 5 shows the composition of PZT filns deposited by the |iquid

delivery gpplivadons ntilibingr @i Hin "Bl hbEifi6® PUDt mektigls poRdee hevsgiany bet ween
rhombohedral and tetragonal PZT.
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, O3) 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. Other active oxidizing
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Once this series of PZT filnms was conplete, attention was focused 03 [Lh r
modi fication. PSZT filns were deposited by substituting Sr(thd)2~tetr muﬂz
for a portion of Pb(thd)2 in the precursor solution. By using deposition
conditions simlar to those for PZT, filnms were produced of the desired
stoichionetry and the perovskite crystal phase. Sr shifts the room

t enper at ure nor photropi ¢ boundary 32 2 0 AUG 2002 toward the PbZr03 side

of the quaternar film.: i £1l.ons_ W i / Ti. than 52/ 48
vere t ar gt b AR R reRfied dapdh BRI RS ol 10 e ' rbtrsle T o T
accor danc 'Eg ‘hja? met hod of the invention, with conpositions at the room
t enper ature norphotropi ¢ boundary being indicated. The phase boundary
shifts toward the PbZr03 side of the systemw th increased Sr as indicated
in the figure. The thickness and conpositions of the resulting filns are

summar i zefj|siati@dleRarhpled 31 SorhpatfbR RR& k0P TheRistlids R Ust8Mbdlow! 68 of the
stoichionetric fornmula Pbnmoo Sryoo-x~noo (Zrynoo Tl (ioo-Yyl1l00)~3 .

RunThi cknpselGetigrost dorrespan@ing € PBy Sr-0apBa, Mg J(NK, Ta, Zr, Ti)O3 films:

100) No. (A) 1' b- SrTi Zr 9262310005050124643100044561351931000544614465010004357
164622100R8S)(Z2 iXIB.000534718407396451492044779010554521556089 | 116634 XRD
reveal ed excellent crystallinity for all of the PZT and PSZT filnms |isted
in Tabl e (Pb.BaX&pFidQant ative series of X-ray diffraction patterns for PZT
films in e G Ssition range varying fromZr/Ti = 44/56 to 54/46 is shown
in Figur ezﬁBﬂgﬁfﬁbﬁs showed simlar mxed [ 100] + [ 111 ] preferred

orientati %,M%?(Zr,’[’i)%)f AUG 2002

(Pb)(Nb,Zr, Ti)O3,
(Pb)(Ta,Zr,Ti)0O3,
(Pb,Ca)(Ta,Zr,T1)O3,
(Pb,Sr)(Ta,Zr,Ti)O3,
(Pb,Ca)(Nb,Zr,Ti)03, and
(Pb,Sr)(Nb,Zr,Ti)O3,
(Pb,Mg)(Nb, Zr,Ti)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 Zr/Ti ratios near the morphotropic boundary are in the range of from
about 40/60 to about 60/40.
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All filnms therefore had preferred orientations, in contrast to randgnrw AUG 2002
polycrystalline material, in which [ 11 O yields the strongest diffracted
intensity. The [ 100] w conmponent of preferred orientation is |ikely due to
stresses induced by msmatch in coefficient of thermal expansion between

the substrate (Si ~ 3 ppm C) and the PZT (~ 6-10 ppmi C) which resulted in a
tensile filmstress. The m ni num energy configuration causes the |lung axis
[001 J of the tetragonal cell to lie in the plane of the film The [ 111 ]
preferred orientation is likely due to the Ti02 |ayer at the surface of the

R L i ik bt
E G Ti )03
o 07 ol At R R R B,
S

20112 g AT of YR B SHICSAK e S O RIS

films depggidiAsk i WhEYR dIsh RAGRLIROSifanYiet. NThd rebait Hdnkén fnl%ferhm %t i on,
with preferred ofientation simlar to PZT being observed in al | ns. The

smal | peakardikd 28t withlartPMGCVDetetnigie pérntgingithé ask 6£8 ovide phﬁg@eof sﬁﬁe
presence of the second phase did not cause any serious degradation of film
properti eprecaRdr clymibiey etithounticedbnlry] probleneyr ofopaditiomd MOCWD nidiitods,
conposition. Small signal AC capacitance neasurenents reveal ed

ferroel eces n@r%ﬁilb’cfiﬁsﬁgqurint MMOCMDef BasSH 108 dot DRAYIF 6 P-3f KitinpPrs- sweep
was changed. Figure 9 shows small AC signal capacitance as a function of
appl i ed Dof theaish 19IF, 299 TLiquidrdeléyesy iof taw M%PWDHCM@CMR pedcursorsdde ar ea
was 8 x 10-4 cnR, and filmthickness was 51 The shift in the maxi na

with di re@ﬂ%fokfbvééa“sﬂﬂﬂ%ﬂ‘r?@hﬁdﬁﬁbéw stQ?eﬁ*mﬁ Mat.(Res Seer i¥¥i1m 34

2 0 AUG 2 Kk t nds to th

ol ope. of -TREMtabs 95t L5 Vit aahy B arely e ST Stfurarof ™
incid s the f |l ectri

0Ot et oS e 0t kP hi P SYAE D i SR, (e TerroelEotrie

crosses the abscissa). Dielectric constants for the PSZT filnms were found

to be lower than those for the PZT filnms. This was in contrast to bulk

data, butyf hke affuffideliobst MMOEYD %Fﬂfaeﬁ efip@id S8lhGdHs2hieORupliddn® fd | ms. For
bul k materials, s33 is increased h Sr substitution (in the notation Exy,

s refers {#popiehtidrd zond Uding>a highepracikiont fignilof @tHer Gapply ARASEMEnETor Y
refers to the crystallographic direction); however the thin filmmterial

i s strongexammsx asishewveindligiredm t hi s orientation. The reduced dielectric
constant for PSZT is an advantage with respect to the RC tinme constant of
the film This tinme constant contributes to the overall swtchi ng speed of

d wh hi ghl I h h d
oot cal - S 'nioe'ssgoﬁs%gé%‘t“r‘%&if‘é‘%w‘g% R0 GiBa0 Byor e &y Tor
t h t f t t f
11 e depuBittant somioRes ieoddon ALHS i eoiRbRIaR.f Q2 ”%)aﬁffénl Lon, |
wh PSZT I t
o 2 meRadis Whisbolfilire iR 38R Ihuid SolfGRAN Alkrplind 36 2, ™ °
content . L%l AMIGNGrd SyatiRNRa! Rebibef RS Rufiitoll] S bRl & Bl oy ch

accounts the high value in the 5.2 atomc % Sr ‘film Loss tangent is

gener al | ycdfimahietié® witheli i@ paécuedor %ﬂeixﬂ)fe@(]@&nd@d Frﬁmmreud Mige G8MeHen Wal | s
during ferroelectric switching; low loss is generally desirable. These

resul ts i ptcwrabestrdami iSflowedrunderl thoastion bf piiAp 68 IthreuglBline 7 [d MdG 2002

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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All of the deposited filnms displayed saturated ferroelectric hysteresiss

| oops. Figure 11 a shows ferroel ectric hysteresis | oops for represenfzgt AU@ 2002
films deposited by MOCVD in accordance with the nethod of the invention,
wherein Zr/Ti ratios are indicated along with Sr content. Al |oops were
wel | saturated, denonstrating the ferroelectric effect in both PZT and
PSZT. The shape of the hysteresis |oop changed with conposition, a result

?Ef‘? ot cotht Qﬁﬁﬂdnifﬁfagﬁf‘ﬁaéﬁzre ol B R EhaT e T Ao ataiiflt”y‘)f)f
PZT . ' ' LR El 1 i 0y i
measur onori@ve b tabob e B 7 eV ol IPLE Ralfiich UERE pRaty o7

were processe i Q Mmﬁr el ectrodes on wafers 9, 13 and 14
were sputter eﬁl’{ér@?%?“ﬁ#:‘%&%@b@ﬁ%l ni ng wafers had evaporated Ti/Pt upper

el ectrodes (wth Ti in contact with the PZT, used as a precaution for

obt ai ni ng good adhesion). In order to avoid the effects attributable to

| eakage curHequar sERGe BY tHid fqdid dellvé) MOOV IR hsHibdcRdS that Hghide Chih 8BS

i nduced by an AC signal were neasured using a l'aser vibronmeter as an

al t er nat i ugixed jB¥t piivk [t6 olaporizdtivas besidanits singplicitg, thealbipe tbadakeeslighdf an
effect in dynam c neasurenents. One end of each beam of material was gl ued
t o a base canppositien | afustmentst viaasontputerc tadrob (e g, thyemketecingethd wmhpdckiee beam
The anplitude of the AC excitation voltage was 2.82 V on all sanples. The
exci t at i orpreayirsos diguids Sramdha raservoirg fio sher pige and/of vappnizaiionezone) makent i fy t he
resonances; narrower scans were done around particul ar agaks. Resonances

wer e obserthisapgroagh highlydpsieble; ol hissigelmuqusghascbeen @ppliesh imthe easineled cal

d ft i | AL | b d tratigag that.rhe il 36
o o oabolieh §oadibh L Emiea N oo b PR R TiDER G TBR T 6 he
ili b . filmthi d ini mal, ef fect h t
£t equonct SORKrE LTS REME (ShaP RS o3-af PEIRE Rl tha BEreil oERER abi 6 i 1
the fil s peabeleBPits B qzm)eqwl?fcyﬂa@umﬁnme&wiofttmsoa&qwl e as

the sanpl e was swept™ through tHe resonant frequency. Figure 12 shows a

f undament afBaxin0gnes Silibat withaCofipesiteo Buffet aldyetse ber Phsam Ealiiceanpl e 13,
wherein the horizontal axis corresponded to excitation frequency for a

si nusoi dalMéglo Chermical Vapbr DepdsitibR" Zidnlel £.aGaridey, ROA.; Rn@RGflin, Pnal to
the anplitude of the vibration, clearly denonstrating the piezoelectric

ef fect in S Mas ResoSiow S¢mph Pemc,ovVelad?s; (1992) 418 TiBaQaCuOf("Mbrldpgnent
invention. It was expected that the | owest neasurable frequency was the

f undament &hemicakivapprndspesitivn of TRBageatwaQx superegpdastinestiin Ailmsyusieganni ng
the laser spot along the beamfromthe free end toward the clanped end. The
anpl i t ude fingringigd &dghetamte &PyEge Jeagentsy nidamaguchi, Nho Slardiner, R/eKidipi Ry t hat

and i b T PR B Mo Pt b Ant e ety SL L Cam

Tabl e 3 R ! g W th
3BV exc 1o EBIACH (REAICEN PRGIIE MOEYD Y NI S hulFRBIIOR T

no. ( ) ( M) sk 38RHPARRiR0P. 23802ArOR. A3ERAWMn, 3% 2N3RI326: RAer3607843. 1
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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37 2 0 AUG 2002 %&ﬂzp 2002
1443809820. 0216138036752. 716238011950. 3316338049980. 76172854241. 117 1.
218138024540. 1618238025030. 1320138011670. 1321238010980. 3821338011890. 37 Al |
of the illustrative filns described above clearly denonstrated

pi ezoel ectric effects. The liquid delivery MOCVD approach of the invention
denonstrated the enhancenents of d31 pi ezoel ectric coe~cient observed by Sr
substitution in bulk ceramc materials. nple 2 Tr{ﬁ | ead precursor chosen
was | ead bGbitDRAM epplisatienseinsdicers, Be}ft,el’me@hedmas, 8 [mh Symp) o IntFgi s
conpound has no appreci abl e vapor pressure at roomtenperature, which makes
it much saF@TOGﬂ@tMnM@Wm&nCAeM@ChIIﬂyll6 11894 r@h@éﬁﬁcbsuﬁ\ﬁé\?@ro thee | ow
volatility_of Pb(thd)2 (0.Q05 Ton at _18QC) requires the use of liquid

precur sor EE‘FEWS‘F erqqqeﬁﬁredm:orporated herein by reference.

bi s(i sopropoxi de) bi s(2, 2, 6, 6-tetranet hyl -3, 5- hept anedi onat e)
[TIi(Oi-Pr)2(thd) 2] was used as the titani um precursor. Zirconium

L0 eSS ML OB R SR S Y 2
e s, P AL 56 i
o0 SRR 1450 PERRL S o SR G 1

Precur sor Seti 41, I9itedi Qated Thtdhd 'Aglichtic A8 08/a84)6 54 FddOYuneY,t 19980# {Hegand
exchange reacfions often occur in solution, exchange nechani sms nust be
degener at enamiud 6N RDDIONA. dGhrdineené@hl., dsd mﬁdmewmlnmﬁaﬁm Nse of

ni obi um tetraki s(i sopropoxi de) (2, 2, 6, 6-t et ranet hyl - 3, 5- hept anedi onat e)

[ Nb( O i - PrDbckéd)7]71-I6ACEP 2] fd e No vganberi 20e #199himrthe ahmeofiiEtonizis IH. tBaunt
solution and during gas-phase transport of the entire chemcal mxture. The
f ol | owi ng ¢ragewkick carelicompatibleewish e | specific Snuskorm precursors used for

t enper at ur £550~610 t Pt [ <basrier> Tot eact or, pressure2~1
OTor r React ‘OF™{k& ?gﬁ’péf’atcg’r gaégglgéé thin, th"FF 10p§ dRA%’Gsccrﬂ\lZO
f I ow0~ 4505ccmTot al nt Mol ar concentration0. 29|\/Re ent solution flow
rate0. 1 ~ ¢onstityent ﬂi%‘qagﬁa'efyeﬂde@ém VRROT AEPPSTHNPIPEESPRES deposited at
610C on PtJMgQ Si. The pressure was 5 Torr, oxidizer flow was a m xture of
450 sccm 02 and 450 sccm NZO, and the reagent flow rate was 0.2 nmmn for

40 m nut esgigXRF 303 YRl aftAGrdBRafioh bPYW RSubRoFHIRSRd MiivGy MBTYHON dat &
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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Thi ckness (um) Pb (at:% Nb (at.% Zr (at.%9 Ti (at. % 0.34 49.7 0.4

21.9 39 © 2 0 ~AUG 2002 The filmhas 0.4 at% No with a zr/Ti ratio2d AUG 20[]2
56/ 44. XRD patterns taken fromthis filmshowed all characteristics

associ ated wth single-phase perovskite PNZT thin ' filmor substrate

| ayers (Pt or Si). These results confirmed the growth of high quality PNZT
thin filns by the above-described process conditions. Exanple 3 Thin film

PbXCa~ Zry Til v Z T i ted by |iqui MOCVD using th
br cour <o (ouRBLAEETIA e daF BN Z0 10, b4 Y Grais SRR ahPBnaL ) |

Pb(t hd) 2 .6, 6-t.etranet hyl - 3, 5- hept anedi onat e) ~t et r agl yne,
%Cagthdg Z]W@%Q&‘{F 5§2T@mfﬁwsdeposxtec5‘y P ! ) gly

tetrakis(2, 2,6, 6- tetranethyl 3, 5-hept anedi onate), [Zr(thd)4] Titanium
bi s(i sopropoxi de) bi s(2, 2, 6, 6-tetranet hyt - 3, 5- hept anedi onate),

Ti(Oi1 P

(2 2.6 6. 120 Qﬁ%@c‘fﬂa@‘@“ﬁ V3 reiosis IRV 00 aas i e 40 Smed by
precur sor Sy afefip Cow 6 a¥ ﬁ&hufi'ﬁee 188 ﬁfdgﬁﬁkéummﬁﬁd“@ro%mn@' 139)Ceach
detri ment al Ilgan exchange. The solvent can be that described in U S

Pat ent  No.copiafdfg S¥ifabld vatvin g%a%agé\maw eatttRrNOERRhAS4L 5 RO WD S.
Pat ent Applicati on No. 08/975, 372

reactor 114 passes to the trap 118 through flow lines including a main (fast pump)
line containing flow control valve 120 and an auxiliary (slow pump) line containing
flow control valve 122. A vaporizer bypass line 130 containing flow control valve

132 therein interconnects the vaporizer with the trap.

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

tetraethyl Pb. However, the low volatility of Pb(thd)) (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-tetramethyl-3,5-heptanedionate)

[Zr(thd)4] are usefully employed as Ti and Zr source reagents, respectively. Further,

25



The foll ow ng MOCVD process conditions were used: Substrate tenperature:
565C Bottom el ectrode: Ir/SiQz/Si Total reactor pressure: 1.2 Torr.240 AUG 2002
AUG 2002 Reactor wall tenperature: 220C Carrier Ar flow 200 sccm 02 flow
500 sccm N20 fl ow. 500 sccm Total reagent concentration: 0.30 M Reagent
flowrate: 0.14 m/mn. Deposition time: 1950 seconds Sol ution conpositions
were chosen such that nomnally 1 % of the A sites are occupied by Ca and

haset1 oo Eha, AR 8514 ALl TEnp R P ERGAE" 1o

these filnms showed a ar ac sin ase

perovski t &elon ANFuE frE)?i EPR?dziﬁ%IiuH‘iH?ﬁisg#u’?iﬁoﬁﬁe)%‘i’é@,_br@é-’é‘etﬂaﬁﬁéﬁ{&%ﬁﬂ-r or

Si). These resul'ts confirnmed the grow I gh quality doped

Capaci t or Ihidhedidhae). ileSe EaRpoRs Sfe bRterfdP GbRubkain Sraatia ph&¥id aAd hen by
evaporation of 1000b thick Pt top el ectrodes through a shadow nask.

Deposi t i oryepfimBiitalViigarfdExdhasleOist padkibkdSificd theUi@niiin ARIND € Qodrdifatibelgt i Ng.
Ferroel ectric characterization was carried out on a Radi ant Technol ogi es

RT6000 f ersanehted (deeCNuekhr Maghetit Résondmee lagd Ifred §péotiab Studids @pdsabiter e
measured using a saw tooth AC signal with maxi num vol tages between 2.5V.
Measur enentis-Dialkegkbig@cetylacetonatop s ticamium@W) oGomysiungs.& KBradlyey D661 7

el ectroneter using a staircase voltage ranp with 0.5V steps and Ss dwel |

time at eddollowsy &b J. Chemebec. dah2B2(1¥9sured in this way has both
rel axati on and steady state | eakage contributions. 41

For doping with Sr, the Lewis base adduct of Sr (thd)? may advantageously be used ,

where the Lewis base is tetraglyme, tetramethylethylene diamine, pentamethyl
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)? 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),(thd) may be usefully employed.

Other suitable and corresponding reagents for Ca, Ba, Mg, and Ta may be employed.
Illustrative 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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2 0 AUG 2002 Figure 13 shows ferroelectric hysteresis |oops for fil\r;\y:
deposited by MOCVD in accordance with the nmethod of the inventi on,2 tAU% 2002
Zrff i ratio of 40/60 both with and without 1 %Ca and 0. 2%a substitution.
Both films show full saturation below 2. SV and hi gh remanent pol arizati on.
Figure 14 shows the | eakage current versus voltage for PZT with Zr/Ti of

40/ 60 and the same Zr/Ti with 1 %Ca and 0.2%a substitution. The

substitute ' S t he | eakagge,curre £nsi at conpar ed
ot eri oS ARERS Rled Tide 75 FB i afeT RERERA A CorfbBRr et v R e -
and/ or B-sije- i fied.Pbzr T{,03 had .S , .

My (Zr, Ti, ﬁi??ef;%)"g%‘tf“rﬂpr\‘sa%‘?“ N%E[I?%t}(gl?ﬁolﬁl%éﬁgkgﬁg%‘ﬁgﬁjﬁr ?g’t gagrgﬂa}ns for
applicatio i i I i G, ran 1:8S, . hi

per f or rrancg]%t h@ﬁéﬁ’:&ﬂ%@%gﬁgt gg‘%&é’r gt aﬁ'hgg%nl eg [ ni Par eg g?eaé?o@g?byspati al
l'i ght nodu A SerAGE REtRRRNlifR).| ONS where perovskite

pi ezoel ectirn?éﬂigr?]a e(ﬁ;a??loel ectric materi allfs‘&}tare required. The filnms of the
invention may be enployed to formcantil evered piezoel ectric mcroactuators
for use in positioners and mcroval ves, that nay be usefully integrated
into i nt egCah@enif tifdethrilgica SmpbRlof € m@ﬂ%ﬂ&l@%y gibfilgdobhe tildentibhn film
materials of the 1nvention Include geonetric and spectral- (or

i nt er f er enMEMS bieslemblaigy baged, os yabsios devicadlatreadyc exikenin dier aymmestialnovabl e
mcromrror arrays, or in spectral devices for alteration of resonant

caviti es | maekegilane. skariexampés Si baskdt miveomarhiredtagoeleronfetgsiore vkediinas; as
well as for operation of hydraulic and fluid flow systens, for ultrasonic

t r ansducer bagsrase{denloymentysiems in aginmadiilesie It isat uarrasenableetoetiats thatf or
surface analysis of materials, etc, I.n non-volatile ferroe] ectyic, menory
devi ces, (WS teRhmolo Hilkupes PACEVaTES iBWagh QR SRRy ahole g{aasr dgactiier uct ur es

F1'ash momofS e dREMRERR 5, TERLOPTIR O 5 A BOSOH PR RS TR i cdl
Pb(Zr, Ti)03 [ ) j in f] ' P , Ti )03
por ovak & cat Gk, ol PR b by Mt Be deslined W el ke, R (100,

j pa ] yy _ P oS d
east one RxfamWQétﬁﬁbleSPfH&%s ?P?}#M‘Xg&%&f&%‘g?ﬁ“&#&fﬁfg iﬁg'iﬁri}gleg cg‘;f eCa,

fromthe group consisting o Site s

Ba and My, figfitenable} tHe devERpiiehtsf thelRHciveRIEMS @evitésom t he group consi sting
of and Ta and the filmthickness is |less than 150nm The nodified PZT

deposition process conprises a liquid delivery MOCVD approach to thin-film
grow h from netal organi ¢ precursors, such as netal (13-diketonates),

di ssol ved Inntha ased of ophical deviegsy hioth gémmetrt ahd speqiah éort mteyfererve) based fi |l m
2. Anodified Pb(Zr, Ti)03 perovskite crystal material thin filmaccording
to cl ai m 1devigsaican &g hgjedqen theahigh gyaliytpiezgelecisicsiilms of thstipventigns The A

nmodi fied Pb(Zr, Ti)03 perovskite crystal. material thin filmaccqrding to
claim1, nSOMSRYIpYce caneds e Ség‘s%‘é‘ieél ‘ﬁ-"s‘ie{a’éc%"ﬁb@é’if‘ta& v §!‘811?S A

nodi fied Ph 5rbilTid¥10301 er ovgki Be %ﬁﬁ lt al L terial tg'ln fiiclm accor ding to
claim 1, ”18. |‘?|:% lS{/ : ag'y,A hoE Fee POz A )“5’3’ &r BULRIE cwg’f'al
material tgihdddiR AHCAN H6mE 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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claiml, nodified by Ca. 6. A nodified Pb(Zr,Ti)03 perovskite crystal
material thin filmaccording to claim31, nodified by Ba. 43 2 DﬁUJGAﬂBOﬁ]UZ
7. Anodified Pb(Zr,Ti)03 perovskite crystal material thin filmaccording
toclaiml, nodified by My. 8. A nodified Pb(Zr,Ti)03 perovskite crystal
material thin filmaccording to claiml1, nodified by Ta. 9. A nodified
Po(Zr, Ti)03 perovskite crystal material thin filmaccording to claim1,
nodi fied by Ta and 03@ ere Ta < Lat % apd Ca < Pat.% 10. A nodified
Pb( Zr, Ti ) 0%9nbgrEieR; Microvglvesare wsetul in-thisischeme py well\grdoreacHng AR apgfver | Ti) 03
perovskite crystal .mat.erial which. is, nodified by the presence of A-site

—_substi t uen?a ﬁné'e?tﬁglV@fvebfp,ntreﬁ{ngé&%woaw?es_fm. A nodi fied Pb(zr, Ti)O03

—perovskite crystal material thin filmaccording to claim 10, nodified by
Sr. 12. Thin film piezoel ectric PSZT.

Examples of other devices based on thin film PZT materials include ultrasonic
transducers and active vibration control devices. Ultrasonic transducers can be
fabricated by MOCVD for high frequency applications which allow greater spatial
resolution for detecting small defects. The frequency range between 50-150 MHz is
very difficult to produce by traditional bulk ceramic methods. MOCVD is a thin
film-forming process with a deposition rate high enough to make these devices at the
required thickness of between 13 and 40pum thick. Such transducers can be used 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 EEPROMSs 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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13. Thin filmferroelectric PSZT. 14. Thin film piezoelectric PNZT.2 §5AU8‘ 2002
devi ce selected fromthe group consisting of m croel ectronmechani cal™ devi ces
and ferroelectric devices, conprising a nodified Pb(Zr, Ti)03 perovskite
crystal material thin filmincluding crystal lattice A-sites and B-sites at

| east one of which is nodified by the presence of a substituent sel ected
fromthe group consisting 44 '2 U :i0.U- Q02 of (i) A-site substituents

e oo i v PR e b g e R b PR 11
ol cot  odescitesti g ReY FeapEEhCl by o R e AR MEN R BB kol s e ci n

t he ferroe%%gtdréhl%ngtmtg&fl I mnaterial conprises thin filmferroelectric

PSZT. 17. evi ce according to claim 15, conprising a

m croel ectronmechani cal apparatus including a thin film piezoelectric PSZT
el enent as a sensor and/or actuator elenent thereof. 18. A device according

to claim IPhe pptiMahe GorhpOiRtidl df Ih& WEZIO Fifrh Sirid  GseObf eRRirb@ |préctsdes B
novabl e m crol ens arrays; novable micromrror arrays; spectral devices for

al tering r@fmnaielcohidal lakagecanibelreatily deteemardastthe skifled artishreb®8d on

m cropunps; cantil ever piezoelectric filmelenent mcroval ves; ultrasonic
transducerthe dis¢lostze Viidpeiat i dvliceafhbrictiod etechsignesu var dee dis¢dhfin aplace rofdi at i on
pyroel ectric detectors; and non-volatile ferroelectric nmenory devices

wher ei n t hmagbssopil approdcbes fdrmaking eantieves strnétures rpfghiegogltectric. thil filmh devi ce
according to claim15, conprising a cantilever beam device including a

pi ezoel ectmat@nelﬁnrnﬂlleihr%dqszths@i%?eewréwhmve@mn-A devi ce according to claim
15, conprising a cantil ever beam sensor. 21. A device according to claim
15, conprising a cantil ever beam actuator. 45

The features and advantages 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,/Pt/Ti0,/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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2 0 AUG 2DD2 22. A nethod of form ng on a substrate a nodified Pb(gr,woz
perovskite crystal material thin filmincluding crystal lattice A- iut Ga 62
B-sites at | east one of which is nodified by the presence of a substituent
selected fromthe group consisting of (i) A-site substituents consisting of
Sr, Ca, Ba and My, and (ii) B-site substituents selected fromthe group
consisting of Nb and Ta, conprising liquid delivery MOCVD of the thin film

fr | i f th | ; f th hi f.il .

A ot hod SouSafiny R BRI 355 OfENd A, SHE B lof patfeclblng " %
i tit i . . . .

bi s(i sopr SHONPUMFidesired perovakite grystal qmcture, Diclectric constants of the spmples, |

bi tent - i bi , 6= h 5 i it ani

oo bi o 2 MG AGHLIC & o Sarkd® BT ke RERA T HRAS Widh 2 dbp 1 U

claim 22, eM%&ésr\véﬂe%cmlfzrmbpmeaﬁﬁumﬁlmx PSETAISPRAG Bwer

tetrakis(2, 2, 6, 6-tetranet hyl -3, 5- hept anedi onat e) and/or zi rconi um

bi s(i sopr ergacitdde ddinfifatetobthe ubfodFTEAHAT filnd wWhesH RRAdidOARAE) fromthe A Net hod

according to claim22, wherein the nmetal organi c precursors conprise |ead
bi s(2, 2, 6 vievipiinitaoE ROy time, conbrapt antitdbativisetp raspbnbe tintes fas devived agdeof this
material. 26. A nethod according to claim?22, wherein the Pb(Zr, Ti)03

per ovski t drooi YBSZT. neAker fikhs adisplayede ferféreleatricdh behaniopswith ellisamrated
substituent, and wherein the metal organi c precursors conprise strontium or
bari um bi hyfesi8, l6epset Mane ithport@itlshthet pierod] eotrint effect was dbseavestiniill lof Lewi s

bases such as tetragl.yne et ranet hyl, et hyl enedi am ne agnd t hyl

di et hyl endh smAlERe. Thi1s the figst demen Qﬂf?fiw%? gringe Wﬂmfﬁeﬁ ai m 22,

wherein the Pb(Zr, Ti)03 perovskite crystal material ¢ ri ses Ca_or

magnesi umdégosétfglgﬁPys i‘%eéalgiﬂ?é’{‘i FE‘%‘HF?I gﬁ&‘”\/\ﬂ%ﬁ"éﬂ‘t‘?“t a\gor?e 3pd e it ecur sor s
conpri se cal.ci.um Qr, . nesi um.bi s 6, 6-tetranet hyl 3, 5- hept anedi onat e)
Coordi nat GATGRTRI0R R i FEBSRo YA B PSZT B b Y ARY mbfacth,

et hyl enedi am ne and pent anet hyl diethylenetriam ne. 28. A nethod according
to claim 22, wherein the nmetal organi c precursors conprise ni obium

tetraki s(i$eRs QRIS badi contfin 'tpﬁ,fﬂf%ﬁyﬁ'iﬁwﬁﬁ@f&m?ﬁﬁ)@ilﬂ}%ﬁ}x§ thd- A

nmet hod according to claim22, erein the netal organic precursors
composition range of interest were mixed to the desired solution composition for a

given 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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conprise tantalumtetrakis(isopropoxide) %g APQ W,
(2,2,6,6-tetranet hyl -3, 5- hept anedi onate). 30. A nethod accordingto c im

22, wherein the netal organi c precursors conprise at |east one of titanium
bi s(i sopropoxi de) bi s(2, 2, 6, 6-tetranet hyl -3, 5Shept anedi onate); zirconium
tetrakis(2,2,6,6-tetranethyl -3, 5-heptanedionate); |ead

bis(2, 2,6, 6-tetranet hyl -3, 5- hept anedi onate); strontium

bis(2,2,6,6-tetsalth - rg{bg t anedi onate)t etragl ygegocand ni obi um
tetrakis(isopr o%om %iie%{é?@e ) %J'Gt et ranet hyl - 3, 5- heptggonecgi onate). 31. A

met hod accor di ngotidin eledirbde22, Wherein the metal or ggpTO,MMEGOL SOr' S conpri se
titani um bi s(i sopropoxide)bis(2,2,6,6-tetranethyl-3,5-heptanedi onate);

zi rconi um t et r akhial rRackofpBssufd: r anet hyl - 3, 5- hept aneditggat e); and | ead

bis(2, 2,6, 6tetranet hyl -3, 5- heptanedi onate). 32. A nethod according to claim

22, wherein t heréRickvailD@MperaRireCuUr sors conpri se tHp3grcUm

bi s(i sopropoxi de) bi s(2, 2, 6, 6-tetranet hyl -3, 5- hept anedi onate); zirconium

t et raki s(2, 2, 6, &r flewr(threighyprecirSormepiifoiddi onat e) ; lemstchi s(2,2,6,6 47 2 0
AUG 20D2 tetranethyl -3, 5-hept anedi onate); and at | east one of strontium

bi s(2, 2, 6,6 tetP2afephyl - 3, 5- hept anedi onat e) t et r agl §9ESERd ni obi um

tetraki s(isoprqpoxide) (2,2,6,6-tetranethyl -3, 5-heptanedi onate). 33. A

nmet hod accor di rﬁzééloc‘ﬂ aim 22, wherein the netal orggﬂ? ¥CPY ecursors conpri se
titani um bis(i so_[)r Ql_%oxi de) bis(2,2,6,6-tetramet hyl - 3,5-hept anedi onat e) ;

zi rconi um t et r M [RICKNESSs_ t et r anet hyl - 3, 5- hept aneBen&éHm | ead

bis(2, 2,6, 6tetranet hyl -3, 5- hept anedi onate); and at | east one of cal cium
bis(2,2,6,6-tetramet hyl 3, 5- hept anedi onate) tetraglyne and tantal um

tetraki s(i sopropoxide) (2,2,6,6tetranethyl -3, 5-heptanedi onate). 34. A

met hod according to claim22, wherein the nodified Pb(Zr, Ti)03 perovskite

consi ot i n i3 bRiep o353 gBoc APk, HlgPEp SEhLlIcisBob Aol BHP
(Pb, My) ( Zrfodhatfid of (R ér-gasléfew-'{ﬁtﬁﬁahaéé? Nin R Adr 18 aflessltht&&Xcharacteristics for
(Pb,Sr)(Ta, Zr, Ti )03, (Pb,Ca)(No,zr, Ti)03, and (Pb,Sr)(Nb,Zr, Ti1)03. 3 5. A

net hod acal¢ depiBittd filhsi the 28mpuditse b tHehForeRieAfiondd) flsPedstotaldctedized y st al
mat eri al conprises PSZT.

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 Ka 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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48 20

Pb(zr, Ti)

AUG 2002 36. A nethod according to claim22, wherein the 2

03 perovskite crystal nmaterial conprises a conposition of "t

formula PoxSr( 1 x)ZryTi( 1 _Y)03, wherein Pb:Sr:Zr:Ti has a ratio

X:(1-x):y: (1-y),

y has a value of from about 0.50 to about 0.60. 49
A 3. A& A [.AS. AF. ABH. AL Al % A. A. ABF% A3[ . A3. A& A

% Al % A%

lLeAUG 2002

where x has a value of from about 0.86 to about 0.93, and

. AL AFra RIS ylibere i eslel TiCeun i dbalale el ey,

hS| wr mhc]
alc:alc:
- $y4=BOY

e e R

a] ca] ca] ca né for. %ﬂﬁ%&%’@%ﬁ%ﬁ’%@%éﬁgf?‘]é{%]‘%ﬁieg?ép%ﬁk& fbealge Ucralc
ca] cal cajicabfaleaaht 497 fo A@BBEREhY, CwhiciK gdnddlly ?@PRsG®d the true DC

a
A}:AAAA:BCB} xsni d_Z]]ca]ca]ca]ca]calca]ca]ca]calcCa]calca]calcalc

a] ca] ca] cadopah@rinGA ke ﬁﬁﬂ@k&?&&%ﬁ@ﬂuﬁ@](ﬁéjﬁhf%agl}eca FhlBEB8CpCCCC

D, DEGCHHH) |G M ZI | 1" JvJJKOKKKLQLsLLMeMM] vl gb

cal ca] ca]

cal] ca] ca] ca] cOa] ca] ca] ca] ca] ca] ca] ca
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 12 - 17 V.

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 Eomposition. After this relationship was established, a
number of PZT films were deposited in the target composition range between 40/60
and 60/40 Z1/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)? 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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1Y ##53% ' **GrMEZE++, - ] . )
'.az‘f’ i /Kl W?%vgg%m@f@mwmdnﬂ%gf the steichiemetrie foapwla) caj ca) ¢

alcalcalc a] cal ca}gal cg} ca] ca aJ calca]calcalcalcalcalcalc a)Jcalcalca
0~ B@ 10%‘9"('905\5%@-’%’@@%(’1"9 ﬁ"fbﬂ)ék?"’( 13109 ()-!, mAO%& () -1

#L3@10% ! & ()- O_+dE 96F10%& ()- Y4S 109%& ()- f2S 109%& ()- 1% 109%& ()-4
PL10%&' () - ylO0%&' ()-+6789F% ~\= F f 10% & ()-f!& '10% " & ()-3S

10% & () - un o gﬁ'{“}}lcldles;" & 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 10 55 45
21 5560 89 11 66 34

XRD revealed excellent crystallinity for all of the PZT and PSZT films listed in
Table 1. 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.

33



10 10y ;

109 ()- xnbC'109% ()- 10" 10" 10">s10% & ()-,T 10% & ()

10%& ()-3 S 10% & ()-shSaBnbC3L' @ 10%&: () -3S 10%& () - F&10%&' () - FR

109& () - FS@ 109%& () -

109 ()-3y2- 10%& ()-3s0@ 10% ()-3) @ 10%& ()-$y4bC F f 109%& ()- SY
109& ()-3f 109& ()-' 109 ()-3 10 10 10> 10% () - 4=?@BO' bCFsz
109 ()-/& 109%& ()-F 10 10 10>109%&' ()-y2109%& ()- %@ 10%& () -

\/

All films therefore had preferred orientations, in contrast to random polycrystalline
material, in which [110] yields the strongest diffracted intensity. The [100]
component of preferred orientation is likely due to stresses induced by mismatch in
coefficient of thermal expansion between the substrate (Si ~ 3 ppm/°C) and the PZT
(~ 6-10 ppm/°C) which resulted in a tensile film stress. The minimum energy
configuration causes the long axis [001] of the tetragonal cell to lie in the plane of
the film. The [111] preferred orientation is likely due to the TiO2 layer at the
surface of the substrate that was used in this case as part of the electrode stack. Ti-
rich PbTiO3 seed layers have [111] preferred orientation (see, for example, "Effects
of the Utilization of a Buffer Layer on the Growth of Pb(Zr,Ti)O3 Thin Films by
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 26 = 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 10-4 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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voltage required to switch the ferroelectric domains in the thin film (i.e., the voltages

at which the hysteresis curve crosses the abscissa).

Dielectric constants for the PSZT films were found to be lower than those for the

PZT films. This was in contrast to bulk data, but the effect related to the preferred

orientation of the films. For bulk materials, £33 is increased with Sr substitution (in
the notation €xy, € refers to permittivity, x refers to the direction of measurement, y
refers to the crystallographic direction); however the thin film material is strongly
textured away from this orientation. The reduced dielectric constant for PSZT is an
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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MOCVD in accordance with the method of the invention, wherein Zr/Ti ratios are

indicated along with Sr content. All loops were well saturated, demonstrating the

ferroelectric effect in both PZT and PSZT.

The shape of the hysteresis loop changed with composition, a result that is observed
for many ferroelectric materials. The demonstration of ferroelectric behavior in all

films showed that the intrinsic quality of the PZT and PSZT thin films was high.

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 remaining wafers had
evaporated Ti/Pt upper electrodes (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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no vibrations would have been measurable if the films were not piezoelectric. In
most cases a whistle was audible as the sample was swept through the resonant

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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10 @BCP 1 380 3675 2.7
16 2 380 1195 0.33
16 3 380 4998 0.76
17 2 85 424 1.1
17 3 85 524 1.2
18 1 380 2454 0.16
18 2 380 2503 0.13
20 1 380 1167 0.13
21 2 380 1098 0.38
21 3 380 1189 0.37

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

enhancements of d3] 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 titanium 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 PZT
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reactions often occur in solution, exchange mechanisms must be degenerate and thus
not detrimental. To this end we explored the use of niobium tetrakis(isopropoxide)
(2,2,6,6-tetramethyl-3,5-heptanedionate) [Nb(O-i-Pr),(thd)]. This reagent provided
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

0, 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:

Thickness (um) _ Pb (at.%) Nb (at.%) Zr (at.%) Ti (at. %)
0.34 49.7 0.4 28.0 219
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film showed all characteristics associated with single-phase perovskite PNZT thin
film or substrate layers (Pt or Si). These results confirmed the growth of high
quality PNZT thin films by the above-described process conditions.

Example 3
Thin film (PbxCa, ) (Zry Tij., Ta,) was deposited by liquid source MOCVD using

the precursors shown below.

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

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 extremely 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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Reactor wall temperature: ~220°C
Carrier Ar flow: 200 sccm

02 flow: 500 sccm

N20 flow: 500 sccm

Total reagent concentration: 0.30 M
Reagent flow rate: (.14 ml/min.

Deposition time: 1950 seconds

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
10004 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.
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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.

INDUSTRIAL APPLICABILITY

The A-site- and/or B-site-modified PbZrTiO3 materials and (Pb, Sr, Ca, Ba,
Mg)(Zr,Ti,Nb,Ta)O3 films of the invention provide enabling materials for

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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THE CLAIMS

1 A modified Pb(Zr,Ti)O; perovskite crystal material thin film, wherein the
Pb(Zr,Ti)O; perovskite crystal 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 (i) A-site substituents consisting of Sr, Ca, Ba and Mg, and (ii)
B-site substituents selected from the group consisting of and Ta and the film
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-diketonates), 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.

43



10< 10< 10<=10%& ()-, 2@ 10%& ()- 0, 10%& () - %ek4dEbC

1OFMLOYS&' () - 3FI mLOYB& () - S&L096& () - F10%8& ()-Fl @ 20 AUG 2002
10%& () - YL0U8&' () - 48Bl moolbC

10FMLOSS" 1098& () - : $3" 109B&' () - : $$" 1098& () - : $$" 1098& () - : $$" 1096& () -: $$" 1

0%$& () -:optx}sTs5bC

10$$" 1008& () - : $$" 1098& () - : $$" 1098& () - : $$" 1098& () - : 133" 1098& () - : 1/ K5dxY

e

é0$$" 10088 ()-: $$" 1098& ()-: $$" 1098& () - : $$" 1096& () - : / K5d$$" 1008& ()-: XY: b
1038 10088 () -  SsmBlEd, FZrTR0s pepoyskite crystal, marsripl thin {ilm aecording fo v . ov.

C . .
108$" 10065 T 1Bedifsh By M2 | ksass 10088 () -: 38" 10088 ()-: $$" 1096& ()-: T: bC
10$$" 1098& () -:/ K5d$$" 1098& () -: $$" 1098& () -: $$"1098& () -: $$"10%$& () -: e5bC
10/ K5d$3$" 109%8& () -: $$"109%$& () -: $$" 109%B&' () -: $$"1098& () -: $$"10%& ()-:1JIbC
éoo/és 25((15$$" 1%‘@%‘ A) modified P8B2r, )0, Perohdftbichybtal St YRRin(fitm S&cok@iy@&o() - - $$"1
-1 XY:
10/ $$" 109%%&aim 1, HSdifi0dBETe) - : $$" 10%B& () -: $$" 10%B& () -: $$" 1098& () -: / K5dxY:
bC 10/ $3" 10%8& () -: $3$" 109%8B& () -: $$" 109%& () -: $$" 109%8& () -:/ K5d$$" 109B&' () -:
#xY: bC
10/ $$" 1098& () -: $$" L09B& (( - $$"1098& () -:/ K5d$$" 1098& ? - 33" 1098& () -: #8&)
,-05sY: bC?9. A modified Pb(Zr,Ti)O; perovskite crystal material thin film according to

10/ $$" 109B&' () -: $$" 109%& () -:/ K5d$$" 1098& (2 - 88 1098& () - $$"10WB& ()-:5: =
@CDET: bC claim 1, modified by Ta and Ca., where Ta < 1at.% and Ca < 4at.%.

10/ $$" 10988 () - : / K5d$$" 1096& () - : $$" 10968 () -: $$" 1096& () -: $$" 109%6& () -: E} :
vU4 10 $LsM 10%-& ()- $Y@10%& ()- $ 10%& ()- 10

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)O3 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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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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selected from the group consisting of Nb and Ta, comprising liquid delivery

MOCVD of the thin film from metalorganic precursors of the metal components of

the thin film.

23. A method according to claim 22, wherein the metalorganic precursors
comprise titanium bis(isopropoxide)bis(2,2,6,6-tetramethyl-3,5-heptanedionate),
titanium 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 bartum 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 tetraglyme, tetramethyl

ethylenediamine and pentamethyl diethylenetriamine.
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bis(2,2,6,6-tetramethyl-3,5-heptanedionate); strontium bis(2,2,6,6-tetramethyl-3,5-
heptanedionate)-tetraglyme; 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-tetramethyl-3,5-heptanedionate);
zirconium tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionate); 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(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-
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tetramethyl-3,5-heptanedionate); and at least one of strontium bis(2,2,6,6-
tetramethyl-3,5-heptanedionate)stetraglyme and niobium tetrakis(isopropoxide)

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

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)O,
perovskite crystal material thin film has a composition selected from the group

consisting of:

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

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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