WO 98/ 39800

PCT/ US98/ 02008 STRONTI UM Bl SMUTH NI OBATE TANTALATE
FERRCELECTRIC THIN FI LM : BACKGROUND OF THE
| NVENTI ON wdleg/fssel d of the Invention The pr esentPCTAIREBPI08%
pertains to thin filmmaterials for use in integrated circuits and,

nore particularly, ferroelectric naterials for use in inte tng‘MEd menory
circuits. Mre spcURPNEUMBISMYUTHNIORATE TANTALATE FERRIELE '%T'ﬂg als are
strontium bi snuth niobiumtantal ate materials that remain essentially
free of polarization inprinting 10 even after long repetitions of

uni di rectional voltage pul ses. 2. Statenent of the Problem

It is well known that thin BACKGROUMND OFtTHE INUENTIGNS may be used in a
vari ety of nonvol atile random access nenory devices. For exanple, U S
pat ent n@nbdr Field of thedowem®n i ssued to Koi ke teaches a ferroelectric

nonvol atil e rand . S NG IS & rd a
ferroelectric caﬁ%ﬁfrggéitn@g%m@m{? %Hh?'ﬂg t6!thi t rar*nastlggté%??f:%.gés.ﬁ?)rg? g?laﬁé?lunber
5, 495, 438 | ghe\dith 4ridl, BBt partivaiiysferrobiectricematerialscfor use imatagratedhmemasy

formed of ferroelectric capacitors connected jn parallel. The ,

capaci t or s BuGuits: dYlergesnestically, tha in FbeHPe@F#"FégéﬁFalﬁééqﬁtmfng BisYR) yes
and, c i : o i -irripitin

nunber 5, 598‘%@“%“%@83@%# %Eﬂﬂéﬁéﬁrﬁé'g ég?ég amyeefac hefsma&;lzodﬁeﬁllat il gﬁstr;rermr y
i ncl udi Ny a elenrafier kg repetitions dfayrddirgdtiahal wlitage puisesed by t he i npressed

vol tage between two gates. The pol ari zati on or nenory storage state is
read as a hidghStgtemens @fihe &rebleMow acr oss the ferroelectric |ayer,

whi ch permts no ' . i b d i 2989

I ssued to Takeucng‘{(:'r|lgﬁ“:1 5%’”@2‘9%@@9‘2“{%f8H°§88ﬂ§§h§é§g"?$§%§i set%sre- one Zgn /
capaci t or f effhoalsiatisirand@Enecyessvatmony deviess. deaneampied. .So gaterdnusprearat i on
i ncluding a dé/nam' c random access m)rg g DlﬁAl\/{r? node e%nd a ferroelectric
r andom acce<s00@RBY yispuedtatigikedgrches a ferroelectriconvolatile, sandam acess

pol ari zajd o [ es i f S ] Btifor and a SWiteRingSi de
102 of gtsr vgn %g?f%sqg# g"cﬁt‘:gerg%g@/s Eri%?igslﬁﬁgncg atfﬁgbgﬁgfrﬁggcag)n la r3aon ?er rl oe'ﬂgct ric
capaci t or whidrsistrangisngatenenambber 8496488dssuield tordraursoieachesa fatraelectica
negative value. Side 104 of curve 100 is produced b asurin e rge
on the megony dhalcisy farmed pefc ecr&e?%m'iw é’aeﬂ%{ﬁ’gﬁ r?QXFH%eédBI ?%8“% eﬁg‘%E

from a negati icPRskdrial® of different ReRNe fidid FhRies] andd
E[err] are céoa\r?%g\r@‘ilsgﬁgf’?ﬁpg?‘g??'gdﬂ‘t%(t)éﬁéés{@t he ! coercive field that

required to dorisequpntiyrdanaiseoor Stoteomuiti-valusidata. aklhS. patert numeere592.409
20 issued to Nishimura et al teaches a nonvolatile memory including a ferroelectric

S

layer that is polarized by the impressed voltage between two gates. The

polarization or memory storage state is read as a high or low current flow across

the ferroelectric layer, which permits nondestructive readout. U.S. patent number

5,539,279 issued to Takeuchi et al teaches a high speed one transistor-one

25 capacitor ferroelectric memory that switches between two modes of operation

including a dynamic random access memory ("DRAM”) mode and a ferroelectric
random access memory ("FERAM") mode.

FIG. 1 depicts an ideal polarization hysteresis curve 100 for ferroelectric thin

films. Side 102 of curve 100 is produced by measuring the charge on a

30 ferroelectric capacitor while changing the applied field E from a positive value to a

negative value. Side 104 of curve 100 is produced by measuring the charge on the

ferroelectric capacitor while changing the applied field E from a negative value to

a positive value, The points -E, and E, are conventionally referred to as the

coercive field that is required to bring polarization P to zero. Similarly, the remanent
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pol ari zation Pr or -Pr is the polarization in the ferroelectric material at

a zero field val ue. The Pr and -Pr values ideally have the sane
magni tude,wg%,s;sh@ val ues are nost often different i nporashsemos Thus,
pol ari zati on nmeasured as 2Pr is cal cul ated by addi ng the absolute

val ues of the actual Pr and -Pr 'val ues even though these 5 values may
differ in magnitude. The spontaneous pol arization values Ps and -Ps
are neasur @didrization PapotRitis tie spdlanizetion dn thedflerrostectric materiay st 2 zer fild oop,

e.g., end 1 to i,ntersect.th olarizatio X| n.j I
ferroel ect MRue- ng%a’ﬂéﬂg - Yéﬁﬁ? ideally R?‘f?g@& %?H}%’g'és'afmeewﬁ tﬁeé)@ﬂ%%lare
ferroel ect r&‘\ oftdR d‘i’fféréhﬂﬂﬁfra&ic@._ Js, poRingatisiieasared as 2P igfcaRedf6dr i C
behavi or. arge, boxy, substantially rectangular central region 108 10

shows sui t dlyiadding the absadutesvatuescofithe dstual Ps and dBr valpes sven thaughsbese cur ves
102 d 104 wit t, t t h ' field | ari zat,i Qn.

pr esent 15, SGWER TR OEF FoBRGutIdR: *hie shotinteciis pBrsaBh i ha 2Rk P8
hyster esi s gre measlRM by Bxtrafdlating Fﬁﬁéé\* &SI 8nd v hel HysesTbsigad : gﬂgt Sgdlij ?' s

for use in 1ntegrated ferroe [

ectric devices since the 1

t hese i nvediDgtd intersettdne polarizationtaxisn 1b3an ideahierroelectne, Hscequads Br, uite to
their departures from.the ideal steresis. For. . le. U S. patent
nunber 3, 080890 3abEs FieR iy #pIPrPefTics ug [ ingar iEEEER &nd nonlind?

f erroel ect terfodlBiiRE b@hévi&f?rAulaﬁge; Bo%ﬁ sBStRGAIY rectEPERIar SSentR fodién fiog med on
Phase [1T potassiumnitrate. In practice,” potaSsiumnitrate materials
have suldh Ishaws suitabitityafor nsdiskia inemoay by its avide separatiombetwearccursgs i62i gue

and inprint that the materials, 20 are_practjcally useless in

m croel ect PHF; @W%F‘?ﬁ%e.d S'btn coerdné ﬂgﬁiaé‘drﬂg?ﬁ'ijlatpﬁpossi ble to find
ferroelectrics ﬁ{ﬁ,eé 3B : preveity @‘?‘pﬁgm thBageaTystarbgsi al s
for integrated e?%%e ec\{érﬂlgc dg\ﬁoglggrg:r@a{swﬁﬁc e usi ng aygoerci ve
field that shawnte FOGt a1 .nReséammerohawmninvestijatéd mejeriale oraiseciniintegrated

operating voltages, j.e., three t Y |ts. Th terjials should have a
very hi gh seToglacriefiss siwrsgthe o Rub e irvarogiore v MR PERR) G o
det er m f2ed BMrA&toiallySucgessflfaie o héir BBpatirs e tRé idEIysRFediaY IF
sufficient densities. ol ari1 zation atigue should be’very | ow or
nonexi st entexafpig, vk Brorpatent numblee 31989,282 issuedita Bohedr reports sarbustudiestof

T Sromble RaThTaSTruse'h s ethd herot erd Bolie SnBRRAS L1 ©
Lo v oSSR 00 hakcs posBanchiees ilgdt s stoye 100
central regiotarizadiitieCandrare sochpdiy afflideq by datigus ard imprint that the materials
20 are practically useless in microelectronic memories.
It is nearly impossible to find ferroelectrics that meet commercial
requirements. The best materiais for integrated ferroelectric devices are switched
using a coercive field that can be obtained from conventional integrated circuit
operating voitages, i.e., three to five volts. The materials should have a very high
25 polarization, e.g., one exceeding twelve to fifteen C/cm? determined as 2Pr, to
permit the construction of memories having sufficient densities.  Polarization
fatigue should be very low or nonexistent. Furthermore, the ferroelectric material
should not imprint, i.e., the hysteresis curve should not shift to favor a positive or
negative coercive field.
30 FIG. 2 depicts a hysteresis curve 100 next to curve 200. Curve 200 shows
the effect of fatigue on curve 100. Fatigue reduces the separation between curves

102 and 104 defining central region 108. Central region 108 progressively
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- 2- beconmes smaller and smaller wth additional fatigue. This

change in separation is due to the creation of point charge defects
ari sing iwobgrsesberroel ectric material as a consequen®ETHISIPAINAB | zat i on
swi tching and the associated screening effect of the defects on the

applied field. Thus, fatigue catjsestheferroelectric material to wear 5

out over tine due to repeated polarization swtchi
pat ent nufBEPMES !§I’!?“28§"F‘ smalier with additipeal datigye. t-@'H% ﬁE@"thE‘t sqn?éa#% !sg ue

pr obl e o8 Yfe 83 of Bt Bt deted BHGAT: Bt (bBolSFcIhalegrEd

superlatti perovskite
materi al s cdaseqwérmé mﬁ’pcﬁamaimalewuchmg ared thal aséEeratem%areemmg effectioRbkat ed

Material s, " Gordo and PBreach 8_%9841) The 10 re% super|attice
mat eri al s d&f%ﬁ‘@ epr?Jredrfa i atigys causes m‘? é”'PG cictpatenial to weai er j a
wherer g t raﬁeﬂg% QH? b@é@d@aﬂ&%ﬁﬁﬂ‘s&fﬁ@ﬁﬂppp to at least 1 09 tines

Tty perc t1gue s level of fatigue endurance

pr ovr des a U.Si pateht ramber$ 549,284 issuel ¢o Ardujdecaldeaches that the fatigaet an
order of rragrgr tude better t han t he fatigue endur ance of ot her.
ferr oel ecProRiem of qyrve P@Q s substantialnovercoma By the use efiaysreg supedatticgnt hanum

Zi rconi umgh tteﬁ%l@t ?%éh F&Zﬁe yered pe Sr%vskrte-lrﬁﬁcr%fgrf&% 3%&88{1 rr?%n?qﬁeﬁbléﬁf the

Snmol enski i ayere per te-| s or Tayered

super | at t ie¢ eal MFeAbeRictridsasrd Relstedgatarials, t Gasders and Breath)(1984)p0Thes
having the fornula Alerr]Bi 2M err] G3mt3, where A = Bréﬁerr Ba[err

Sr[err0 layered superiattigeematenats ges cppaileedf providing ar thin fitn de rreelep i§s of

commet a0 e g the Sy b o b o A0 1 b )

Corrpounds Iy itign tthiety perdeht fAtigre. | Nireg né\iaB[cﬁrfeirgue epiduhirite pmmwds such
strontiumtitanates Sr2Ti (4, SrLerr] Ti 20[ err], and

Sr ATi 3[ er sjgnifigant advancejn theraf hesause s ﬁgletaﬁ an grden of magnitude better | |

L SRR BB ot R g PRILAREh it

poi nt egh OlrtPZMbrrerwraﬁmehrt@cdmrmﬂtm ‘PrEypave different
t hi cknesses, dependi ng on the val ue of and that the perovskite Al\/q err]

isin pri ecpeling tmseqtlﬁnﬂﬁr?goféheﬁm@ewu agk.ithe laysred pgreyvekite-like

Phat i1 ¢ aeteliBlerrarehubetiftion mardhas vk Bhreb onBRay etk 0 00 250G ¢ e
bi smut h- oxgyen domﬁb"unlds oty 6 yma AN,y prele A0- m’onea%nw may be
en

descri bed as .. .. Further S skii not ed t hat S
a fractional m@ﬁ)erptﬁzhe‘ﬁ ,thie and pihes ionsraffompasable size. @adiMice T laﬁbs’ of

vari ous, Ta®, Mo®™, W, Fe* and other ions that occupy oxygen octahedra;
(B) compounds having the formula A,,;M;Oam.1, including compounds such as

strontium titanates Sr,TiO,, Sr,Ti,0; and Sr,Ti;O,,; and
(C) compounds having the formula A,M,,O,,.,, including compounds such as
Sr,Nb,0O,, La,Ti,0,, SrsTiNb,O;,, and SrgTi,Nb,O,,.

25 Smolenskii pointed out that the perovskite-like layers may have different
thicknesses, depending on the vaiue of m, and that the perovskite AMO, is in
principal the limiting example of any type of layered perovskite-like structure with

= infinity. Smolenskii also noted that if the layer with minimum thickness (m=1)
is denoted by P and the bismuth-oxygen layer is denoted by B, then the type |

30 compounds may be described as ...BP,BP,,.... Further Smolenskii noted that if m
is a fractional number then the lattice contains perovskite-like layers of various

thicknesses, and that all the known type | compounds are ferroelectrics.
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t hi cknesses, and that all the known type |I conpounds are ferroelectrics.

- 3- Despite the trenendous i nprovenents in | ow fatigue
ferroel ectyhogsogop attributable to |ayered superlattice nptewissdazoost her e
remains an inprint problemthat is typified by curve 202 of FIG 2.
Curve 202 shows that curve 100 can be i nprinted or shifted to the
right or left. This inprinting occurs when the ferroelectric 5 material is
subj ect ed to repespite vibeurtremendatisoimprovements ipullavesfatighe ferroatadtics ri c

5T " e S i e e o
field. Thug tfptiﬂédew%_nr@%gfz of Fl@e'?f. S BuheS 202 shawR thiat buﬁedk%@gh%\ﬁb 204 by

repeat ed negative pul sing c erroel ectric capacitor. in the
opposi t e diminted ar shified taxthedight ooleftd Tdis imprioting epairs whes the fesioeledinc

For ool Bot atoHis lbictelfte SoeielmdnietBheh Eliobe Mias: SheteoBlagine ° '

vol tage cygidtagal retfifs aSebidfabSolafz4ton" GHLDigs thdt 3hisRMdés 1027BAE 04GR be so
severe that the ferroelectric material can no longer retain a binary

pol ari zat i positveioenegative directiarpwithl respecttodhé applied field. oThs, cutvec2021as
U. S patenb nurrﬁ%\ft| (g,.592,410.issue%.to ﬁgrgae he rafers to ferroelectric

i mpri nt ph8RGHeHR® dn- & RAsiive, dirgetion 2 %1 Ppate n?eg@é(@h_@é'smap the
inprint  forrglO&te Wapatitdre A%Hﬁfiﬁ%ﬁ%g@gﬁé birection SRS a8l ddedr BUE yite
cycle to return the hysteresis [ oop towards the uninprinted position
of FI G1010Gpeiiive aylsing byt oegative ealtage. 20this Types of tpuisingrpepreseptsowhatm i s
reversed by special, wite, o eratlon? in 20 which tlﬁe ulsed, oltage is
opposi Le t HAPRSHS BN drringecii matgnaly 25 B ranseAUsRAE Al Epeated UnjdiciBabul si ng

does not agifAFe cidihoP Btk SsPHBNeBeNSAthd PFERAMI! Imprint EXIFBATENON 1 S

a partially irreversibl e one. The observed i nprinting ré?
cor r espondéexgre ithaat diees farroefaatnicmatariat carenmongberetain adehary polatizatiorsstate, €. g. ,
t

pol ar i zed EPgRTnaRs Bopoiel 1A Ranges i n m orostr uct ur o are not al
v ALy % Pt SR SRE) en RS € it |
SOLUTI ON  imprint phenorfieaomas Scompensation.| ofheo'Wd 0 patent téduheptiost thesmptint ar e
menti oned })rnobtlgr% can be reversed by pulsing voltage during the write cycle to return the
hysteresis loop towards the unimprinted position of FIG. 100, as compared to
curve 202. Thus, the imprint problem is reversed by special write operations in
20 which the puised voltage is opposite the switching voltage. Still, the recommended
voltage puising does not address the entire problem because the imprint
phenomenon is a partially irreversible one. The observed imprinting reflects
corresponding changes in microstructure of the ferroelectrié crystal, e.g., the
creation of point charge defects with associated trapping of polarized crystal
25 domains. These changes in microstructure are not all reversible.
There remains a need for ferroelectric thin film materials that are
substantially free of the imprint problem.
SOLUTION
The present invention overcomes the problems that are mentioned in the
30 discussion above by providing a ferroelectric thin film which remains essentially free
of imprint when it is used under normal integrated circuit operating conditions, i.e.,

at voltages ranging from % 3-5 volts or less and temperatures ranging from 0°C to

4-



30 di scussion above by providing a ferroelectric thin filmwhich remains

essentially free of inprint when it is used under normal integrated
circuit omeoesrisae conditions, i.e., at vol tages rangi AGTASRA2008- 5
volts or less and tenperatures ranging fromO[err]C to

-4- 200[err]C. The ferroelectric thin filmis useful in

ool ar' zat 1250"G t KNBRTOR{peRs Bun i s uaelul i RGO Memplipgand
f | eCtdpyGi | HTeR [ ' ; o pout t
per cont 1 1P PAEE berlchalty FBh ottt Wi HBAT Bl @Rl el T ey "

vol t age pullmeferroetectric materidis eaccomding tal¢ha inventiary hage desshihanf about ten
ferroelectric materials, accordin resent invention are

ot o IRprreR ATt wale Whingtanaing 1B fo Atleastd' e rectiondl yaltags pultes of
o g P s MEReRbdiebakod iadng i Tirh Reroctedirc mdfridlk BioRfild tdihe

formul a %resérit)invention are essentially imprint-free. This improvement derives from the

SrBi2+[err](Noferr]Taferr])Jerr]+3E/2 10 wherein E is a nunber
r epr esent i4§§ @f SrAitiem Bisaiuth niebivmdantiaiaie s the thipdimtfaroelectricangtasiglhf r om

zero to 2; ' : : ent | L obi um rangi ng
fromO0.01 'l{l‘?%ng\tiui\ %%?‘Ee?t{é@gﬁ@&%%gggaﬁr%ﬂ% f&émaéS and i s nost
preferabl y1p. 56. E can range frsraizg(mbx'pgz_xmgm}z,s nost preferably 0.18.

Formul a (1) . _corresponds to the Snol enskil fornmula of class A wherein
the A-H]t evhereln Eilg a1sumber mnrespatingre sieidiiaraetiistaucess Amaunt 5 bisnauth

tant al um L M= 2, r ( . [ 1 | t of
by st h & EHO0G A 2sFe R angi X 8 nuymper rere iR AR MO RN ot o
The thin frahgingetdrmd.etts 0. NXtdrePreferalsly eamgeriram! 24 %o 0.8, aridiamadtout
6000A thick, and is nore preferably | ess than about 4000A thick, with

the nost Prefecablyd.56.ik kAR sanasdrom Odpduand ovest preferably 0£18. Siprmula (Hake

filnms havi i | es: 5 ) beca shorting
probl ens rdégﬁ%’gopgg t5 %Hgsﬁg\ﬁl%eé\gﬁ@f%ﬁﬂa %Eg:ges ss'gg@t\%rﬁg] g}%g&'sg{?s”feﬁ?/'ogve
surfacks i rsteatlim; tHe Bsitemétats are niosilecdnddatalumsane M =25 egésptfofhaia
constraints_under hi &z t enper at ure anneal condi tions. The

st ront i um(B) diast AN nedrifienalt amounhoé bismuh Exie isompengate ie selitionafare 25
SO et b o OEREE B0 Yo PR B ol R EFIR
over 10[ erthén abbdi 6600A thiek, andl is agste preferably less than about 4000A thick, with
the most preferred thickness being about 2000A. It is difficult to make films having
20 thicknesses less than about 500A to 600A because shorting problems reduce the
device yield. These shorting problems involve surface irregularities on the
electrodes, as well as grain size constraints under high temperature anneal
conditions.
The strontium bismuth niobium tantalate films exhibit superior resistance
25 against imprint in the intended environment of use within integrated circuits. For
example, preferred devices at 125°C can withstand over 10" unidirectional voltage
pulse cycles each having a magnitude ranging from three to five volts cycles with
less than 20% imprint determined as Psn-Psu. Similarly, the preferred devices at
125°C can withstand over 10° unidirectional voltage pulse cycles each having a
30 magnitude ranging from three to five voits cycles with less than 5% imprint
determined as Psn-Psu.

Other features, objects, and advantages will become apparent to those
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pul se cycl es each having a nmagnitude ranging fromthree to five volts
cycles with | ess than 20% i nprint determ ned as Psn-Psu. Simlarly,

t he pref ew@gﬁ,gg%i ces at 125[err] C can withstand overpdflUesioloos .

uni di rectional voltage pul se cycles each having a 30 magni tude ranging from
three to five volts cycles with'less than 5% i nprint determ ned as

Psn- Psu. O her features, objects, and advantages will becone
appar ent tekilleddn éhe art upon reading the detailed description below in combination with the

skilled in_th rt.upon reading the detail ed description belowin
conbi nat i oﬂé%??‘ﬁaqyﬂkgograwm%%corrpanyi ng draw ngs.

BRI EF DESCRI PTI ON OF THERREAWREERIPTION OF THE DRAWINGSepi cts an idealized
conventional ferroelectric polarization 5 hysteresis curve with reference

t o convent i onal FiGd/RBacl adepictsuandideslizess convantional fersgelectsc giolarizationr ve;
FIG 2.depicgts the idealiz FI G, 1 curve adjacent  other curyes .

Gemonst Pat BYRICTSIFHY S A Fiatanss o s BaYeha Ramienrianire: vand 1o destaie.

FI G 3 depagdectfioftheCinie;di agram of an integrated circuit nmenory which is a
10 preferred use of the strontiumbisnuth niobiumtantalate thin film
ferroelectric FIG. n@t depiats dbe dddalizpdt FIGhe 1 wusset iadjgacent other curvebl G 4

depicts a ¢ircuit .di agram of .ndividual, integrated circuit non-volatile
maﬁory cel #ermgesirating a'iﬁ’ea?'ﬁ?é‘%gt'glﬁ apd PRiaREAYPNY qﬂpgp 03"%{718 utilizing the

strontium bi smuges M gapiefy E?u‘ﬁ:@ik &fagrdmi bRah iiﬂtg%yfa?éc{s ARURThEMBRhRA IS

according to the 1 5 ‘1nvention; depicts ayere

const r 43t i prefarhedvusg dfctivei stebntiudu dismethonigbiom tantalate thimfilrb derroglketnient ed i n
an integrat eg circuit, merrg'[] .corresponding to FIGS. 3 and 4,

FIG 6 dephetesialaceqrdingte %I‘W@é‘é'gndi agram for use in making a menory 20

cel | correspondgjeg 4 @eeﬁi&@ aFdirfGuit Eiah?égﬁ bfsh ﬁ\GWanﬁég?E'fsgﬁEcuit non-volafltG 7

depicts a schematic representatio a conventlon measur enent
wi t h ref ermecwory cellt suthaas maynbe alseduingheseemboy dESUBI [ ahdattilizieg the  of

Egl\l gi gggs ]lcj %tﬁ:m iphlslﬁsmumﬁigppxgh{q%te%h%qfﬁrh%rsmeﬁg\gr?c ?n"l,",té,-?a Iaré orrd?rfgutlottﬁe

15 invention;

FIG. 5 depicts a layered construction showing how individual memory cells
may be implemented in an integrated circuit memory corresponding to FIGS. 3
and 4;

FIG. 6 depicts a schematic process diagram for use in making a memory

20 cell corresponding fo the FIG. 5 layered construction;

FIG. 7 depicts a schematic representation of a conventional PUND
measurement with reference to standard nomenclature used to describe features
of PUND measurements;

FIG. 8 depicts PUND switching results obtained from thin film strontium

25  bismuth niobium tantalate materials according to the present invention;

FIG. 9 depicts room temperature PUND switching resulits obtained from thin
film strontium bismuth tantalate materials for comparison against the FIG. 8 results;

FIG. 10 depicts elevated temperature (125°C) PUND switching results
obtained from thin film strontium bismuth niobium tantalate materials according to

30 the present invention;

FIG. 11 depicts the sensitivity of near virgin PUND measurements to

temperature for thin film strontium bismuth niobium tantalate materials according
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25 bismuth niobiumtantal ate materials according to the present invention;
FIG 9 depicts roomtenperature PUND switching results obtained fromthin
filmstroWeasB®P&nuth tantal ate materials for conparison BGHUSSO08% F G

8 results; FIG 10 depicts elevated tenperature (125[err]C) PUND
switching results obtained fromthin filmstrontium bi smuth ni obi um
tantal ate | ' 0 30 the present invention; FI G
11 depi cts@%‘gé@ﬁgﬁﬁ/%@&g%nﬁear virgin PUND neasurenents to

t enrpe;I ature for AIGI n1Ri depictsrihst sensitivity mitﬁeanim@iimmumtrgéasmem it@l s
accordi ng ) ) . - 6- _
t he presentempeeaturefor dhin film strontium bismath tentaials materials s 6RMPETISPR Y of

near virgin P r to tenperature for thin filmstrontium
bi smut h ta%ggﬁ%?%ﬂg;e%r ﬁgﬁgétﬂtsmrrpari son against the FIG 11 results.
3 5 DETAI LIHETAEE DESERIIPTIONOPRHE-RREPERRED ENBODIMENT FI G

3 is a block diagramillustrating an exenplary integrated circuit menory
300 in which feflGed ica blogk digaramiilugtratinesan exarsplary integratad sirewit mepagynst ant

capacitors . Wi he erials .of e i ny L O e I.Li.zed. For
ottty 30pn R athitete SwRBbRg bfuttrs, Yok B bl Shbobifo i
material  myyadewih tHe matbriald oF thé Moerfbn ardutiRiad. Pbr SmpRGILAIHE éNBESintdint
menories, both volatile and non-volatile. In the 16K _enbodi nent shown,
there are %@mdbd@f @lstﬁﬂ( ﬁfoingRAMiebow_e\zthEgh%de?_ﬂ@@V heutilized in @ avideddr ess
register. 304 a .colu addr ess reaqgi ster . e row ess

oot ot A0 30arRY ok O RS S TRabilee Lo iolane TRASHREE T e 18K ¢ he
col um enBBHiIRBAt 58S tREre3aR é@eﬁmﬁﬁpupms?d@rﬁmcﬂmb( #pha

i nput output 15 nultiplexer 312 via seven |lines 314. e row decoder 308
i s connect ¢awtaddress gegister 304 1ar@l awotumn sddiesa regigtes BO6y iThe ey address 318,

and the col umn, d der/data jnput 0, ut multiple I.S._conpect ed
to the sené%?'ﬁfr%sﬁ i'se?%nr?f% WJOWeqﬁ?PQercﬁqowa seve’hb’?%ﬁléﬁ&ég\]?i%ge @’T’Fnes
322. A RAS 3ydesed rbhiRter32deiis eontReEEdot® ddiemhodecstérAat input bafiust er
304, row decoder 308, and colum decoder/data input/output nultiplexer 20

312, wHig e raultipiexesi Hfiavialseven s 34 dbamewdedodes 308ds connested inind2s X
rogister S45n mamoly feif Sy 318 AL E iREK 814 W tn8 oRithn BMLAARIGRE it > (11
output multiplexer 312 is connected to the sense amplifiers 320 and memory cell

to

array 316 via 128 lines 322. A RAS" signal fine 324 is connected to the row address

register 304, row decoder 308, and column decoder/data input/output muitiplexer

20 312, while a CAS  signal line 326 is connected to the column address register 306

and column decoder/data input output multiplexer 312. (In the discussion herein,

a " indicates the inverse of a signal.) An input/output data line 328 is connected to

the column decoder/data input output multiplexer 312. Memory cell array 316

contains 128 x 128 = 16,384 memory cells, which is conventionally designated as

25 16K. These cells are ferroelectric switching capacitor-based cells according to the
present invention.,

FIG. 4 depicts a ferroelectric capacitor-based switching cell 400. Celi 400

includes two electrically interconnected electrical devices, namely, a transistor 402

and a ferroelectric switching capacitor 404. The gate 406 of transistor 402 is

30 connected to line 318A, which is one of the lines 318 (see FIG. 3) which are

generally called "word lines". Source/drain 408 of transistor 402 is connected to line

322A, which is one of lines 322 that are generally called "bit lines". The other
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a indicates the inverse of a signal.) An input/output data line 328 is
connected to the col unmm decoder/data input output multiplexer 312.
Menory celyo ag/ss3p0 316 contains 128 x 128 = 16, 384 nenpryusesid2ens Whi ch
is conventionally designated as 25 16K. These cells are ferroelectric

swi tching capacitor-based cells according to the present invention.

FIG 4 depicts a ferroelectric capacitor-based switching cell 400. Cell 400
i ncl udes t §RUTEE/ERIP; 410 [0f transisterofPR da saneecied to wlgctipdei 413 of muvilshing a

Boa of 1 ¢ aRaHitgr 49 T SnPERBIALE 14, br SWCHTAY BbaRBCRM ¥ calisrtstp O
lines 318 ﬁrﬁ@ﬂ@hﬁictﬁiﬁ ddhhébte@rtéa re,fereﬂ@é‘@t'SItPAdeW,Q.aI | ?d “word |ines". . .
Source/drain 408 of transistor 402 is connected to |line 322A, which is

one of |ines 328ell 480 maybafahdcated ps @alintegrated eirquitnassshovirhis IGh . The

pCr/ Usofs obgiiual e iust dessrined iconnection Wb FIR. s 'ebelg it 1 ¢ o
el ectrode é4drie Punfblird RIFICY 4. As WinthG. ‘H?f‘r?e_lﬂ_cf@ cell 580 ineluaet 0Hm fitk? of

swi tching capacitor 404 is connected ine 416 which is connected to

a ref er encteripgiaciielaypedf of strontium bismutitsiabiurodantalate baviag ancmpidcals an

i ntegrated; cireujt s shown i.n, Fl 5. sThe I ndi vi dual el ement,s j ust
descri bed Eoﬁ'lng%né%gf(ﬁ%%\ﬁ?rﬁmﬁ? (Sﬁ a%"é(?e ﬁ ‘e{B@%Q?\M’%b% ABY wa?gr 'E&Hg'nﬁlu nber s
in FIG 4. nby, shspHird, BuBhE orfgaliiifrarsenicd, buft Rmb&tqrefépsblR alddnimbidid
ferroelectric |layer 500 of strontium bismuth niobi'umtantalate having an
enpi ri 86l availableilipenavafetiavingg thick xiderisolation jayendid. Wafenbe2 issipeday be

f i ncl udi . uby .. ire, t .qalli i, de, but
s et prionapdleyouresiailt Buiof§ AR ang 18, Tavér o Kiisolaten T i o
thi ck oxi dig grefetatly AadeddfaspirRed 3'é%t Fle&tfd $12RRREferably midlieBraputter-
source/drain regions 408 and 410. Layer 506 is an isolation | ayer that

i s pref er a#@gositad elatinugpand ttaniyinade., RYEdn thicknesses 062000472004, butranye of

oF 5000 28HRORE TR oy e B, Mctddefi 4 B presefatie eoBior Bob A B1ER°33 "5
i s prefigr aiblinifd Bitine?92EA & praferkiblmadd %\thﬂ)laﬁr'iﬁm.Bit line 322A is

preferably made of platinum _ e operation of the nenory in
FI GS. 3 t hroughTise iopesatiaropf Bves meraaty in FIGSIdBethmughghds asApiows. Rawough

bl aced on TS BhaR iR AR PRS st Zolrit §idbes S0885 Ay throysh
gtn ijl 1:3 : Egm A,; pladedeoriiNasaBU? 48 misttisieRéd by addrd23Te§idter® 324 and @oedstmomg” 308

the RAS’™ and CAS’ signals, and passed to the row decoder 308 and coiumn

20 decoder/data input/output muitiplexer 312, respectively. The row decoder 308

places a high signal on the one of the wordlines 318 that is addressed. The column

decoder/data input output multiplexer 318 either places the data signal which is

input on line 328 on the one of the bit lines 322 corresponding to the column

address, or outputs on the data line 328 the signal on the one of the bit lines 322

25 corresponding to the column address, depending on whether the function is a write

or read function. As is known in the art, the read function is triggered when the

RAS’ signal precedes the CAS’ signal, and the write function is triggered when the

CAS’ signal comes before the RAS' signal. The transistors 402 in the respective

ceils 400 connected to the word line that is high turn on, permitting the data signal

30 onthe bit line 322A to be read into the capacitor 404 or the signal on the capacitor

404 to be output on the bit line 322A, depending on whether the read or write

function is implemented. As is well-known in the art, the sense amplifiers 320 are

-8-



20 decoder/data input/output rultiplexer 312, respectively. The row
decoder 308 pl aces a high signal on the one of the wordlines 318 that
i s addr esswo.98/39800 col umm decoder/dat a i nput out put nulPGIFIS2%/8300813

ei ther places the data signal which is i nput on |ine 328 on the one of
the bit lines 322 corresponding to the col um address, or outputs on

e oot RgraRiotd gt 372t AP 8 i s, B 38R Shues i <

wite ugéful &Rdarry ot trfé“funéﬁoh.’éodﬁﬂﬁw abbvé B wallltas biher kAeWnfmBionpn i s
triggered when the RAS signal precedes the CAS signal, and the wite

function i ﬁmqtlpggéﬁ alao\mfduded]m the memopgy 30Q; it I&MOWQNT@SQWGM ki gnal .
The transi stors 6 (‘qu?%I g)? ectiv cells 400 connected to the word
line that ISs"9hdiige YIPHP & BEIYSHi%Phe data signal 30 on the bit |ine

322A togbe readpk lahﬂmba%b@@aaﬁéms Hd @As‘tmes 309 2AH 3286; FpfsterEud kg
404 to be output on the bit 1ine 322A, depending on whet her the read or

wite 306nthei decaders 808 amdrd 16 andghe draneistorid@2somprisenan anformam sense

|if 320
Pt eu* ai WAES maaBs 438seg Fifto 4 forlasing thememary eRib4P0 ina fir mefony g o

required °§tate or a'4865M nietndr'state %beh&ﬁgfdﬁﬁﬁtlhﬁﬂﬁaﬁﬁﬁ inb0eth B

Sm%igwe' I
as ot her known nenory &znc tions is also included in the neno
but is not oshoam lime cBZBcusTéhadfm memory cell sstatet cofrespontdsy t@plﬂYECeﬁﬂ(bOfo t he

S_anq CAS | 324 apd 326;
rag ot DL selsgyic materg Beingif 8 gl zabialos iy 3 Bre SoterliBemea oBL: o
402 conpri §€‘até‘%ol’r@§86ﬁ@§ tcPfhe Iayer 860 b@ln@ﬂﬁrhsséé&ud(écﬂﬁnﬂﬂ@n datd. OTheséci ng:

the menory cell 400 in a first nenory tate or a second nenory state
dependi ng upmponantsrphas sense amplifiers 32®ecmr[aeyan mfornmﬂonatead Inveans3420 The

f t | 1. st.at ds t | ect
mat ori a1 DE§TTG, et apemats s B0 Bnd iaviing e SREPReREIg el |

state corr ggpesibhdiry t"ohﬁe's?é(@r TﬁQQ\eQSQQS' df%eﬁsnﬁ@‘%ﬁ’é‘ﬁol&ﬁkéﬂ' o7 8fak®Bf Hirnt €.
These conponent’s plus sense anplifiers 320 conprise an information

read ndé&nsfi maerroelecﬁrlorlayernEO(hg:auaes infatreation readomeane|to stbfecttbimpfiovi di ng
an electri state. The necessity of

sensing th ﬁﬁ‘%f“i&ﬁye('iﬁogﬁg%&fﬁgonfd"ﬁ%ﬁ%‘?al%’Bﬁﬂgq BYISGR ectric | ayer 500
i o e o g b o o |1
f err oel ect pracdsaysuctba® thes pracese dadtribeddn k8. pafentynambenr id@ 3285 whichon
is hereby incorporated by reference to the same extent as though fully disclosed
20 herein.
FIG. 6 depicts a schematic process diagram of process P800 for fabricating
memory cell 400 of the present invention. In step P602, wafer 502 is made ready
by conventional means to receive thin film ferroelectric layer 500. Accordingly, a
silicon wafer 502 may be heated in an oxygen diffusion furnace to grow oxide layer
25 504. A contact hole 507 may be formed through oxide layer 504 by ion etching or
other techniques to expose wafer 502, which is then n or p-doped by conventional
means to provide source/drain regions 408 and 410. Gate 406 is formed by
conventional means. Isolation layer 506 may be deposited as spin-on glass or
other conventional materials. Electrode 412 is sputtered into place and annealed
30 by conventional means. Process PB00 differs from conventional processes in the
formation of thin film ferroelectric layer 500.

Step P604 includes the preparation of a liquid precursor. It is preferred to
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process, such as the process described in U S patent nunber 5,423, 285,

whi ch I's hereby incorporated by reference to the sane extent as though
fully di sclygagdegt herein. FIG 6 depicts a sepbennbs/eops 0cess
di agram of process P600 for fabricating menory cell 400 of the present
invention. In step P602[err] wafer 502 is nade ready by conventi onal
nmeans to receive thin filmferroelectric | ayer 500. Accordin

silicon watiee Zopetahyalkexycashaxylate macms»gégatdiﬁ pmasadfmagegttc theow

oxi de | ayer ci 204. A contact hole 507 may be forned through oxide |ayer
504 by i on'e8 ﬁpﬁg or other techniques to expose wafer 502, which is

then n or D(QODSNOW&QWW[H: ROGH --> M(- GTZF'\‘}”$ nfPHpr ovi de sour ce/ drai n
regions 408 and 410. Gate 406 is formed by Eonventi onal means.

| sol ati on | B)er cai(bGX'nlaSeSbel\/Hépd's(R-@@@é) 3-‘p|M(-@@Q;R%s'snt2rH2, and ot her

conventi_onal rials I,nto place and anneal ed
30 by cénve(ﬂ)l oﬁ@P mﬁ%x 3@@03%%@@@@@3” tc%nvent I onal processes
in the formahogqqﬁ tIM Cobd-rR)fepHERect ric layer 500.

Step P604 includes the re aratlon ®of a liquid precursor. It is preferred

to (5) (R-COO-),M( O -C-R'), + M'(-0O-C-R")p =-> -0O- use a

Teactions. o (2) SRR EORTE-R e R AT ]+ 2

H ; 3 - \ il B AR )
nE grlr-llz; an((J ) { ngﬁ?ﬁ?ﬁeﬁ abggwg?écs ﬂ’|\7((B(‘}Cga)_l) err]> E/(b R- (:(D-l)[e:r]

heat - - 40 (RC-O-LH(-DM O RN m&ap@ -€-B" HOR (5)

(R OO0 ) [ LM W@kl Ghich Malin® CeandoobLh: b 8 asrumber gf moles gt

R- COO-
E R 00 ) [ [eg? rﬂx"qlfé&l&ér{aﬁg ﬂlg\yor)ﬁ %‘Lror'\ﬁ (R[‘gé?e%r&@g af g’lc%l aroup having fromdto .

met al cat i 46 dmbd)mgtcansqﬂansgen@ikyh grdmp avingifrobe8 to® casben atems; R" is an

From 4t o) 6rpyPoefebari Py forh abBut Zi7Rgp SifesieAtaBis gt el # gk o

car bon 4&f OgFg tnfége'r§déf'ibtmg rela%ivléﬂuaﬁflﬁéﬂooﬁo?ﬁe%béﬁtﬁlﬁg %%!sﬂGeﬁtrsQﬁh?éEﬂéfy zer 0
to sixteen carbons; and a, b are integers denoting relative

quantiti es the raspecntyep@mdegstétewﬂ’ M amth phand M arespreferably selected from
the group consisting of strontium, bismuth, niobium and tantalum. The exemplary

discussion of the reaction process given above is generalized and, therefore, non-
limiting. The specific reactions that occur depend on the metals, alcohols, and
20 carboxylic acids used, as well as the amount of heat that is applied. A detailed
example of step P604 is provided below as Example 1.
A reaction mixture including an alcohol, a carboxylic acid, and the metals,
is refluxed at a temperature ranging from about 70°C to 200°C for one to two days,
in order to facilitate the reactions. The reaction mixture is then distilled at a
25 temperature above 100°C to eliminate water and short chain esters from solution.
The alcohol is preferably 2-methoxyethanol or 2-methoxypropanol. The carboxylic
acid is preferably 2-ethylhexanoic acid. The reaction is preferably conducted in a
xylenes or n-octane solvent. The reaction products are diluted to a molarity that will
yield from 0.1 to 0.3 moles of the desired strontium bismuth niobium tantalate
30 material (see FIG. 1) per liter of solution.
The strontium bismuth niobium tantalate materials that derive from process

PB600 work best in their intended environment of use if the liquid precursor solutions

-10-



the respective val ence states of Mand M. Mand M are preferably sel ected

from the group consisting of strontium bisnuth, niobiumand tantalum
The exenpW4¥98/39800 di scussi on of the reaction process gi vefCEBSRPY2008
generalized and, therefore, non- limting. The specific reactions that

occur depend on the netals, alcohols, and 20 carboxylic acids used, as
welt as th ' 1 £d i t gy I f step
P604 is prgfvéggmg%%@éggﬁ{pﬁmeﬁlﬁade%g blﬁn&ﬁ %hélgrgcctolngr? prsnﬁgiﬁgrtg E

i ncl udi ng mnFermuidn¢l). Sorne bismythivolatlizationdossdshecourdatisg the annéal stedd uxed
at a tenpe g% re rangi ng fromabout 70C to 200[err] C for one to two days,
"n order 1 BoTAGN RN OHier ASHaRIBERS Of Freess BiFTHBNAHSE the compeRsation
distilled : er-af.ur, [ O LJ70 d short
chai n est e?fsga?trmo%%d%frgﬁ{tﬁ?i oﬁ?‘“ fﬁn%@%@eéﬁgdﬁ%{e}l&s %@bé%&%%ﬁ%ﬁeﬁ&et hanol

or 2- meGhoingiudepexueiss bigrauthaamoumisi ¢f 100 peeentiand ndrefl eExddss bismuth is
2-et hyl hexanqgic acid. The reaction is preferably conducted in a

xyl enes or Prefeablyadded|iy an@amaurd rargieg frem pvda J9% ohthe ampuptef hisiguth
ctront | um Lk iseglired to sy the SAPheki basd A oM ESuAkn i SeliTabble, o, o

sol uti on. In step P806, #ig prédu#nrbécﬂmﬂdmfrbhﬂbt'emeﬂtim@Jﬁieﬂﬁfoefriem S

that derive from process P600 work best in their_ intended environnment
of use if wksﬂl%&w sier PGP2 owhish prasestssthe uppermost surface of electrode 412

aﬁgu nt 1 go r froé g%%eripc} i ogféhiﬁ tgmﬁ fEﬁgé‘le?{ﬁi‘é I@%’%ﬁgt Mﬂgéﬁﬁoﬁﬂg ﬁéﬁﬁs@'g flgglfsslgkj ?SQ ation

| osses occprefetablyngntibetediyedroppinghe to two il 1o tise g8 brecurshesolatitrnat ages

of excess bismuth include the conpensation of lattice defects. Thin
film ferrodMbiant temparaiyreand pegske/entp dhe uppeimes uiface of elagtioded ¥ cess

bi smuth a ; r ' i ef erably
added i n_ st ee b NG RERT B02 A oyl PO RMUTBL RBolF 30 sereif o

that is rempmaovecaryexeass sdlutisrihandeale s #infin Qs résiduy. TTHeAmoBE srafdrfeds hown
above. In ste§8P606 the precursor solution fromstep P604 is

appl i ed5t osRiR¥elocity iss1700 RRMe Alteshatively, thesiinuid wracarsqsmeay he applied b ger most
surface of 4 . fo ' Ln.filmferroelectric |ayer
500. Appl i T t;@%ﬁég&&%@c}@ml{? ?r@%ﬁﬁé@&aﬁér&&&ﬁ ef erably conducted by
droppi ng one t ontstepsP608 dndeP610) 4hél pRicRfdor 39 theFially tredterf to form aAsdlient
tenperature and pressure onto the uppernost surface of el ectrode 412

and then sPeti pgdediaving @xmbted, [pyetedhsuperiattiem spsiurer l.eb darerati2 @fonds to
electrode 110. This treating step is conducted by drying and annealing a liquid

20 precursor film that results from step P606. in step P608, the precursor is dried on
a hot plate in a dry air atmosphere and at a temperature of from about 200°C to
500°C for a sufficient time duration to remove substantially all of the organic
materials from the liquid thin film and leave a dried metal oxide residue. This period
of time is preferably from about one minute to about thirty minutes. A 400°C drying

25 temperature for a duration of about two to ten minutes in air is most preferred. This
high temperature drying step is essential in obtaining predictable or repeatable
electronic properties in the final strontium bismuth niobium tantalate materials
crystalline compositions to be derived from process P600.

In step P610, if the resultant dried precursor residue from step P608 is not

30 of the desired thickness, then steps P606 and P608 are repeated until the desired
thickness is obtained. A thickness of about 1800 A typically requires two coats of

a 0.130M solution under the parameters disciosed herein.
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renove any excess solution and leave a thin-filmliquid residue. The nost
preferred 15 spin velocity is 1500 RPM Alternatively, the liquid

Precur sor yigyeRge2PP! i ed by a m st ed deposition technpabesesiozodsen cal
vapor deposition. In steps P608 and P610, the precursor is
thermally treated to forma solid nmet al oxi de having a m xed | ayered
superl attice structure, i.e., layer 112 on el ectrode 1 10. This

treating step il stemﬂ’ﬁ&ﬁ,dbetni]iedrpyemgsmmsbinaéaahn@lad to tgmtlthz(strqmtiuuw sor
filmthat éesults f,rom

a hot pl at RIS niphjum; n ﬂtgg fBJStGQFCté' thg%fr&%geu r%ﬁn g-rlgl oo
200[err] C %m ling g@%{ .ﬁrfek&réd)rto BsStHe fi fﬁs‘t%e?l t@dsyﬁh hisRAMNt A YRS

substanti e organic materitals from helqu|dth|nf|Im
and | eave anpizaliad stmié’hed’u:st@anealss greaferably perfoemed ih oxygendt attemperature

G yi ng 85 ot EATRE0Rrcrte 160 G Rt Gamb 80 kies IR Ehoirs: SterpALE BSmple i ¢
most pref eg %ac frformed BkQFbrﬁe?WbafdJ@SOdCyfoP%osﬁmtﬁ GRERE Mbsi N

obt ai ni ng ta eor repeat abl e electronic properties in the final
st ronti um prefemred annedli tempesatues beiagrabiost BAOXC. The firstyartrelal ohetepd?fidsi ti ons

to be d d f P600. if th | t ant
(1 0 pr eclioSbPrBEIBN oS i SPCpSsDeRtmosRbEres g D ataytebtipdE nese.

then steps %@@sm ﬁ@? rﬁL%téseﬁ&ggﬁ)é‘ivdéHt' irito ttﬂ’@ftﬁ'ﬁédé &4 5 mmufé&'f%kﬂféss s

obt ai ned. thlckness typically requires two coats of
a 0.1 30M Ymilitibutoof the(ftﬂ'nacéleThemai\mtedsndeakiimssamch:mdha time that is used
e dried precursor residue is
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anneal ed t ¥ ¢8R "thﬁém@t"ramﬂﬁ ‘Ufﬂ and ou %&§%?W”ﬁ?%bl umtantalate thin film
ferroel ectric | R Slep tdstﬁé @c@nd@lﬁctﬁ?je?dfm is d?g?ﬂ?“ wsﬁa@a@ T erred

to as the first ann I St1 ngul s roma annedl | ng step.
The first deviealis ittserppaftemnali| by pemdrwentmha‘lrpmmdningtpracessrmeh@mg the 5 of
from 500[ err]( err] .C.f a time fraom 30 utest Step

P35 1. roREMICaion B @ PERtar SISt ekt Bt R ot G SR Pﬁf@efsgo%gyiﬁﬁec for

80 mM nyYkes i

800[erlr;1 C. Skmée&ﬁ ﬁﬂséfai’gﬁﬁllielglpag]g rr@uﬁi%‘?ﬁ%ﬁ%lfﬂ@&ﬁ'ﬁ#gfd@?@?erggn{il)%\g@gars in an
oxygen at nsigptR81S scsthapthersegOndiannesl vpihstaub remove patteroingsstiessesifiony 5

Ut of -t eGR40 ATl FeHeEan HElRCH (el At ETosen et REtemiAY |
used bf’bc%ﬁﬁﬂie thermal ranps into and out of the furnace.
The second annealing step, P616, is preferably conducted in like manner

20 with the first anneal in step P612, taking care not to vary the annealing temperature
by an amount greater than a small temperature range of from about 50 °C to 100
°C with respect to the first (e.g., 800°C) annealing temperature. The time for the
second anneal is preferably from about twenty to ninety minutes in duration, and
a duration of about 30 minutes is most preferred.

25 Finally, in step P618 the device is completed and evaluated. The completion
may entail the deposition of additional layers, ion etching of contact holes, and
other conventional procedures, as will be understood by those skilled in the art.
Wafer 502 may be sawed into separate units to separate a plurality of integrated
circuit devices that have been simultaneously produced thereon.

30 The following non-limiting examples set forth preferred materials and
methods for practicing the invention hereof,

EXAMPLE 1
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In step P614, the second el ectrode 414 is deposited by sputtering. The
device is then patterned by a conventional photoetching process including

t he WO9839800i on of a photoresist followed by ion et chPRYVUSIUORPS | pe
understood by those 15 skilled in the art. This patterning preferably
occurs before the second anneal i ng step P616 so that the second anneal

correct. any PREGIES ORDFH B A MNMERAL L KORYcarBORYIPATE SputiohC"

The second anneal i ng spheESIGNEPTO VIELDESBRA(NbLITEUN0g, i n | i ke manner 20
with the first anneal in step P612, taking care not to_vary the annealing

]E enper zgt ure  Solytiomuingredients wesatrmeasured as sekfarth impable ﬂ;@rr%ﬁgm of
50 [ C 1 .
800 [ or ] GISRANELF PRSPt g0k tien AecSToink Yo Flr ReP s, ¥ TrtBelndreliints ; ¢

pref er ayl yybieQi8eals hake/® uid fp?edwréb?tsbmbn taagébnerbfcfyﬁﬁhg@per@oakue-nke

duration of about 30 mnutes is nost preferred Finally, in step
P618 the dayéred supedaitipe maéehaihawegalnmme&gefonau!ecnf@rstzmmbussTa,.,n)ggzent ai |l

he d f_gdd hi ol
ot ner  bomARAT aRapalceba e YR reS0u8, R dubBeBodtiS Fitedifeddt ril | |

the art. gxamMéfwhs %%dueﬁédbst SEMEGShHERE Cpre8afeaita Uabbratdry SCBFHEeX a
plurality of | nt egrated circuit devices that have been simultaneously
produced tGerpesationsio ColoradoT$psinigsi Coldrado.non-1initing exanples set forth
preferyed materials and met hod racticing the invention hereof.
EXAVPLED 1 “rA6LeR “12-

PRODUCTI ON OF A 0.14 M METAL- AW@M-@_WI ON

DESI GNED TO_YI ELD Sr Bi | ( t1on

I ngr edi ent §
a precurso

wer e used Io | curs Dl e
per ovski t eqli E&gnta{i‘u gg?ﬂkaqe?nprl af4rq% 19\/?& ;ﬂ ae Iif or mul a
of SrBi[erf] (N%’SH’!!!EQ Q!-[)eéth&xé{i err] 3{1&21p0n anggal | ngy p'b a dr @Essoluut I on
resi due inj tH-e—g—t4 =S X ept-e—narS—et t
at mospigri ¢ pr gsmethoxi2-gropaher at dr ygau 2Syreyin gogporation in
Col or ado Sﬁri ngs, COof Oor ado.
2-ethylhexanoic acid 144.21 30.0 208.0 -
Strontium 87.62 1.752 20.0 2.00
Bismuth 940.77 41.41 43.6 2.18
2-ethylhexanoate (in 22%
20 octane) L |

In Table 1, "FW" indicates formula weight, “g" indicates grams, "mmoles"
indicates millimoles, and "Equiv." indicates the equivalent formula molarity
corresponding to the empirical formula SrBi, ;a(NDg 56 Ta;.44)0g27- It is noted that a

25 9%(or 0.18 mole) excess amount of bismuth has been added to compensate for
bismuth volatilization losses that are anticipated in the anneal steps P612 and P616
of FIG. 6. Thus, the final strontium bismuth niobium tantalate material could have
an empirical formula of SrBi,(NbgssT24.44)0s, but the precursor solution itself is
capable of yielding SrBi, ,s(NbyssTa,.44)0047 in the absence of volatilization. An

30 oxygen environment in the anneal steps also supplies whatever portion of the
oxygen in the empirical formula that the precursor solution does not supply. Thus,

the metals Sr, Bi, Nb, and Ta are mixed in proportions that are intended to yield,
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10 TABLE 1

PRECURSOR REAGENTS Conpound FW g nmol e
Equi v. wo 98/398p0 1antal um (V) ethoxide  406.25 11.70 PCTI[?S%S/82008 ,
1.44 I 'obi um (V) ethoxide 318. 21 3.564 0.56
15 1- met hoxy- 2- propanol - 90. 12 40 m 408

2- et hyl hexanoi c acid 144. 21 30.0 208.0

Stronti um upon annea&r?g 6P the sdiufién, a solid a@tdl oxide haviog the empirical formula

Bi snut h 41. 41 43. 6 2.18

2-et hyl hex AN ogs ﬁ19 %20 oct ane) In Table 1,

w1 ndi cat es ARERdohelRl Babk o podd Wi BrERCERTNSSI T 6554 to combiRe! cates

mllinmoles, and "Equiv I ndi ¢ e equi val ent fornula arit
corres pondtheg strontnhm (dnﬁz Jgr)a‘br freacmnaw&xﬂa ﬂa;ge]e(xub{seramc:[a'[te(ﬂﬂh')lﬁpem] | t

hddeq 15 cOiRaGAZoraRaNdl 10 forth & RRraR Mt , AN BO-ShorHe147De) "
anti ci pat egdnd Ridbiifin %Fﬁﬁ\b}(ﬂb?@%ﬁ%ﬁ w8 Coftblfed with i re%b%n ﬁ\lxt-t'iFé’SThé he

final strontiumbis ni obi'um t ate mat eri al coul ave
enpirical feactiohanixturénviayd esfluxetiyity nia‘ga[abc s}u)'lﬁbeatr120°6dbrlt?hreemmrrsmsor
solution itsel e of

SrBi2[err] E’NEP&P %[W]W%%PPT'”WX'P& Mﬁgm& -regthQ¥y-2tRTPPanRli oHRe Zn 30
oxygen e”"bﬂ'@ﬂ{&gﬁodﬁ % 3332%{%3 deR%o ¥ Hoﬁ‘éﬁ@ﬁdrﬁwfm'atsﬁﬁr%h Méq]é?ﬂ of

oxXygén i1 n t formula t at the precursor solutl does
not sudpl yrefitixed at 130°G for ameddition3t thrée hodds, Thislsdeorak refluxirg @ssisted an

roportions that are | ended
Pla Sxothermid sstoar 2reiibexaiieate dioands dor alkexidedigands om fheie

havi ng t he, F:V&%e’é%r mﬂg% subﬁglttﬁfoﬁ' ?%E@& rﬁgtﬁ[ %fkbkmgtgrﬁbisga es. The

An Erl enneye ask equl pp a reflux condenser S used to co
t he stront reactioh.Mixfuregyas evaperatdéd ahavemperatua mngmgiem S0Gitd 12801 ) of
1 under aspiration vacuum to remove about 20 ml of solvent. The solution stood for
156 cooling to room temperature. The bismuth-2-etylhexanoate (41.41g) was added
along with sufficient xylenes to adjust the solution concentration to 0.14 mmol of
SrBi, 15(Nbg ss T2, 44)0,. per liter.
EXAMPLE 2
UNIDIRECTIONAL PULSE TESTING OF A STRONTIUM BISMUTH
20 NIOBIUM TANTALATE FERROELECTRIC CAPACITOR
AT ROOM TEMPERATURE
A plurality of ferroelectric capacitors 404 of the type shown in FIG. 5 were
formed on a silicon wafer 502 having a thick oxide layer 504, a Pt/Ti electrode 412,
and a Pt top electrode 414. The thin film ferroelectric material 500 was prepared
25 from a liquid precursor that was made according to Example 1 using the most
preferred process conditions for the FIG. 6 process. Thus, the thin film ferroelectric
layer 500 had an empirical formula SrBi, 14(Nbg.ssTa4.44)0g27 O StBiy(Nbg s Ta1.44)O0
depending upon volatilization losses. Each capacitor had a surface area of 7854
square microns and a thickness of about 1800A.
30 A Hewilit Packard 8115A dual channel pulse generator and a Hewlit Packard
54502A digitizing oscilloscope were connected to a 11.1 nf load resistor. Probes
were positioned to contact the silicon wafer and the top electrode 414 for
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5 nethoxy-2-propanol to forma reaction mxture. Tantalum (V) ethoxide
(11. 709) and ni obium (V) ethoxide (3.564 g) were conbined with the
reacti on wogsogeo The reacti on mxture was refluxed WPCR/USBYOREOS
stirring at 120[err]C for three hours to di ssol ve and react the
strontiumnetal with the 1-nethoxy-2-propanol. The 2- et hyl hexanoi c

id (30.0 a to,the hot reactio ) xture . which was again 10
e | uxed obnatagnd PLRD ptcniio deasuraants. (FIIMD SYGhod oriYes SR BRERYed | uxi ng
assi sted a;ﬂgtgms o?é@éﬂg{sm&s@éjaﬁéﬁt% hﬂﬁ)sﬂfm’z' etyl hexanoate |igands for

al koxi de 11 s ont respective netal's. This substitution produced
met al al koxycarAsshowne. FlBe 7, the PN cunvesiare | ganeratedenap ovell-kuown a
tenperature rangi ng from50[err]C to 12[err . under, aspi rati opn vacuum
to renove %‘ﬁﬂﬂ?rcb)bﬁ’ﬁ{ 'ng{lé]%'ﬁé %amﬁ‘ﬁév'éﬁ”ﬁtd“%?séf’mﬁin?gﬁmf@%e&g I'itﬁant 0
room t egpe oUW dsss dhé‘é&?d%ﬁ )

al ong vmg}t)hﬁ%rgfg?lﬁ%q gﬁrﬁc%rﬁenes st%:'oggi ] ust tth ?5%%%% (gggigg?]?lr | Lr11|ste% 0.14
mmol of that GivBitfiee measiitgneentjitsafame] 2 Pbsitivé (Pppuisé,i a second positive of up
EXAMPLE 2 UNI DI RECT| ONAL ,PULSE TESTI NG OF A ST UM Bl SMJTH 20
NI 0Bl UM TANDRUISS: a\ﬁ&&ﬁl&'ﬁé@gﬁ# ecApA Hgrpnother negative or dow (D) puiss. Al AT
ROOM TEWP oRRa ki of ' Qr 04 of
t he type shown | nvc?:}hg s%“&vearbéo Rlltéjéﬁ.‘lp g{ru}?gd To'{?qyt@ﬁ?%ﬁ}%‘%g@&i@@&éng a

t hi ck oxi dibelragterial=idrts witPe/nEgativeepoladaition by, switchingdroin a liRkat diplegitesit r ode
414. The thin filmferroelectric material 500 was p,reRared‘ 25 froma

i qui d1Br cR3RerBrtor 3 Renlipaarfareeleckis, RAtIRIN &§ Apsdn the yirgh teseoslesitic
preferred Il Rl wx TS o o N il m
Ferr oel oot et beifElokielSs th e A3ienfeld. TS fSFRgs I Pap e bilss

Sr Bi 218( NbfherefpiapwiteesOhe materiabtcBa pobitilye ipojakization )ddgesidé 104 of dlependi ng
upon vol ati || ésation | gsses. Each capacitor had a surface area of 7854

square ni ct¥YhesfdGa Hnrieadle sampleds aireadyspolarizeshpositively withyagemansat kar d

811 5A du | & Pof
digitizi n?eg@%ﬁ'&ﬂgzscé%p éﬁgggﬂgégé\@@t@g% opgl?l 'J &‘ né | og% trhgs"‘lhs??@rg.q@r’ obes
wer e poSi tlineaediglectriondsychetiveensthe iremaneaf polarrationn@r &g tied epontaneodd 4 f or

- 14- .. .conducting PUND switching measurements. PUND swi tching
curves ar ePofarzatioa s in the positive direction. Likewise the "Psn” or "N" pulse measures

the negative switched charge, and the “Psd” or "D" pulse measures the change

from linear dielectric loss between the remanent polarization -Pr and the

spontaneous polarization -Ps in the negative direction. One effect of imprinting is

20 to impair memory readout by shifting the Psp and Psu curves towards or away from

0 A/cm?. Another effect is loss of the ability to store data in more than one state

because the ferroelectric material can no longer retain two memory polarization
states once the Psd or Psu curves reach a value of 0 A/lcm?.

For a standard architecture of a memory cell (but not for all architectures) the

25 PUND curves indicate the suitability of the material for a non-volatile ferroelectric

switching memory application. Generally, it is desirable that the "P" and "N" curves

are well-separated from the "U" and "D" curves, respectively, which provides a large

signal in the standard architecture. It is also desirable that all the curves fall quickly

to a low value after a saturation time Ts. A curve that falls quickly indicates the

30 material rapidly completes the current flow, which produces the signal quickly. That

is, it is a "fast switching" material. Generally, in the tests herein, the switching time

is taken to be the time to fall to a value of 10% of the maximum amplitude, since
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in terms of seconds versus current in anps/cnierr]. As shown in
FIG 7, the PUND curves are generated in a well-known manner by first

initializiygeghmesanpl e with two pulses in the negative di rpeajiisosiozoodien 5
measuring the charge across a | oad capacitor for a series of four voltage
pul ses that give the nmeasurenent it's nane: a positive (P) pulse, a

second positijve of pul se, a negative pul se, and then

anot her negmslwéé!ﬁveﬁwma(@yaufmmsmthm|the noise levgloka twaod integratecheiratitol ut e
litud Th th t tart

WTh & negati ve eNEneaiRgelS ieetBRnllER e pvintund Bues ebmfigeierlo °

pattern to tnre@vdaltsmah af ide AL RT3 Karibdkberds, Sfafl g Gﬁthirg AAKOSECHAAS)
ferroelectric materi al become oriented to the a field. Theflrst

positive, "@ha piise widthyof gre mlcrosen@n@wﬂ\eagwse: HagymfeTMaaasmonds a

positive.pqlarizatian alo de 104 of see, Fl 1 Si nce
Phe samy o weBP Afifed I BANEL FedstiteMonts) Wife ipondublitl, 8" et fab "t

for roel ect It fpeRatUES of 57 Ct Sifd aRsIsst M&%heﬁétpregéurehh OBIBfHESp h@gs change
from1l5 linear dielectric | oss between the remanent polarization

t he spont afe@larado. Thednitiai pesitivendirection travelgodiysteresidiaceotding to FilGew se

the "Psn" " ul t hed_ch dth
pod o » Soyie ARtV ot aLR e SRR R o SEP TR WRss
bet ween t heessBRSRIG pwl Theigafive diréctiRRGwiteRing thereBRESHAARRLS PRAL Pislyzat i on

-Ps in the negative direction. One effect of inprinting 1s 20 to inpair
menory tkads l;powizatm:mgf 2088rsP/canid These inifial ealues waraisoromalizegio 10Gm

0 A A t f_t t d
than one. st 2 by mitiafie efd Pirpedntier Makes AdoruRaln st %ﬁ'@@@n retain
two nenor y rﬁ@ésifrér%éhts%ultnphed fHeB8 s@ﬁiéﬁfg%‘?s Exptess i ﬁlﬁt—%&?@éhé

val ue of or a standard architecture o y ceII
(but not fderrass pfa.pemarmmoémp iniial rABaswWeN@ntsir ves i ndi cate the
swi t chi ng

itabili f [ f | ect
rnory. appl i cat A" o HEBIRURD, edeitatinfs, soe PR Rierstiemént appaitis, ves
are wel{s sepay akedl td rd@m'érh1308 thidféctiond s le'ér‘éﬁ\ﬁavé Qélf’éi{ehbMQE bych@@'tﬁi}he

provi des a | arge signhal in't estan ard archite I's al so
desirabl e tfmelactncpaeammmeé ﬂ’aelputga'scaaw had an aroplitude of ?vabltse aaﬂtvmrea

[ h fall kl 30 i I
Fapidly comatee ahd B ExeSRind nRedive Polhibotd He Rogitiay G p " That
is, it is aerréaéétné%ééénomgrbum §WitcHing fFiRBSHRMeNts béh&i&féé&fér%oh§y the

swi t chi ng tine is taken to be the time to fall to a val e of 109 of
t he maxi nur@ngriyprucerba RspncRsd value of 22.25 and m%smo@su ealue of-20.7 fewhichl | y be

Wi thin édﬁe n%?m%ﬁzéue Yoel108 f1 Baarw pé'f@é }enstp% T%erf%rroelectrlc capacitor was
subjected to additional unidirectional voltage pulses, and additional PUND
measurements were taken as before after 10° cumulative cycles. The process was
repeated for measurements at 10'° cumulative cycles.

FIG. 8 depicts the PUND switching results for the SrBi, ,5(Nbg s T2 .44)09.27
25 material as normalized polarization versus number of unidirectionat pulse cycles on
a log scale. The normalized Psn-Psu imprint values ranged from -97.69 to -95.66
or less than five percent of the virgin polarization. The normalized Psp-Psd imprint
values ranged from 109.18 to 110.06 and actually improved from 110.06 at 10°
cycles to 108.00 at 10" cycles, i.e., these values stayed within about ten percent
30 of the virgin polarization value. The FIG. 8 results show exceptionally good
resistance to imprint. No other thin film materials are known to resist imprint as well

as the SrBi, 14(Nby.s5Tay 44)O04 57 material.
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PUND neasurenents were conducted using a switching pul se anplitude of

three volts with a rise tine of 30 nanoseconds, a fall tinme of thirty
nanosecond&} 98/39800 and a pul se wi dth of one m crosecond w t RCI/YIB/2008ie| ay
of 75 nanoseconds 5 between pul ses. PUND neasurenents were conducted in a
test lab at a tenperature of 25[err]C and anbi ent atnospheric pressure

I n Col orado Spri ngs, Col 0. L Lt sitive direction travel
in hysteresis according to FI@ﬁ‘%ARX?%EW%L% ari zation val ue of 21.2
[err] Ccnferr] (aDIRECTIENAL PORSE TE TNG%FA%‘K%%‘JJI% B to FIG,

7. The negative direction SWItCEI ng tﬁereafter S NLsn - Psu 10 or U
- D polarization of -20ANTAEATEFERROELEGCTRIC\CARACKTORes were nornmal i zed

to 100, e.g., as by nulti ' . he factor 100/ 21. 2.

Accordi ngly, subsequent ﬁﬁjaébm&%%ﬁ%@ﬁ ed by these sane factors
expresssgi npri nt i Nar +0f lLai tial
measur gents, | A ProGtrsEra6QRan whs propald! fharf|qshubal AERNGRFIA resplt 3,
measur enenExamppler Btaxseptan equivalertimblar delountof thfithlum wdisr subistituted for the

squar e- wave, gol tagﬁ, pul se cycles to the . ferroel ectric_capacitor 404.
The pul sesMNERMINhdde-3pletaN Wagdacesrdinglys designgd do wiald SrBixn TaePindndle at 1

D | “or il : . : _
Ferr ool ect G SpIREARE FBIHitGY Wt by TR Bty o forragiectrc
10[err] cycapzitors on a waferin adudeical ifanner Wititregpédtdo Ekariple’2, @tsbphtHasn -

Psu val ue -20.71, which 20 nornalized to 109.18 and -97.69, i
respectPveln® capacitass rweremade: of PrRlin 3.Ous A reprasgntativedfartoalertrici onal

S Yt e SRR N ey R e

repeat ed fBUNIEAmaseremérnstsaf EkGhie R, cunul ative cycl es. FIG 8
depicts the PUND switching results for the SrBi [err]eéng[err Ta[err])(err]
25 material ashior felepics throPHND, switehing eesulils faf e rBiis (O wetsriahal

Fanged 11 o nanaled gBieRec forSus IRBROIEKIEE T 8 septd, Rt el T3
pol ar i 2&t i Bsn-PEhdmprintwrdiuesdnges fiostl-88197 t01154.87 or sibdutdorty fing peréarisr 109. 18

to 110. 06 ‘%gd,a.ct ual |y inmproved from 110.06 at | O[err] cycles to
108. 00 at HgMIBin PAigEdation. The normalized Psp-Had igprifvalugsrangediFom 132:00

D SEr oo PSR i BRI e Bt LI TS RIRY,
are known ite, thesestaluerpstaged adthive sbout forty #ive tpeecdnt Bf 2the virgin polarization
_1%!_\Ib[ err ]\;Iéxal1 e?.r 'H\% gl(%r rQ]im%tnte rreisﬁllts' are still very good, but are comparatively poor in
20 comparison to the FIG, 8 results.
EXAMPLE 3
UNIDIRECTIONAL PULSE TESTING OF A STRONTIUM BISMUTH
NIOBIUM TANTALATE FERROELECTRIC CAPACITOR
AT ELEVATED TEMPERATURE
25 The PUND measurements of Example 2 were repeated in an identical
manner on an identical ferroelectric capacitor, except the measurements were
conducted at 125°C, as opposed to 25°C. The test temperature was changed to
provide a more realistic assessment of conditions in the intended environment of
use, i.e., in an integrated memory circuit.
30 FIG. 10 shows the PUND measurement results as normalized polarization
versus number of cycles on a log scale. The normalized polarization was computed

with respect to measurements conducted on virgin materials at 125°C. The
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COVPARATI VE EXAMPLE 2 UNI DI RECTI ONAL PULSE TESTI NG OF A

STRONTI UM BI SMUTH TANTALATE FERROELECTRI C CAPACI TOR
AT ROOM TEMPERAIRE 5 A precursor solution was preoposss/g2008an

i dentical manner with respect to Exanpl e 1, except an equival ent nol ar
anount of tantalumwas substitut'ed for the ni obi um The sol uti on was,
accordingly, designed to yield SrBi[err]Ta2derr] in the FIG 6
process. Trhmmnailzbdtl?umsmﬂBtlvaluemaeg%d frooy 10000 &3 -8777 of|less thap

t d th | e
cxcopt ¢ nafirasn Regesn o dos Vesic PRl Eatito B naiptber orar ed gl RS, >
repr esent alhugd hdn 969 as%lﬁs 13 an&é&i’:ﬁl PipréRed R 13,63 at 909 @w@sg t%al PUND

measurenents W th respect to D neasurenents of Exanple
FIG 9 depit2.42iahd0PidiElesyi.a.cthiesg vakes| stayecbWItlurneabsuBSQ\antqqupe:[cem q:f

teri d | t f | |
Toar e “Snetngoyiain puRnaationyBes, THarrich L P RSL s¥bofinaiy o' ©
-54.87 or éeOfd; }fnél‘rr\ieatpﬁi ﬁelBFnlp%T'ature désbﬂe\thégaét tAgt #hpArtis QRereThe

normal i zed I nt va ues ranged from1l to 144.58 and
slightly |p|1m|nouacled abhigMéniﬁ&raimelO[err] cycl es to 143 74 at 10[err]

cycl es, I .e., these val ues staé/)%g \Hﬁ%n about forty five percent of
t he V|rgin pol ari zati on val ue M 9 inprint results are still

very good, but arqPERRERY OF BLEVATED TENPERRTURESTON®UND FIG 8

results.

UNI DI RECTI MERSU%MEME:SFRGWM B‘SW$HLNIQB!UM TANTALATE N OBl UM
TANTALATE FERROELECTRI C G o IELEV TED
TEMPERATURE 25 Successiveril) Nﬁ’%?é&%?%ﬁ‘?én%’?’%fc%géfﬁﬁde% flePUraER Sk ed i n

an 1dent | cRlroelectricBARACitRS nidld Gﬁrﬁrspa'qg%mq} 357 nGtePRP AL A MentiBAc ept

t he nmeasurenents conduct ed &t® as opposed to 25[err]C
The test t mpaeawm EeseetstodhammD measuremgnts of Elzaaraplmﬂr dcachadapacitar was

o ol ST e oe WIS RS e U R eteet b oo
LSt FRRccfET] Rl RN e SR NS SIo0) MEHES Brod o
neasur ementapanitodulridivideal capagitorsiwearetested ﬁt251Q5§@’|Q [76°C.The0°C, 125°C,
i and 150°C. FIG. 11 shows the PUND measurement results as normalized
polarization versus the temperature corresponding to each capacitor. The
normalized polarization was computed with respect to measurements conducted
20 on the 25°C material. The normalized Psn-Psu values ranged from -100.00 to -
89.48, and decreased in magnitude with respect to temperature. FIG. 11 shows
that elevated temperatures above 125°C accelerate imprint.
COMPARATIVE EXAMPLE 4
THE EFFECT OF ELEVATED TEMPERATURES ON PUND
25 MEASUREMENTS FOR STRONTIUM BISMUTH TANTALATE
The PUND measurements of Example 4 were repeated on a SrBi, 378,047
ferroelectric capacitor that was made according to Comparative Example 2. FIG.
12 depicts the PUND resuits for comparison against FIG. 11. The FIG. 12 results
are, overall, quite good. The FIG. 12 Psp-Psd results are better than the
30 corresponding results in FIG. 11, while the Psn-Psu results in FIG. 11 are not as
good as the comparable results in FIG. 11. The Psn-Psu measurements represent

an opposite state or memory retention state and, consequently, are the most
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normal i zed Psn-Psu inprint values ranged from-100.00 to -87.77 or |ess

t han thirteen percent of the virgin polarization. The normalized

Psp- Psd i 09889804l ues ranged from 109.43 to 113.13 anc?%'t’%?ﬁﬁoﬂps

i mproved from 113. 13 at 10[err] cycles to 112. 12 at 10[err] cycles,
i.e., these values stayed within about seventeen percent of 5 the virgin

pol ari zat i QRry#lE% irﬁﬂgrtuﬁﬂ%fﬁéﬁsr ThelFI8, W%ﬁ-ﬁéﬁ%&ﬁlﬁ%&n&oﬁé towards.

resistance to Irnprin enperature, despite t act that inprint is
nor e pzeromoce rhpidly tharnds thpElGat 1t results at temperatures above 100°C. This
EXAMPLE 4 ON PUND 10

, THE EFFECT ELEVATED TEMPERATURES
NEASURENENFSW@F@@W@QWSGWE?FSlﬁﬁm%;e%mmamm@mﬂ@'aﬂveﬁﬁess wellguitedssi ve

PUND neasur Ly O fefro LieC
capacitors fmgﬁg?mgré%t?er rli % kgfjner i Ieﬁ? %;ﬁlrif?t?%}swb%?;aéﬁsgﬁﬂﬁﬁ%hé!sdent i cal
manner \@ th r esqtiosécslillee RUNR artagilinerierstand thabdheppreferred-entbodimentst or
was hel d at. a constant tenperature while the negative 3V unidirectional

pul ses wer dessribed abave ToRy befubjacted i pPRAGE Madifisatipne withoMb dpeartinga ) o

,material i Lt [ Ml I i S t
psrerr] o SRrEHFtEe seadrBEsQton he Huhidf) THERRERIHS “atlBrEny Gy hEREY

FIG 11 shevstether iRtddlionrasely apenthe Bocthine obEquiealents| inastder to protéichthelrat i on
versus the tenperature corresponding to each capacitor. The

nor nal i zed figbrights imtheinveationsonput ed with respect to measurenents conduct ed
20 on the 25[err]C material. The normalized Psn-Psu val ues ranged from
-100.00 to - 89.48, and decreased in magnitude with respect to
tenperature. FIG 11 shows that el evated tenperatures above 1 25[err]C
accelerate inprint. COVPARATI VE EXAMPLE 4

THE EFFECT OF ELEVATED TEMPERATURES ON PUND 25 MEASUREMENTS FOR
STRONTI UM Bl SMUTH TANTALATE The PUND neasurenents of Exanple 4
were repeated on a SrBi[err] Ta20[err] 27 ferroel ectric capacitor that
was nmade according to Conparative Exanple 2. FIG 12 depicts the PUND
results for conparison against FIG 11. The FIG 12 results are,
overall, quite good. The FIG 12 Psp-Psd results are better than the 30
corresponding results in FIG 11, while the Psn-Psu results in FIG 11 are
not as good as the conparable results in FIG 11. The Psn-Psu

measur enents represent an opposite state or nmenory retention state
and, consequently, are the nost
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sensitive to inprinting effects—Fhe-—FH-G—12-Psn- Psu neasurenents go
t owar ds zero nore rapidly than do the FIG 11 results at tenperatures
above 100[wan vg/sssooThi s accel eTlestSh@nH;&hseme};m@g t he Sr Bi permbdsaszodser.r |

materials are relatively |l ess wel H or high tenperature
operations than are the SrBi[err] | HH,])OQ 27 materials. 5
Those skilled in the art wll unders he preferred enbodi ments
descri bed @b&IMSHay be subjected to apparent nodi fications wthout
departing t hrit of

| nvent or s, acco‘[ dRq @g“ﬁ*ﬁ?&% %8?3@1%@ ’ﬁ’(ingra”ﬂ?zﬂ? %ﬁ%lg&pgmp@%@}n t he
Doctrine o<f50691usa4altﬁmtfam felﬁ'o@léiﬂﬂc Friétéﬁa‘?trfémngt Qth&kness dfubss tghhBoutn t he
i nventi on. Al VB . An el ectronic device (300,

400) haV| BOGDA, hsaidfeleamr@c rdﬁmc@ctslnar@cte@tzedualthat said( %o film Jatraelentric il m
ferroel aving a thickness of |ess than about 6000A,
said el r&'@ﬁ?@éé@?@ﬁ %har acterized in that said thin filmferroelectric
5 mat et al CONMDdtigifiim bismuth niobium $ritaRtd HAVIRG afEMbiRe4l ibria ant al at e

havi ng an enpirical formula

SrBi[err](Nb[err]Ta[err])Q err]SrBIZ,E(NM'&zQDQQ»,Ejzl s a nunber representl ng a
stoichionetric.excess a an u and. X is
nunber 1 eptRREH s BATERE e ereniPB AN ress AT 6 i bthyahofy oty

2. The el esérw@ma@@x'ugﬂum‘beelr@;sreséntmgaéraah@nhtzeﬂnidbndrﬁ?énd&\gg frofh @91

3. The electronic device of claiml and including an integrated circuit
mermry1&nclov018re| n said thin film ferroel ectric material forms part of said

Forroel ectric. remdVF BHATOpoRsvice of St hamersciensa i lket, %ﬂeﬁvwlmhe

steps of : ferroelectric mateﬁél' i %Qbélﬂe %f WRh@fa'n@ﬁid é’crleéétf’lto@ driidifectiohal vditage

ferroelectric material (50 said terroelectric nenory-cell to
provi de a pulsecyqgies %adhzimwmma mn&udcsaarwngfmmmrbato five vdltewwtb\demmanc

mat eri al ati mbls | obi um tantal ate having an enpirical 20
formul a %%Qmﬁlﬁpdete mined as sn-Bs SrBi[err](Nb[err]Ta[err])(err],

\Qflngm ﬂs E is aunify efcRoRRCAEVIES ot cHifY ¢ iHaPRdtEfiZedEirChat saPiHIN fith

ferroelectric material is capable of withstanding at least 10° unidirectional voitage
pulse cycles each having a magnitude ranging from three to five volts with less than
5% imprint determined as Psn-Psu.
4. The electronic device of claim 1 characterized in that X ranges from 0.4
20 to0.8.

5. The electronic device of claim 1 characterized in that X is 0.56.

6. The electronic device of claim 1 and including an integrated circuit
memory and wherein said thin film ferroelectric material forms part of said
integrated circuit memory.

25 7. A method of operating a ferroelectric memory cell (400), said method
characterized by the steps of:

switching a polarization state in a thin fitm ferroelectric material (500) within
said ferroelectric memory cell to provide a first polarization state, said thin film
ferroelectric material being strontium bismuth niobium tantaiate having an empirical

30 formula
SrBiy.e(NbxTa, x)Ogser2s

wherein E is a number representing an amount of bismuth ranging from zero to 2;
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ranging up to 2; and X is a nunber in an armunt of ni obi um
rangi ng from 0.4 to 0.8, said ee ed ectric material havi
a thi ckneswoo8/3$sess t han about 25 subj edGT H{f%’g?oﬂst hi n
filmferroelectric material in sald tlon state to a
plurality of unidirectional vol tage puI ses and t hereafter

hi f, I ' '
cssenti a1 nd X IS pUEEmEST tepgeeanting g anat Firipam gngme A et oy
vol tage pulgy 2P haﬁﬁlﬁn {enoele&nc?ﬁﬁegatﬁa%gaétmﬁne&%rtésswﬁhabmtdeoooA

characterized 1n that sard ste bj ecting said
ferroel ectric mesubjdciingtsaidathin ﬁhmfertoplentrlmmadendm sajd dirstpolarizagion statepul ses

:‘|n\(;|eUdeS atelqe lsj;['amlyo&e szreéﬁotn%onaP”' se ﬁ r%argﬁﬂg'ge |8$ﬁnagn| tude fromthree to

¥ aim 8 characterized n

that saigl secondyighii' s teffdeRicficinaterials BkbAd pylafif fARntate BsbAtiaI2S

| ess than five perce I mprint etermne
met hod of rfede oimprinefronesaid pluralityofonidirdstiored voltams pdegs.conpri si ng

?PELY%”%( o ot dheometiadias satlart b 8] e Lo fab safteat 7 ¢
anneal i ng. ({%E?c\lpgfé?a thin ru?@%ﬁ?areaf?@ rﬁaéhatts d ggﬁnﬁaﬁ% @QQ: | Vifaget i um

f erroel ect rpugsasEinciugesl at/least 10°heitage pulsesdangmg imarnagmmdiesfrmp three todive
appIyinP said liquid precursor to said substrate conprises applying a
liquid ecursor having strontium bisnuth, niobium and tantalum

metals in 10 repr Ea{ddvcgc&n ezl me&ﬁ'saeoﬁ@paanféﬂanrgta@'

formula for strorntium ni obrumtantal at e
Sr Bi [ er r] ( Nigsentidifydter oflinmPrint ids less thantfiee perceRt ingpriat detetnainedgsrRaneRsu.ng a

unber 1 epr esentlthg AnMERh(CTomakBn Ay TSkt Meonf gkvises (T8 40d)° °
7. The meldifridhg Sy FE0R) A0deld pREufsdr td'dsulistrate Q4 $8), drying (P608)

15 said liquid precursor on said substrate to provide a precursor residue; annealing

(P612) said precursor residue in oxygen to yield strontium bismuth niobium
tantalate (500); and completing (P618) said ferroelectric memory device,
characterized in that said step of applying said liguid precursor to said substrate
comprises applying a liquid precursor having strontium, bismuth, niobium, and
20 tantalum metals in representative proportions corresponding to an empirical formula
for strontium bismuth niobium tantalate
SrBiye(NbxT8,x)Ogsser2s
wherein E is a number representing an excess amount of bismuth ranging from
zero to 2; and X is a number representing an amount of niobium ranging from 0.01
25 to0.9.
11. The method of claim 10 characterized in that said thin film ferroelectric
material is capable of withstanding at least 10 unidirectional voltage pulse cycles
each having a magnitude ranging from three to five volts cycles with less than 20%
imprint determined as Psn-Psu.
30 12.  The method of claim 10 characterized in that said thin film ferroelectric
material is capable of withstanding at least 10° unidirectional voltage pulse cycles
each having a magnitude ranging from three to five volts cycles with less than 5%
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imprint determined as Psn-Psu.

13.  The method of claim 12 characterized in that X ranges from 0.4 0 0.8.
14.  The method of claim 12 characterized in that X is 0.56.
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