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5 solution is used to manufacture a thin-film ferroelectric material having muitiple
layers that present an oxygen octahedra superlattice.
2. Description of the Prior Art
Ferroelectric layered perovskite-like materials are known, and have been
reported as phenomenonological curiosities. The term "perovskite-like” usually

10 refers to a number of interconnected oxygen octahedra. A primary celi is typically
formed of an oxygen octahedral positioned within a cube that is defined by large
A-site metals where the oxygen atoms occupy the planar face centers of the cube
and a small B-site element occupies the center of the cube. In some instances, the
oxygen octahedral structure may be preserved in the absence of A-site elements.

15 The reported annealing temperatures for these materials often exceed 1100°C or
even 1300°C, which would preciude their use in many integrated circuits.

Researchers have made and tested a large number of materials, and those
materials found to be ferroelectric or to have high dielectric constants have been
included in lengthy lists. See for example, Appendix F of Principles and

20 Applications of Ferroelectrics and Related Materials, by M.E. Lines and A. M.
Glass, Clarendon Press, Oxford, 1977, pp. 620 - 632. Ferroelectric materials are
known to switch polarization states in the presence of an applied electric field, and
can retain the switched polarization state for indefinite periods of time after the fieid
is removed.

25 Prior ferroelectrics are afflicted with high fatigue rates that preciude their
widespread commercial acceptance. That is, under repeated switching, the
polarizability decreases to less than 50% of the original polarizability over a useful
life of an unacceptably short duration. Moreover, when a series of pulses of the
same sign are applied to the prior art materials, they take a set, or an imprint. See

30 for example the article "Anomalous Remanent Polarization In Ferroelectric
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phenonenon. Two | ayered perovakite-like ferroelectric
material.s, nanely, bisnuth titanate 5 (B14TI 3012) and barium magnesi um.
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Devi ce, Met alwbesmmbectri c- Sem conductor Transistor”, by Shupcigusediizsas

| EEE Transactions On El ectron Devices. August 1974. Pp. 499 - 504, which

For rool ectri os” by PACHORchy Nekinaf & 186, sieldcnbegin, ab¥od Kipsomahen. o

Condensed Matter MMMJS@QZWIZ pp. m-ﬁﬁvﬁﬂch discusses the aP0
Nei t her of the aboig tvvo devices was suitable for use in a nenory. In the

case of the .Bi4Ti HePPBe, the ON state decayed | ogarithm caI ly after
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tually f tion ec o _
Ret enti on And Sw SRR REfiBY dEpiciiBh g8 a gate on aHen8Bick 56k A New Fertblactic

Ferroel ectric-Se mMundycneﬁeeTMalalhEamelecm&s&muébnda&torH@ﬂmmbﬂpw ShG-YahPWR,
Vol . 11, pp. %,383. S t e -A>.A sueststhat material s

degradation i s ani=s i - LIS BP- 488504, which relates
Yet anot her probl mwmm;o;;aeawwwemw'mm mhableweefﬁvﬂ?esesﬁfd:&

phenonenon is temerature sensitive. The polarization magnitude varies
greatly 10 Raz Qe Amuin: and 1D MeMillan in-Condensec or News-Vak 1.Noa8, 1992,

dependi ng upon th‘i)p 16-20 enperature. 25 SUMVARY
OF THE | NVENTI ON The present invention overcones the problens

that are outlined abov Neither of the ahove \wd ideyices wassuitablgforluse irmlmamory in the

e, ot 8 of g8l e 5 LY e cocaynd Mgl ofS Sy two

circuit devices. IhogrsecSimilarlyf buthistates bbthe BiMEE] davicd aeavaa @Xpéhertially fter a

adjusted 10 45 tow minutes, but the rapid dissipation of the "polarized" state creates significant
questions whether the material actually functioned as an electret, not a
ferroelectric. See "Memory Retention And Switching Behavior Of Metal-
Ferroelectric-Semiconductor Transistors”, by S. Y. Wu, Ferroelectrics, 1976 Vol.
11, pp. 379 -383. Thus, the prior art suggests that matenals degradation is an

20 insuperable obstacle to commercial acceptance.

Yet another problem with ferroelectric materials is that the ferroelectric
phenomenon is temperature sensitive. The polarization magnitude varies greatly
across a temperature range, and may not even occur at all depending upon the
temperature.

25 SUMMARY OF THE INVENTION

The present invention overcomes the problems that are outlined above, by
providing special liquid precursor solutions and methods of using these precursor
solutions to make fatigue-resistant and high polarization ferroelectric integrated
circuit devices. Ingredients for the class of materials employed can be adjusted to

30 accommodate different temperatures in the intended environment of use.

Precursor-derived thin-films having a thickness of less than 2000 A can have
total magnitude switching polarizabilities ("2Pr") of greater than 15uC/cm?, 24
uC/em?, or more determined at a coercive electric field (“2Ec") of less than about
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30 accommodate different tenperatures in the intended environnment of use.
Precursor-derived thin-filns having a thickness of |ess than 2000 A can

have total nagnitude switching polarizabilities (' WPe) of greater
t han 15pC/ cnR, 24 pCcn®,” or nore determ ned at a coercive electric
field (' 2Ec" )wgi,a,iﬁw t han about PCT/USS6/03523
-2- SUBSTI TUTE SHEET (RULE 26) a)

96129728 .

PCr 1 US96003523 150 KVices and A tamparature of about 207C. The prefarred mgteriaig also have
preferred materi al §gwiteing'fat a\mléaletw"fc@élbswnmdwsvmfheésemany
| east 10' cycles or nore at Wi th essentially pol ari zat on

degradation. The onRRelarzationdeg Me'&ﬁ FE@(Q vdueﬁ)tamem@mts obtainatpjaf@m

flrroel ectric mat a@hﬁ QP ﬁdg' rgﬂaemhkg
. fén?@i W{aﬁ' i th
5 ferroelectric ﬁgterlaswe Sul (?r'uselnferroelecrlc enor es.

The speci al i gbi dmnolaﬂmmﬂanid&weﬂmsu@ﬂfuu&hmfdmdﬂm@memones
anncal pr ocess. The 1 onfe speciat i BBkcShcP sdudicuciiit Inp RiaER i Bbifpfonsing
use of these mat erfentceleciric materialsctirough a low-temperature ahfieal proee‘s'be The low-
layered perovekit eterlg?atr&?et glrn!\eagl Sen%LFesrtﬁfe %lcrlggprggd 3&5 gil' t?'lese r:latenals in integrated
circuits.
10 The layered perovskite-like materials are referred to herein as "mixed
~ layered superlattice materials." This term is introduced because no suitable
commonly accepted word or phrase exists to describe these materials. Mixed
layered superiattice materials are hereby defined to include metal oxides having
at least three interconnected layers that respectively have an ionic charge: (1) A
15 first layer ("A/B layer") that can contain an A-site metal, a B-site metal, or both an
A-sito metal and a B-site metal, which A/B layer may or may not have a perovskite-
like oxygen octahedral lattice; (2) A superlattice-generating layer; and (3) A third
layer ("AB layer”) that contains both an A-site metal and a B-site metal, which AB
layer has a perovskite-like oxygen octahedral lattice that is different from the A/B
20 layer lattice. A useful feature of these materials is the fact that an amorphous or
non-ordered single mixture of superiattice-forming metals, when heated in the
presence of oxygen, will spontaneously generate a thermodynamically-favored
layered superlattice.
The present invention broadly pertains to thin-film electronic devices, such
25 as integrated circuits, as well as methods and materials for producing these
devices. A thin-film ferroelectric capacitor is formed as a ferroelectric mixed
layered superlattice material interposed between a first electrode and a second
electrode. The mixed layered superlattice material has a plurality of collated layers
in a sequence at least including an A/B layer having an A/B material ionic subunit
30 cell, a superlattice-generator layer having a superlattice-generator ionic subunit
cell, and a perovskite-like AB layer having a perovskite-like octahedral ionic
subunit cell. The A/B layer and the perovskite-like AB layer have different crystal
structures with respect to one another, despite the fact that they may both include

-3-
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| ayered superlattice materials.” This termis introduced because no

sui tabl e comonly accepted word or phrase exists to describe these
materials. M xed | ayered superlattlce materials are hereby defined
to include netal oxides having at least three interconnected |ayers
that respect gWfdghopgve an lonic charge: (1) A 15 first Ix,h.h,sﬁ%ssi,ayer )
that can contain an A-site netal, a B-site netal, or both an A-sit
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ke oxygen octahd t%miaéw@%? o i o9 A endli Bava ratals, Aok et i

(8) Athird | assamsam%wsrn r&ﬁtﬁtcsﬁmrabah Kz-ewnmné\aﬁut@-sn@wta@rw
a B-site netal, which er has gerovsklte | 1 ke oxygen

octahedral |atti CWIQWW itesmetals; @nd degs not necessarily have
hon. or der ot i ngl EWFOTMBER B, P (T T r ting motale Pwhen heated in

el el b4 RS 458 s s A
tZﬁeSZs i nt egrgfa S?éﬁéygﬁ&' ma?w@héteﬁa "R EulStioH 8 ameawh%tbsfraﬁr iflerder to

ilmferroelectric capaC|tor is formed as a

ferroelectric nixéerma "qmdlihipeﬁ'md Thischimis; subjecied do ialow-tempepaiyea) apaealdon
eyt 1 o e poBfosbe S §eRfming oo YRy 4R syFRAnf il Hof g im.
sequence at I et i ncl Related appMohahave emphasized tm]brmatlm obslectoonic devices
super| at ti ce- gone Mt SpRB bt ayerad sibdletlos Mgteral trblafy Jayared superatice
| ayer having a pe waﬁns-mmmmmea |ayered:super|att|ce&umﬁats disdussad hergim
ls??ﬁgtﬁpgstunet ﬁe;%akl te-; | ke AB | ?ﬁ/ﬁ%ﬂ &@b | ffere t cr s%g{mm,wm
i ncl ude like oxygen octahedra layers. The prior appllcations didot specifically recognize
15 the superiority of mixed layered superiattice materials, although, such materials
were contemplated. The present application provides additional details for the
construction of improved perovskite-like ferroelectric devices. The improvement
constitutes ferroelectric materials having different types of perovskite-like oxygen
octahedra layers 'separated from one anocther by bismuth oxide layers. For
20 example, the structure can include A/B layers each ha'ving a thickness of a two
octahedra and other perovskite-like AB layers each having a thickness of three
oclahedra. These different layers generate from a single solution of superiattice-
forming precursor moieties.
Al types of layered superlattice materials may be generally summarized
25 under the average empirical formula:

(1) +81 5582 48 -
Y ay+81 +s2 +8Kp 4 +DT nath2 bl 2
At w1A2 A] S1 32 Sk B1 y1 82y2 Bly, Q 2

30 Note that Formula (1) refers to a stoichiometrically balanced list of superiattice-
forming moieties. Formula (1) does not represent a unit cell construction, nor does
it attempt to allocate ingredients to the respective fayers. In Formula (1), A1,
A2...Aj represent A-site elements in a perovskite-like octahedral structure, which

-

SUBSTITUTE SHEET (RULE 26)



SUBSTI TUTE SHEET (RULE 26) WO 9M529728

PCTI US9b6J3523 metals which are suitable for use as A-site andlor _
B-site netals. It should not be assuned that the AMB | ayer nust
contain both A-site netals and B-site netals; it may contain only
A-site netal @5 B—site nmetal s, and does not necessaril ychp 9@,?
perovskite-1li attice. The ferroelctic layer 1s pre erably

pr oduced froma | i, recursor sol ut i at. i ndudes a Iurall of
et al ol et s | n RS GBS Sur 8 Bprtim, caiciygh. B, AT, 168c) 84 miures
superlattice nmat ethgfeof, '8¢ welll a8 bthdrd Metdl of Qﬁmlé? iém&tl'hai.éatﬁ $2...Sk ¥épresent
forma liquid thin film This filmis subjected to a ow—terrperature anneal

f or pur pos e Supprigtticerganenator ﬁbﬂﬂ%dﬂhl@yﬁf@mmm‘ﬂﬂt bigmth, but can
f the fil

f:‘)??atlgn Iof meI ect on?ngllggvﬁr'ggigmﬁ&&&%%é%%é@y I n-1 ‘m ayePedam'mony'
;upfarljattLc?hnﬁ]erdwai(tjm?'hadﬂu(ljlmmuml " Ism!untlﬁ-sllteaelmmsd lnﬂﬁ?rovtkite-like
i ncl udes bo e m X ed superlattice ials di scuss er

and | ayered superl%% EgP{?S'? ents su %Pﬁﬁ?’& Bgfr' 131‘39319“
per ovski te- niobilin, Qéu&ﬁﬂnpifrééﬂiﬁm bAY difor J&ﬁeﬁfs‘ th@?&ﬂrﬁ@éﬂt@%‘h dhien,

not specifically recognl ze superiority of m xed |ayered

super | attice nateMhicl P@P!’#hi!l(ﬁ oxmnm%m. alse be other elaments osucihps fiuetine,
The present appli GhidifB sRPybAds oftfigid si8Mahts &icH dsthb Yxyhlitides, the oxychlorides,
10 etc. The superscripts in Formula (1) indicate the valences of the respective
elements. The subscripts indicate the number of atoms of a particular element in
the empirical formula compound. In terms of the unit cell, the subscripts indicate
a number of atoms of the element, on the average, in the unit cell. The subscripts
can be integer or fractional. That is, Formula (1) includes the cases where the unit
156 cell may vary throughout the material, e.g. in SrsBa.sBi,Ta,0,, on the average,
75% of the time Sr is the A-site atom and 25% of the time Ba is the A-site atom. If
there is only one A-site element in the compound then it is represented by the "A1"
element and w2...wj all equal zero. If there is only one B-site element in the
compound, then it is represented by the "B1" element, and y2...yl all equai zero,
20 and similarly for the superlattice generator elements. The usual case is that there
is one A-site element, one superlattica generator element, and one or two B-site
elements, although Formula (1) is i.vritten in the more general form because the
invention is intended to include the cases where either of the A and B sites and the
superlattice generator can have multiple elements. The value of z is found from the
25 equation:
3] {(alw1 + a2W2.__+ajwj) + (8ix1 + s22...+slok) + (b1yl  + b2y2...+ bjyj) = 2z,

The layered superiattice materials do not include every material that can be
fit into Formula (1), but only those ingredients which spontaneously form
themselves into a layer of distinct crystalline layers during crystallization. This
30 spontaneous crystallization is typically assisted by thermally treating or annealing
the mixture of ingredients. The enhanced temperature facilitates ordering of the
superiattice-forming moieties into thermodynamically favored structures, such as

perovskite-iike octahedra.

5-
SUBSTITUTE SHEET (RULE 26)



contruction of inproved perovskite-like ferroelectric devices. The

| mpr ovenent constitutes ferroelectric materials having different
types of perovskite-like oxygen octahedra | ayers separated from one
anot her by bisnuth oxide | ayers. For 20 exanple, the structure can

I ncl ude A/Bt@g%?, ach having a thickness of a two rosveis3s and
skite- zf pex =

ot her perov e AB Iayers each having a thickness of three

octaeir, These o 11 gl 8 ST Skt o lgbiBd 542822y, ey

llayered superl at t{gotheTatEthabthessetals ﬁW#lWﬁnMomﬂmnMd

average enpirical fornula:

2+a2. . +ai St+s| 2s2; metabRXide iayes |l@2megmm perovskite-ike layers, as apposed to a,,

w2' V\4' x1 X2 miblid
refers to a stoic |orretr?'|‘aca£?93¥%upancedzqmst super attlcgfrﬂﬁéﬁ&@tﬂelﬁuxed
form ng noieti8s. Wmsymmmmmmmmmmmmwmts

ayer s 1 n For mul R ab Snflor & Aol hftefifl o R SyrePatiéR depPibh, N bismuth.

Péelf ovskite-like Ombﬁsﬁﬁuﬁlamhmwmandmnbhold stoichiometric proportion, will spontane-
ously concentrate &8 a non-peravakiie-Tike bismiih oxide layer.
It shouid also be understood that the term layered superlattice material
10 herein also includes doped layered superiattice materials. That is, any of the
material included in Formula (1) may be doped with a variety of materials, such as
silicon, germanium, uranium, zirconium, tin, chromium, dysprosium, or hafnium.
Formula (1) at least includes all three of the Smolenskii-type ferroelectric
layered superiattice materials, namely, those having the respective formulae:

15 ()] A,18:8, 0
4 Aw1BrOsor: 8Nd
®  ABOwme

wherein A is an A-site metal in the perovskite-like superlattice, B is a B-site metal
in the perovskite-like superiattice, S is a trivalent superiattice-generator metal such
20 as bismuth or thallium; and'm is a number sufficient to balance the overall formula -
charge. Where m is a fractional number, the overall average empirical formula
provides for a plurality of different or mixed perovskite-like layers. Materials
according to Formula (3) above are particularly preferred.
The mixed layered superlattice materials include at least three different
25 types of ionic layers. The simplest case is one in which thers is a single type of
superiattice-generator layer G and two different types of oxygen octahedra layers,
namely, L, and L, (A/B and AB layers). The octahedra layers are separated from
one ancther by the superlattice-generator layers. Accordingly, any random
sequence of collated perovskite-like layers may be observed with intervening G
30 layers, e.g.,
GL,GL,GL,6GL,GL,GL,G.
L, differs from L, in the structure of ionic subunit celis that are the building blocks
" of the respective layers, e.g., as respective layers having thicknesses of one and

6-
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PCr/ US96103523 I ncl udes elenents such _as strontium calcium
barium bisnuth, Tead, and nbitures thereof, as well as others
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conpound: In terns" P8 M& mﬁyﬁg uivaigot A-sjie maiatie g‘t%purantyo@&uwalent
nunber of atons ofBshemoieties For &xamgle, layes Lo Wﬁmdm&ua&bwequuva-
subscripts can be I nteger or fractlonal Formula (1

i ncl udes the cases'emwé‘ﬁlt? Heetals, (B and; B’ whichhave sitpilar, ionig agdii and valences.
terial r .
g? |e;| ?he i— gl t:anat om an % of ?WQH#W§ ﬁgiﬁl]'oen)\agl Pféitgt/%{rﬁl %Fe leffiants

t here | s only We m-metsveragammpmaaltmmmmhtlamm, and rl.g.pr'éhﬂbtml be a

Egey te el enent IHW&%U% Pﬁual f th B@W@ffm

el ement, and y2...edchdayercqual zero, 20 and sim I arly for the
super | attlce generator elenents. The usual case is that there

A-site el enent, one suﬂ\@?’faaﬂﬁl‘e@"l}eﬂ'@r ioni¢ |ayessdnay WOMWPW"BWMW“
superiattice according to the average repeating-structure formula

15 ® G GICuMIILD)E ML) . . -
(LSIEe MG . . .,
wherein G is a superlattice-generator layer having a trivalent metal; L is a layer

containing A-site and/or B-site materials with a different crystal lattice as compared
to other types of L layers denoted by the corresponding integer subscripts 1, 2, and

20 k; O is a mutually exclusive probability of finding a given L fayer formed of a.
particular lattice structure denoted by the subscripts 1, 2, and k; i is an empirical
formula portion of a given metal Mi in an average empirical formula for a corre-
sponding L layer; and J is an integer equal to a total number of metals Mi in the
corresponding L layer.

25 ‘The overall average Formula (6) includes a plurality of different L layers,
which are formed of ionic subunit cells. The A/B layer is a type of L layer that
preferably has an A/B layer average empirical formula

m (AllHBnlot)vl
wherein A is an A-site metal suitable for use in an A/B subunit cell; B is a B-site

30 metal suitable for use in the A/B subunit cell; O is oxygen; m is a number equal to
at least one; ¢ is a value selected from a group consisting of (3m+1), (3m + 0.5)
and (3m); S is a trivalent superlattice-generator element; and V is an A/B layer
charge selected from a group consisting of 1+, 1-, 2-, and 3-. The A/B layer can
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el ements, although Formula (1) is witten in the nore general form because

t he . I nvention is intended to include the cases were either of the A
and B sites and the superl attice generator can have nultiple
el ements. The value of z is found fromthe 25 equation: (2)

(alw + a2W2. wo'ssmdiagt (Sl xl + s2...+skxk) + (blyl + b22... pchxisdendsadZ.
The | ayered superlattice materials do not include every material that can

be - fit intp Formula (1),. but .only those ingredients which

spont aneous! y forﬁf‘ mV&f@i?ﬁ'@ﬁ/ %M@ Hg\vem s {tiGAn alsp, jaclude Assite
layers during cryﬁieﬁl&hﬁwwtemsa PU NGRSO vskite Yiké sthictare! mmimhe
typically assisted by thermally treatl n&gr anneal i n the m xture

i ngredi ents. The &heve\eams tA-sitemetaland’ MENGF&JFP%%W’!WV'“Q smtab?e
superl atticeform gL lf§'rS s OC?%m3qm%ymB§¥%ﬁgn§%%Wﬁssmly

such as perovskl
SUBSTI TUTE SHEIST EBtgy thé)A-site and Meaomm of a perovskite-like lattice in the A/B layer.

2ppl i 6d to 1, 82 For emple(gy ) malerels ef8 bt Sletyiie 18 Badd e fef FaVa po ASis
particularly stab bhm&nt,t howévar){nP & 1) meaterisisiare stiltlencompassed by Formula (7).
Suitable A-site metals typically have an ionic radius ranging from about 0.9
A to about 1.3 A, and suitable B-site metals typically have an ionic radius ranging
10 from about 0.5 A to about 0.8 A.
The perovskite-like AB layer is a type of L layer that preferably includes an
empirical formula
® 'n 1B O
wherein A' is an A-site atom in a perovskite-like AB ionic subunit cell, B' is a B-site
15 atom in the perovskite-like AB ionic subunit cell, O is oxygen, n is a number having
a value greater than one, and V' is a second formula charge selected from a group
consisting of 1+, 1-, 2-, and 3-, but is most preferably 2-. In Formula (8), at least
one of A, B', and n are different from the corresponding elements A, B, and m of
the A/B layer empirical Formula.(7). In particular, itis preferred that n is different -

20 fromm.
The superiattice-generator layer preferably has an empirical formula of
®) (S:0)*,

wherein S is a trivalent superiattice-generator element such as bismuth or thallium.
The layer according to Formula (9) repeats itself as needed to balance the charges
25 of layers according to Formulae (7) and (8). Typically, there will be one layer
according to Formula () for each type of L layer according to Formula (7) and each
L layer according to Formula (8). ‘
A feature of the mixed layered superlattice materials is that a variety of
charge compensation mechanisms may arise in the lattice. These compensation
30 mechanisms advantageously serve to compensate point charge defects and
prevent line defects from establishing a long-range order. Overall polarizability and
reliability of the ferroelectric materials are, accordingly, optimized. For example,
an A-site cation deficiency in a L-type layer at a point proximal fo an interface with

-8
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metal nxds | ayer interposed between two perovskite-like |layers, as opposed

to a uni form random di stri bution of superlattice generator netals

t hr oughout the m xed 5 Jlayered superlatlice material. In particular,

bi smuth has an ionic radius that permts It to function as either an
A-site materiwhofieysg SUPErl attice generator, but bisnuth, c,-,usgmggzgsent

I n amounts | ess than a threshol d st0|ch|onetr|c proportlon spont ane-

ously concentrate as a ,.hgn-perovskite-like bismuth o e |layer
" shoul d_al 5o be & MESHERERGSDFRRIOH BT ey e Cehepe=i8H by Mmdﬁfé@e%bmuth

10 herein also | nbiicont ARG sl RHRS-Garteaml Liagér B irivihs (9712 Other eaang

of the material included 'in Fornula (1) nmay be doped S B%varlet

01;1 maf[erlalds, suclcompensation mmmgmmw%?% 103)° anch Biththreugh
iCnrcIOtrJnd(l;;n al ?/SPL?Z:E 'ﬁé@n@#@ﬂé%?ftmsgsfg?mog]gng lﬁorﬁlma ayere various

superl attice ned emmsmmﬁMEpMmmbMImd\ohammmlﬁd
(3) A sjo O 1l: and AnBnuv. 2

wherein Ais an A:yesé’qmtaé'a)ln'm JPW&?@'&"W@JB@?‘H% %@"amsamd

B-site netal surfate dafedtsr ovuki te-1i ke superlattice, Sis a trivalent
superl attice-generator netal such 20 as bisnuth or thallium and mis a

nunber sufficient to b mm.aﬂ’mm includes bmbm%k“?ﬂll‘ﬁeﬂﬂﬁ pen-

For apluralit &“W’?@?ﬂ@ Bl TRERaRIE f £y 0) Biirits ogrpe cBiptn

according to mbydayers asnacessitated byithe réquitement #iatrllnedvarall crystal must have a

25" Types of 1 on duiaymeCionei SR, By wai ot #esiilb. e B iR iftvalert afid'a is
single type of dwaleﬁwenhalat(eymlmﬂhnargbasf%vﬁenwhlzwsmaﬂy:rmnm 1,
types of oxygen octahedra | aye L, _and L2 g NB and, AS

| ayers). The octa éHF'&'QQ))é’Y'ﬁh&Y%as@ﬂmPfe%'%ﬂc 3m+1) gnd a.chargr pf nwhen(c

superl attice- generaggny, W g'ﬂ'lermodﬁn w fS/0réd in
col l ated perov55I<|te Tk ayers mag be ohserveg w th intervehing G y

the crystallization process.

The following example serves to illustrate an application of Formulae (5) -
(9). A mixed layered superiattice material can include material having an empirical
formula Of Ay 23sBi>By.167B'1.0670s.417. Wherein the A-site metal A is divalent, and the
B-site metals B and B' are pentavalent. This empirical formula is obtained by
20 combining precursor ingredients as follows: (1) providing an aliquot of a first
precursor solution capable of yielding afixed a numt;er of moles of a pure AB layer
(AB,O,* material according to Formula (8) where (n = 2); (2) adding to the aliquot
a second precursor capable of yielding a pure A/B layer (BO,5)* material according
to Formula (7) where (m = 1) in an amount equal to 20% of the fixed number of
25 moles obtainable from the first precursor; and (3) further adding sufficient (Bi,0,)*

to balance the overall formula charge.
In the above empirical formula, the B-site elements include about 9% B' and
91% B elements, e.g., (0.0167/(0.0167 + 1.667 = 0.091 or « for B'). The B and B’
atoms are randomly distributed at B-sites throughout the respective layers that can
30 be allocated to each of Formulae (7) and (8). The stoichiometric proportions are
sufficient to provide 16.7% L, layers (0.2/(1 + 0.2) = 0.1667 or B for L) having
materials in equal percentages (8.335% each) of the empirical formula (ByeB'o91-
0,)* and (B, B'os104)", Or an average formula of (B B'os1035)*. The 16.7%

-
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30 layers, e.g., G1A.10.2G.14.2G.2G
L, differs fromL2 in the structure of ionic subunit cells that are the

bui I di ng bl ocks of "the respective layers, e.g., as respective |ayers
havi ng t hi cknesses of one and SUBSTI TUTE
ggEFEQESBJ;EZ%@gmm tvvx\g g(?tlzzigzgarga The L, -structure (ANB) nger‘gssvﬁsll
1 e "2 s s M i S o
Fag‘;rfs' ”?‘hggt a gl el?aﬁeﬁﬁl%di‘i r&ﬁ&ﬁ%&tmtamsb@%éﬂ}’mh%aﬁor

pr obabi |t|es ual s-one, and t
eﬂs

probabilities ar e|mmﬁﬂ.;02&1:h%2}/! 1687)a IQWEIWDMM‘B Q@/Wﬂﬁtfﬂ 'sa!ﬂpﬂ'_@to

gxrayaa:oisgr ality of eqw va #\")?{élﬁg" a't'd M@F@'@ﬁﬂé&% ayer s
and le may i ncBudmayvise addeq:tagrmmgr k dyev precursor to forana nixed layemd aﬂparlamoe
e D alorat, e Yl 1 A8 PSRt cypbel SgktHeonling
layers or &, probability (e.g., 16.7%) in the mixed layered superiattice material.
The (ByoB'0:10,)* materials follow Formula (7) with (m = 1), (c=3m+1) and (V=
3-), while the (BygB'0s10y)" materials follow Formula (7) with (m = 1) and (c = 3m).
10 The overall 2- charge is balanced by the (Bi.O,)* Iayefs. The stoichiometric
proportions also provide for 83.3% L, dual octahedra thickness layers having an
empirical fomulé (ABy.4eB'1 520,)* after Formula (8), with the subscripts indicating
the corresponding « values for the metals of the L, layer according to Formula (6).
The 5, value is 0.167, and the 3, value is 0.833 based upon the addition of (m =
15 1) materials according to Formula (7). In the L, layer, a1 is 0.09 for the B metal
and o, is 0.91 for the B’ metal based upon the amounts of B-site metals added. In
the L, layer, a, is 1.00 for A, a, is 0.167 for B, and a, is 1.667 for B'.
In particularly preferred forms of the invention, S is bismuth (Formula 8).
The B-site metals are preferably selected from a B-site group consisting of titanium,
20 tantalum, niobium, zirconium, vanadium, molybdenum; tungsten, and mixtures
thereof. It is particularly preferred that the B-site metals, e.g., both B and B’
(Formulae (7) and (8)), each have a valence or oxidation state of plus five.
Tantalum and niobium are the most preferred elements for B and B'. It is
particularly preferred that A and A' each have a charge of plus two, and are
25 selected from an A-site group consisting of strontium, barium, lead, lanthanum, and
calcium. Strontium is the most preferred element for A and A'. In instances where
one of A or A' is not divalent, Bi* is a preferred A-site cation.
Particularly preferred mixed layered superlattice materials include materials
from the broad categories of strontium bismuth tantalate, strontium bismuth
30 tantalum niobate, and strontium bismuth niobate according to the above Formulae
(6) - (9). These preferred categories of materials broadly encompass specific
materials that will form non-mixed layered superlattice materials having only one
type of perovskite-like crystalline lattice. For axample, Formula (3) An.4S;BnOsma
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10 in the average enpirical formula for both layers L, and L2. There wl|

be a orespoing fornula portion a of each netal in the average
enpirical fornula 1br each | ayer. More general ly, the
ionic layers nmay repeat thenselves in an overall superl atti oe
accordi ng to GhesaMsy 29e repeating-structure formla b33 G i s

a superlattice-generator |layer having a trivalent metal; L is a Tayer
containing A-site andlor B-site materlals with a dlfferent crystal lattice

as conpar ed pefrpiis tbe copgtrucipn of Sifi-l a0 Materials that by
b ipts 1, 2, | Usherd =
1‘S:Jn3|c:1lgpasg| ven LQ?éyé)ﬁgd%&)ﬂcg?i’ézﬂs%b?E?gdl ar latti (t:@bst ruc ure(n 2)

denot ed by the sulbnatefigltis not a mixedhisyeredssuperiatticeangtieriak al formul a
portion of a given net

sponding L |ayer, and a*“%&%&'@@?éﬁ'@ﬁﬁ&?%%% ?‘%@i‘fg“w
in the &r adjustedi by @Itbnh?ms S proBability valuds) asowell as Imawem?irioﬁbpomon
(6) includes aplurf\llty of dif e

t
i oni ¢ subunit cel V@luep, Far gxamp) rQS@aﬂéerWWMPﬁ" %erro(ejleciﬁc'-'
preferably has an pbidfizkfisfl cad b/ Gitinisée by seain ftawbarel,matenamamauﬁwgb..

an A-site netal suitable for use in an ANB subDunit cel Bis a B-site

metal suitable fomgaalsmaMmMammw&mw%mﬂm totelnumbenafd., and daidayers,

o (3ml), (am + OMEFHRS mlbreflroh oy UFL PBY51S rileld g Bl 200k el edid

superl attice- gt@erdisb'onmllmmmtha'liwmm tantalatA/l.Bdwduqmatenals whore the quantity of

sel ect ed from a 0y OuR oL iRl adli nidbium metal i Solition 15 & hixiire 3F forSdiBnts
capable of yielding a pure (n = 2) strontium bismuth tantalate, polarization is
optimized by adding up to 50% L, materials with the most preferred amount of L,
materials ranging from about 30% to about 40%.

15 As indicated above, the mixed layered superlattice materials are preferably
made from special precursor solutions. These solutions are each a substantially
homogenous liquid mixture having an A-site metal portion, a B-site metal portion,

‘a superlattlce-ganerator metal portion, and a solvent portion. The respective metal
portions are mixed in effective amounts for spontaneously yielding, upon drying.

20 and annealing of the mixture, a solid layered superiattice material having a plurality
of collated layers in a sequence of an AIB layer formed of an A/B ionic subunit cell
structure, a superlattice-generator layer having a superlattice-generator ionic
subunit cell structure, and a perovskite-iike AB layer having a perovskite-like AB
octahedral ionic subunit cell structure different from the A/B ionic subunit cell

25 structure.

A single precursor solution preferably contains all of the metal moieties that
are needed to form a mixed layered superlattice material after accounting for
volatilization of metal moieties during the crystallization process. The A/B layer
portion of the precursor solution is aliocated to yielding a plurality of A/B ionic L

30 layers having a formula according to Formula (7). The superiattice-generator
portion is allocated to yielding supérlattioe-generator layers according to Formula
(9). The perovskite-like AB portion is allocated to yielding perovskite-like AB ionic
L layers according to Formula (8). In liquid solution, these respective layer portions
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PCTUS96103523 hfave a perovskite-like octahedra_structuce;. however,
it can also include A-site nmetal s andcor Bdite netals arranged in a
non- perovsk i ke structure. That is, the above tm"A-site netar'

and "B-ite nghksm fer to metal cations having suitable perrusdssNzs radii
for use in a perovskite lattice, but these cations do not necessarily

a1 ayer . i ookipyedne B se@;s.mu@gof Pﬁ%ﬁ?@h R *%*"9
because they havesrupsikiiapeéts, because tHeditidiitional ifgd oxygen cah comiefrom|ambiert
still enconpassed by Fornula (7). SUI table A-ate netals

typi cal ly have amWD@W@lllmﬂﬂﬁwlmm about 0.9 A to about 1.3

;‘A\r o?rggoﬁgl)t gg\lt gagéﬁlt Bﬁg[?ﬁd?ﬁéwﬁ&’bﬁﬂﬁ% %g per ngil‘eaeshﬁ ﬂ% er | gé.ﬁo
;t/\%pe of 'I& I ?Zegntmw;?Mbbmmlmmm L layers afirfm1kandf =2yl aln these.
' site | 15 InaBpRen Py Popleiteiaie Rined, b Sstal i Bobnbates o
oxygen, nis a “Wraiw/m the (m=1) metals in a non-octahedral form. This phenomenon
sometimes occurs under conditions outside of the preferred drying and annealing
process conditions that are set forth below. Even so, these pure (n=2) materials
10 with (m=1) decorated grains still provide excellent ferroelectric performance. it is
believed that the (m=1) decorations serve to compensate for surface charge
defects on the (n=2) grains. This charge compensation either prevents or reduces
the magnitude of field-induced shielding at each (n=2) layer and, consequently,
increases the overall polarizability. Accordingly, a feature of the invention is that
15 a portion of Formula (1) which is allocable to an (m=1) type of L layer can increase
polarizability and reduce fatigue regardiess of whether the (m=1) portion actually
forms a collated (m=1) octahedra structure.
The (m=1) octahedra structures are typically not ferroelectric at room
temperatures because there is no.A-site cation alignment to assist the ferroelectric
20 effect. Even so, the addition of nonferroelectric (m=‘i) materials can serve to
increase the overalt polarizability of the ferroelectric layer. It is again theorized that
the charge-compensating effect of (m=1) materials prevents or reduces the
magnitude of shielding at each successive layer. In this manner, a relatively lower
density of ferroelectric material in the mixed layered superiattice materials can
25 provide a relatively greater polarization than do the non-mixed varieties of layered
‘superlattice materials. |
A preferred general processes for preparing polyoxyalkylated metal pre-
precursors includes reacting a metal with an alkoxide (e.g., 2-methoxyethanol) to
form a metal alkoxide, and reacting the metal alkoxide with a carboxylate (e.g., 2-

30 ethylhexanoate) to form a metal alkoxycarboxylate according to one of the general-

ized formulae:
(10) (R'-CO0-),M(-O-R),, or
(k) (R-COO0-),M(-O-M'(-0-C-R"),.1)0s
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a value greater than one, and V is a second fornula charge selected froma

group consisting of 1+, |-, 2-, and 3-, but is nost preferably 2-.
In Formula (8), at Teast one of A", B', ., and n are different fromthe
correspondi ng el ements A, B. and m of theA B | ayer enpirical Formula

(7). In part (g; is preferred that n is-different 20p :

The superl att %erator Iayer preferably has an errpl rical ftornula of

(9) wher ei n trlvalwt .
supearatti cegenerml’ei%%mm%ﬂdﬁvwmm"am% 8 +nhand M’ is a metal r‘%‘QBQ

55°%01 1'ayer's accHnaputsY yaees el b, Wil i o W“?"g’. cahﬁ%lhtdéhear ggiw“ "| it

e A et Lo For my el of tanhumSalciym) s do8c ML Srarer: I o
A f eat urg of the ﬁP&‘E&"& a‘%@?@ﬂ"@ﬂﬂ@“'?% !‘Fﬁ@" ngéﬁ "ﬁb"‘?ﬁ!ﬁ"’gﬂﬁ'ﬁ @Péa%'f"
charge conpensg i fianganess, Fom, esbale nidel, maphesilm] molybdehunt cstromtinnr) bariun)

30 nechani sns advant ageously serve to corrpensate oi nt_ ch e defects,a
prevent |ine def etitaniumo i andiZiRe: R 89H R ‘%ﬂ’ﬁﬁ' | grqups prefe rﬁy

pol ari zability an 4't6! é}rbﬁ nf ;Ppr@ﬁrﬁb
accordingly, optim zegfr%r tgxga alorfié ahd R 'ekhm te cation defrici en
a L-type layer at 3atq)8| carbpncatoml Tbedﬂtérrﬂoﬂnﬂ&m has a central -O-M- -0-

SUBSTI TUTE SHEET (RULE-&4 particularly preferred due to the formation in solution of at least 50%
10 of the metal to oxygen bonds that will exist in the final solid metal oxide product.
Similar -M-O-M'-O- structures are obtainable from reactions between metal
alkoxycarboxylates and respective metal alkoxide or metal carboxylate reagents.
These endothermic reactions are preferably driven to completion by distilling away
reaction byproducts (alcohols and ethers) as well as any other contaminants having

15 boiling points of less than 115°C, with 120°C being more preferred, and 125°C
being most preferred. Elimination of these volatile moieties from solution

advamegeously reduces cracking and other defects in the final metal oxide films.

The liquid prewrsor that is used to form the thin film is preferably a metal
alkoxide or metal carboxylate, and is most preferably a metal alkoxycarboxylate
20 diluted with a xylene or octane solvent to a desired condentration. The use of an
essentially anhydrous metal alkoxycarboxylate is particularly preferred due to the
corresponding avoidance of water-induced polymerization or gelling, which can
significantly reduce the shelf-life of solutions that contain alkoxide ligands. The
presence of any hydrolysis-inducing moiety in solution is preferably avoided or
25 minimized. Hydrolyzed precursors, such as conventional sol-gels, may also be
utilized, but the increased sol-gel viscosity tends to impair the uniformity of
thickness derived from the preferred spin-on application process, and the quality
of the hydrolyzed solution tends to degrade rapidly with time. Therefore, made-
ready hydrolyzed gels disadvantageously yield poor and inconsistent quality metal

30 oxide films over a period of time.

The precursor solutions are designed to yield corresponding mixed layered
superiattice materials, with the understanding that the formation of perovskite-like
octahedra is thermodynamically favored where possible. Generally, in terms of the

13-
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WD 962728

PCFJUS96J) 3523 a superorA i _layer may be conpea by an oxygen
deficient bismuth atom fromthe superl attice-generator |ayer of
Formula (9). Other charge co- pensati on nmechani sns i nclude variations
such as (Bi Oa‘f?ﬁ%ﬂ'BPl t hrough t he addltlon and del e ons
fromthe base Fornula (9) These vari ous c aton mchanmsﬁog%de an

overal | bal anced char the cryst and et the L er to
formas an oct aheB® &%P@‘E&é%m 9@‘"‘ urgstt'hﬂ'eesm fnade
As | ndi cated abov

Betvﬁ% Th| stigns ur%ﬁll@ﬁﬁﬂ!ﬁi&hﬁcﬁaﬁh,ﬁ% %Edi fh%i‘varyno

pervslte-like rraterlals ermt

conpensation 10 “l?}"el mcéﬁasamtawomare@qdeerngmaltereatwe
overal |l crystal rmul a charge. By way of

exanpl e, where B I'S W@i‘f‘&‘!"&ﬁ%ﬂ Mo‘ﬁ di valent, Fornula (8) wll
hfi?’F ﬁ char geh5f 2- }/m'gmm:efeged ﬁnggaﬂbnlwof thb::gnrsorkol%ons lﬂ@:ﬁﬂ@ﬁfed
Wi ave a charge cC = m+]C]% ang e V\/gﬁ

3m. The formatn B ?ﬂérq; BP rSid a{h%g G?ﬂ siterpartion is
in 15 the cryst gioldréBlyfSifhed by 8asing with a aumnorwﬁée&uwmsnbmte

serves to illustrate an af)qpllcatlon of Forrml ae m ned

| ayer ed supet | at t Slonantselacted tram %Mﬂ@eﬂfﬁﬂp@ﬂnﬂﬁ ing:of Ba, Bh(ﬁnﬁb.ri-%aﬁa and

I(r)uramjl aof BA%EZ@L&Q# and are mval en qiﬁrpgédedr%ﬁhr |fcj% oé]w

i's obtained by0 zaleobulrdncamagylpraeuntdaastlamr&sneamm sélabtedﬁmm@]ﬂ-snta group

DO g oty WBhuingol e, 3o, Mo, a5 5 mbeh o S e 46

accordi ng to For nmgheqlGivalentidius B-site dlemérit) thatigh ﬁﬂsélﬁlat isﬂagé préférred in practice
due to problems that derive from titanium diffusion into other integrated circuit
components and point charge defects that arise from different valence states

15 among the titanium ions.

Solvents that may be used to form the precursor include xylenes, 2-
methoxyethanbl, n-butyl acetate, n-dimethylformamide, 2-methoxyethyl acetate,
methy! isobutyl ketone, methyl isoamy! ketone, isoamyl aicohol, cyclohexanone, 2-
ethoxyethanol, 2-methoxyethyl ether, methyl' butyl ketone, hexy! alcohol, 2-

20 pentanol, ethyl butyrate, nitrosthane, pyrimidine, 1,' 3, 5 trioxane, isobutyl
isobutyrate, isobutyl propionate, propyl propionate, ethyl lactate, n-butanol, n-
pentanol, 3-pentanol, toluene, ethylbenzene, and octane as well as many others.
These solvents may be used individually or they may be mixed as cosolvents.
Preferred solvents include xylenes, n-octane, and n-butyl acetate.

25 The process of making the precursor solutions includes severat different
steps. The first step includes providing a plurality of polyoxyalkylated metals
moieties including an A-site metal moiety, a B-site metal moiety, and a superiattice-
generator metal moiety. It is to be understood that the terms "A-site metal” and "B-
site metal” refer to metals that are suitable for use in a perovskite-like lattice, but

30 do not actually occupy A-site and B-site positions in solution. The respective metal
moieties are combined in effective amounts for yielding, upon crystallization of the
precursor solution, a mixed layered superlattice material. The combining step
preferably includes mixing the respective metal moieties to substantial
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a second precursor capable of yielding a pure SUB | ayer (BOM®z materi al
accordi ng to Formula (7) where (m= 1) in an amount equal to 20% of
the Tixed nunber of 25 noles obtainable fromthe first precursor; and (3)
further adding sufficient (61202)b to bal ance the overall formula

char ge. w nq | N the above enpirical fornula, the B-sj o ts
I ncl ude about gmmand 91 % B elenents, e.qg., (0. 0167%‘8.84 +

i stri but ed at o DPTOGUPID AFOient Wi ibe pution 3§ SJuert REeeE BouDhof g Jeast
are’”™ * SUrTrcrehe POV SRR MoIgeS. ) Soppensine,' dnadpant e
5 for L) having volatiliagtm lassi duringformeation fithe emilxe%. mgdmﬂaﬁ‘pet material.
eI Ca1 1oL koo B vzl b ol bt
- 9- 5 aparticularly prefefrold préclirsor dekigh in¢libs-up fd about fifteen peréant more .
Por TUS501 03Np3  DISTUtly iy 118 PResrsss thasyis 44sigecom A stoighiometi standinoint in the final
precursor that cogjsgdayéted stiBbfatlite material. The most preferred range of bismuth excess
is from about five to ten percent.
Economies of scale can be gained by mixing a base stock of pre-precursor
10 solution, e.g., one capable of forming a pure L, material, and preparing the final
precursor solution by adding metal carboxylate or metal alkoxycarboxylate pre-
precursor solutions to an aliquot of the base stock in the required proportions
according to the empirical formulas. This process demands that the pre-precursor
solutions must have an extended storage life. Accordingly, the shelf-life of the
15 made-ready to apply precursors and pre-precursors can be extended indefinitely
by distilling the pre-precursor solution as described above to eliminate water and
byproducts of brecursor—forming reactions, as well as other hydrolysis-inducing
reagents. An additional step of eictending the precursor storage life includes .
storing the solution under an inert atmosphere. Storage will preferably include
20 maintaining the mixture at a temperature below about éO'C, due to the relative
instability of bismuth precursor moieties. Furthermore, for the same reason,
distillation will preferably occur after the step of adding the bismuth precursors.
A process of making integrated circuits according to the invention includes
the manufacture of a precursor solution as described above, applying the precursor
25 solution to a substrate, and treating the precursor solution on the substrate to form
a mixed layered superlattice material. The treating step preferably includes heating
the applied precurser solution in an oxygen atmosphere to a sufficient temperature
for purposes of eliminating organic ligands from the solution and crystallizing
residual metal moieties in a mixed layered superlattice structure. The use of a
30 liquid precursor solution makes possible a low annealing temperature or
temperature of crystallization that is useful in forming solid metal oxide thin-films
of the desired layered superiattice materials for use in integrated circuits.

-15-
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42 materials or layers, a pure L, precursor that contains 0.2 noles of 1,

materials or layers (i.e., 0.2(1 + 0.2) =.1667). In this context,
the 0.2 quantity is referred to herein as an' Xval ue," and
representsthe quantityof a given L |ayer precursor that S may be added
to anot her Lylh3¥gémrecursor to forma mxed |ayered super!| gitrs 23

material. The X value (e.g. 0.2) is different fromthe nunber o
correspondi ng L | ayers o i 16. 7% _in the m xed
| ayered superlattice materi al BR‘EF%EO%#(TMEH&@ QW@G& s foll ow
Formula (7) with (m ﬁ&)a WWW
(QugBnfis- materials FI?P&%CE(} 9{'%‘@[{?{ 2 ocSnc o8

overal I 2- ch?rgéayese the.prasent invention)i chi omat ri c
having an oo ELSYFM%%%M%%W*W%@%@,'amh
t he subscri pt 5 i thatcate farmed of different utarw:tahedrhuayerbohtampwd.bysa-

f th | | [ ) , d
The. 65 val ua’te SupSASHGE ganerstar Ty, foi vse in thegangtior of MIB. 15 ' Moter ol s
according to Fornula Ff3.3 &blét?ﬁdemdlstkﬁ-lnkéuoﬂa@ﬁ:bhﬁftebﬂ%oﬁeﬁﬁrﬂiingtoa

and g2 is 0.91 for the BE net al based upo anounts of B-site netals
added. In lammmaﬂyﬂm%dmmlweamawmmmmmm
is 1.667 for B . &tpFiG In particularly preferred forns of the
invention, Sis blsrrut%l (Formula 9). The B-site netals are

preferably sel@®cted fFiG)4depists theperoyskitelike sonic gubiinit celicofiFIG. 3 8d provides
tantal um niobiu %'Pr cg | um vanadi um nol ybdenum tungsten, and m xtures
thereof. It is p 'preferredthat the B-site netals, e.g., both B

and B (For mul geG(5d 4 pirovsKits-likd Rnic mﬁtﬂit%ﬂ%oﬁ'bsﬁa’rhdﬁé tcOé\Iayer
state of plus fi ant al um and ni obi um are the nost E’t&aferre

el enents for B a*@VBg athicknass of one ociahedral in the mixedJaysred supatattioe material of

each have a chargqgo$. pl us two, and are 25 selected froman A-site group
consisting of strontium barium |ead, |anthanum and cal cium
Strontiumis the m)st Fife 6 depigts:lac mixad superiatticel meteriah having @ ccallated: layer

Particutarly prerRnpyeliotich Use e bbb GG 57 0 2113, 5710 e
materi al s FIG. 7 depicts an exemplary unit cell that combines a plurality of perovskite-
like octahedra structures interrupted by a superlattice-generator layers for use in -
the capacitor of FIG: 1;
20 FIG. 8 depicts a schematic dynamic random access memory ("DRAM")
circuit of a type that includes the ferroelectric capacitor of FIG. 1;

FIG. 9 depicts a process for making a precursor solution that is used to form
a mixed layered superiattice material;

FIG. 10 depicts a process for using the precursor solution derived from the

25 process of FIG. 9 to form an integrated circuit device such as the ferroelectric
capacitor of FIG. 1;

FIG. 11 depicts a polarization hysteresis plot of polarization in uC/cm?
versus an ordinate of applied field in kV/cm, with measurements obtained at
voltages ranging from 0.25 to 7 voits from a mixed layered superlattice material

30 having an empirical formula of SrosssBi.Ta; 53308417

FIG. 12 depicts a remanent polarization plot of polarization in uC/cm? versus

an ordinate of applied signal amplitude in volts for the material of FIG. 11;

-16-
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fromthe broad categories of strontiumbisnuth tantalate, strontium bisnmuth
30 tantalumniobate, and strontium bisnuth ni obate according to the_above

For mul ae (6) - (9). These preferred categories of materials broadly
enconpass specific materials that will formnon-m xed | ayered
superlattice {yoghongs having only one type of perovslichRsbédssas
crystalline lattice. For exanple, Formula (3) A, S2BInCS,, O

072 FiG. 19 dopic 3kt b Herche SHEEM,%% T p—
PCr/ US96/ 03323 of ap lﬁﬂ@ibhﬁﬁlﬁplﬁ@ﬂéid#ﬂfs‘ matedialdPRIG) 1fat eri al s that

have a repeatin structure 1*(Sr Ta207 Bi O2) 2' (SrTa207
., Wwhere E)n = 2? Th| s FliGr 64(¢ﬁpl°t§)a polanza%mé'mqres-s)pv(at like ?ﬁﬁ&(&fF et habut

superlattice mat ehidlides
| ayered superl attlce mat ral's céﬁ“ﬁ“mﬁ% %W%I ng h?%r);ﬁ%avmg

proba:al lity Vﬁlfuesanmplﬁehlfomuhf&g&Tam rical portion val ues. For
exanple, in the case of.,st is reo tr|c .
pol ari zati on can be op{nﬁ ﬁé{ f'BeﬁﬁﬁﬁﬂﬂﬁGLéw lides, comparative:
of L, mater|pumagmﬁ5mnhemgTﬁm§amﬁ6%fp[Gtm total nunber of

L, and L2 | ayers, th the nost preferred anount of Li |ayers added
bei ng about 20% I|n thgléna&depldsaplotl that of FIG. 13 mtlnGUdesmmparatlvemmve

electric field data from the SI'Blz_Ta,O, sample of FIG. 14;

10 FIG. 17 depicts a plot having a dual abscissa for 2Pr polarization values in
uC/ecm? and 2Ec coercive electric field values in kV/cm versus an “X-value" or
percentage of L, iayers, with measurements obtained at different voitages from a
variety strontium bismuth tantalate mixed layered superiattice materials having up
to a 30% X-value obtained by adding a bismuth tantalate precursor to a strontium

15 bismuth tantalate precursor;

FIG. 18 depicts a plot like that of FIG. 17, but includes comparative
polarization data obtained from strontium bismuth niobium tantalate materials with
X values obtained by adding a bismuth niobate precursor to s strontium bismuth - -
tantalate precursor;

20 FIG. 19 depicts an X-ray diffraction plot of X-ray intensity in counts per
second versus an ordinate of 20 (twice the Bragg angle), with measurements
obtained from strontium bismuth tantalate materials having different proportions of
mixed A/B and AB-types of layers;

FIG. 20 depicts an X-ray diffraction plot having axes like those of FIG. 19,

25 but with diffraction results for a strontium bismuth tantalate having A/B layers with
no AB layers;

FIG. 21 depicts a plot like that of FIG. 19, but includes X-ray diffraction
results that were obtained from a variety of strontium bismuth niobium tantalate
materials; |

30 FIG. 22 depicts as plot like that of FIG. 20, but including results taken from
strontium bismuth tantalum niobate materials having only A/B layers with no AB
layers.
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10 of strontiumbismuth niobiumtantalate Li and L2 materials, where the

quantity of LI layers is _adjusted by adding nioblumnetal in solution
to a mxture of ingredients capable of yielding a pure (n = 2)
strontiumbisnmuth tantal ate, polarization is optim zed by addi ng up
to 50% L, nefy@ydepbmgW th the nost preferred anount of Li ggzhal S
rangi ng from about 30%to about 40% 15 As i ndi cat ed ove

m xed | ayered superlattjc mat,erials are Ere(erabl made from speci gl
precursor sol utions. fhbsés 's'%f#mmmﬁn&mmmmw
honpbgenous | i CIU' Oyefbuis Hﬁ%r&i?ﬁtd‘ﬁl Voits whth Me&#irémeRt cbtaMeddrdi © lfnﬁteﬁelh?éred

portion, emetal portion, and a sol vent Sortlon

respective net aI superlattisematerigl having.an empiricat farewila ofSr Jﬂambum

t | | di
21T T ayer et Super| atieLE® Bapldk difior i e o S, bifinBlude Sofpbidtivh sedispoe
| ayers in a seﬁqubﬁlﬁbdMﬂrdWﬁ,@‘m&lew?ﬂp&hm&matérial
structure, a superl attice-gener.ator r_hayin rlattice-genera
Tonic o Csubuni e 2B oRricsa piaf if canaiternich i R versus anorkinaie o Riss,
perovskite-like %uagelnvdﬁtﬁmﬁfeﬁsummswmdmhhe s&,,gakvas@ui,erm

fromthe A/D |on|c subunlt cel | 25 structure.

precursor sol uti dn mixed dayesed superiatlicesmateriabf t he netal nieties that

are neededtoforma na.at e lgaly, af:

for vol atilizat .r%ﬁ;eé?é %Fggr?sopgfi“gg 'gbgﬁlrﬁ?hgﬁgrbugt'aﬁpl zat'l gﬁhﬂﬂe
proceslsd The N):BWMMMImmmsmaiamﬂwmbupe?aunwrﬁMat ed
to yielding a pluralit oni ¢ a 0 a '
hccording Lo Formita (HG-2% pPeifys 8 ngaRie o -PUNCH) spitFing measure-
al l ocated to yi e'tﬂhlﬂlﬁﬂﬁﬁ&kﬁrﬂhﬁﬂn@éwm bﬁbﬁiﬁa@%%ﬁﬂdﬁiﬁg‘tﬁfﬂ%ﬂds
(9). The perovsklte |'i ke AB portion is aI | ocated tqo yieldin

perovskite-1ike AMth mﬂa@urements@bmwl rHoseeBis H1 5Py 36(31) mixad layeredd
sol ution, these rgiapaiticémataral: Porti ons

S 15 FIG. 28 depicts a plot like that of FIG. 27, but includes comparative PUND
data obtained from the SrBi,Ta,0, non-mixed layered superlattice material;

FIG. 29'depicts an 8,000,000X transmission electron microscope ("TEM")
photomicrograph that reveals a layered structure in a mixed layered superiattice
material having an empirical formula of SrysBi;Ta,50;.5 (50% m=1and 50% n=

20 2); '

FIG. 30 depicts a polarization hysteresis plot like that of FIGS. 11 and 14,
but includes comparative results from a mixed layered superlattice material having
an empirical formula Sty geaBi.NDg 1677 84 65705 417!

FIG. 31 depids a plot like that of FIGS. 12 and 15, but includes comparative

25 polarization data from the SrysBi,NDy 1e7 T8, 06705417 SaMple of FIG. 30;

FIG. 32 depicts a plot like that of FIGS. 13 and 16, but includes comparative
coercive electric field data from the SrygsBi;Nbg 16778 85708 417 5amMple of FIG. 30;

FIG. 33 depicts a polarization hysteresis plot like that of FIGS. 11, 14, and
30, but includes comparative resuits from a mixed layered superlattice material

30 having an empirical formula SrpayBiND; a6y 18 16708.617:

FIG. 34 depicts a plot like that of FIGS. 12, 15, and 31, but includes
comparative polarization data from the SrgssBi,ND; eey T80 16704 417 S@Mple of FIG.
33;
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SUBSTI TUTE SHEET (RUL 26) W96/ 29728

PCT1US96103523 need not have the conplete amunt of oxygen that wll
be necessary to formthe final solid l'ayers, because the additionally
requi red oxygen can come from anbi ent oxygen during the anneal
process. wooeoeg |t 1S sonetines observed that m Xed | aypepResnss2s
superl attice precursors fail to 5 spontaneously generate respective L

are forned, ant the or JASa3hARPRIS 8 Plek ke ek o Fids. 15, i@é&‘rﬁb&"&ﬁmﬁv@es

(m1) nmetals in awwm&n%ﬁimlmws%agnd anne “n.?aampue

occurs under conditions outside of the preferred dryin
process conditi onPftfl@t 38 e set forth bel ow. Even so, these pure (n 2)

1?2£ re{)e?eit ri iopewnfsg ( Iﬁé)’ ﬁ%&&%ﬂ%ﬁle\?@és%%‘ﬁr%@ﬁt%%tﬁﬁ%ﬁs 17, but
serve to conpen8 atlaclﬁdss mbbmedm“mples havngmmemdeﬁvad by &ddipg @ bismuth .
;Frlelsdcrﬁéggegogﬁlemahég ei t her tgr events $ gﬁ&gj t he magni tude of
i ncreases the overal | FFIGanébidts aywwwm.oﬁ in §e cevebus fefnperature in-
I nvention is that 15 aportlono For nul a whi ch |s all ocable to an
(mel) type or L | diegreesgelsiuefos non-muedlayeredsuparlatncamatenals
FIG. 38 daplcts a plot of dielectric constant versus temperature in degrees
10 celsius for the SrBi,Ta,0, sample;
FIG. 39 depicts a plot like that of FIG. 38, but including data obtained for the -
SroanBla T8, 53404 417 SAMple;
FIG. 40 depicts a plot like that of FIGC. 38, but including data obtained from
the Sto.sxBiNDo 1s7 T2y 0670417 SaMple; |
15 FIG. 41 depicts a plot like that of FIGS. 25 and 26, but including capacitance
data from the Sty exBi,Nb, uer 18416705417 SAMple; and
FIG. 42 depicts a plot like that of FIGS. 27 and 28, but including PUND
switching data from the SryssBi;ND, sey T80 16705417 SEMPle.
DETAILED DESCRIPTION.OF THE: PREFERRED EMBODIMENT
20 FIG. 1 depicts a thin-film integrated circuit device, ife., ferroelectric capacitor
100, according to the present invention. Thin-film capacitor 100 includes a silicon
wafer 102, which may alternatively be any common type of integrated circuit
substrate material such as GaAs or other materials. As will be understood by those
skilled in the art, capacitor 100 is preferably formed on a single crystal or
25 polycrystalline silicon wafer 102 having a thick layer 104 of silicon dioxide formed
thereon by any conventional technique. Titanium adhesion layer 106 preferably
has a thickness of about 200 A, and is formed atop layer 104. Layer 106 is
optionally followed by a titanium nitride diffusion barrier 108, which preferably has
a thickness of about 800 to 1500 A. First platinum electrode 110 is formed atop
30 barrier 108, and preferably has a thickness of from about 1200 A to 2500 A. Metal
oxide layer 112 is formed on electrode 110, and includes a mixed layered
superlattice material that typically ranges in thickness from about 700 A to about

2500 A. Second platinum or top electrode 114 is formed over metal oxide layer
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pol ari zability and reduce fatigue regardl ess of whether the (ms1l) portion
actual ly fornms a collated (m=1) octahedra structure.

The (mel) octahedra structures are typically not ferroelectric at room
tenperatures because there is no Arsite cation alignment to assist the
ferroel ectriygogsslag €f feCt. Even so, the addition of nonfergeebRhises (nF1)

][raterl ial S can Iserve to I ncrease the overall polarizability of the
erroelectric |ayer eorlze that

char ge- conpensat 1 1 EPY%@H@%,%?&: & E'QS{&%&‘JEBQ"%“““
magni tude of shi gha\ditiondl sedie du%h%s radio! fequetity e 1.") asputteri
relatively | ower g ferroelectrlc rraterlgl'l' |nn€he)me<e ne-

| ayered super| atmtﬂm t«hmav beopesably iceanected |°PBY9"‘§¥\§&F@"“’VW

I h Rirkii
rater a5, - tort tor SRl b Kol bRt candtS) Gvoonent n S EPOIN S

pol yoxyal kyl aedhavihgla: mlaﬂzatuon-swntchmcfarredsstncmémdvsdlemludmg capacitor[100.

and r eacti ng t he. ot oln W ElRGEREY GO ot e sloon wafer 19018 gREh Perpfle 1 el

et hyl hexanoat e) rgublsriat®.'s HEréiR| “stbkbatet ridybe/stdiorefer toithessiliconiayercf 00, et

general - i zed forpul ae: glo (5
~C00). M- O R) ., mere generally will refer tg any support for nollme@) 9(-“@1' example, the
-12- substrate for the metal kG idydi-T12 is'thdst infddiatel§ blatinum first electrode

10 110, but also broadly includes layers 102, 104, 106, and 108.

Those skilled in the art will recognize that there exist many equwalent
capacitor structures to capacitor 100. By way of example, other electrode metals
and materials thicknesses may be used. Titanium adhesion layer 106 and barrier
layer 108 may be eliminated or substituted with' equivalent materials. Metalization

15 layers 106, 108, and 110 may be entirely eliminated, and a contact hole (not
depicted) may be cut through oxide layer 104. Substrate 102 may be doped to
function as an electrode. Other layers of ferroelectric-compatible materials may be
interposed between electrodes 110 and. 114. Accordingly, while capacitor 100
depicts a preferred form of the present invention, the scope of the disclosure hereof -

20 pertains to altemative integrated circuit devices as well.

Ferroelectric capacitors like capacitor 100, which includes mixed layered
superlattice materials 112, offer distinct advantages in comparison to conventional
capacitors in volatile memory cells. For example, conventional DRAM memory
cells utilize a thin-film dielectric capacitor that must be refreshed once every

25 millisecond or so due to a charge depletion state that derives from the high leakage
current of the conventional thin-film dielectric materials. In contrast, ferroelectric
materials can be induced to switch polarization states in the presence of an applied
field, and can retain the resulting switched state for extended periods of time even
aftor the applied field is removed. A release or uptake of electric charge is typically

30 observed when switching the ferroelectric material from or to a particular
orientation. Mixed layered superlattice ferroelectric materials also typically have
high dielectric constants that exceed the dielectric constants of the conventional
silicon dioxide dielectric materials by a factor of ten or more. These features make

-20-

SUBSTITUTE SHEET (RULE 26)



W9C129728

PCr M56J103523 wherein Mis a netal having an outer valence of (a +
n) and MNTs a netal having an outer valence of b, with Mand M
preferably being selected fromthe group consi sting of tant al um

cal cium bi s%%&,gﬁd yttri um scandium | ant hanum

chrom um thal'lT"um “haf ni um tungsten, niobium zirconium vana

manganese, iron, cobalt, nickel, magnesium nolybdenum stronti um barl um
titani um vanadi uferroeiectsc reapacitorsdaccording tedhe cinvertion lagcepiablerfor use with

B;:: 2{23: § havi nggéﬁ M'Jnrapr&éﬁ.{’@%'%ar'gbmo [IIMQ& eWP whi c?ﬁ

has a central - 0- féneldctric mode. Ttlbrfmodaetnclswilphmwodmlslgarﬁudéﬂypmbmmo

te formation in s n.o 50% of the metal to oxygen bonds

that wll exist %#‘ﬂ%’gﬂfﬁrﬁ J??%'oﬂ’r oduct . Simlar

- :VLO M-- bstrimi ures 3“ inhtcatemahbwe; thencrysial & maomathlebxtaalcmfrm%erl112 is & mixed

al koxycar boxyl ates and, respective netal al koxi de or al car

reagents. T matggat &m@nq)%m ge B H‘!@“m Serial -

conpl etion by dis I oD, gggg fﬁ!ﬁe

ethers) as well aydar?}%?‘g%rwaadmor%é]ﬁ Saw ng a‘%@ ﬁTl qggr{tég T'ess

than 115WC, with mmmmmw%mlmknau&.m and _Mngvslwa(Sea
e . el

preferred. Elimn .

advant ageousl y re%@%ﬁséﬁﬁm FrTret - s r‘%%?‘a‘?”ﬁ%?@
filnmns. 10 S'Bfethblmﬂ Pnrmwwms ddiﬂ!elatadmnehdme 984 \@ditéd by G. AN
is preferably a ngtlal IENXI de or _net car bo Iatriea? dPI S rm?['
prlefer?blty a geta w&&mﬁ %ﬁ@"’ﬂgd5%n1 fﬂ%ﬁéﬁ;ﬂ%ﬁﬁ@m
sol ven o a desi gaﬁew Fhatlons Wd‘. used
anhydr ous net al alhg'mar boxyl ate |s partlcu'ikf’?l preftgra.r"ed ue totf?]%'s

correspondi ng avofar#hese @pplicationsi These dayeseq raupadanmmaianqwqmmswmmmx
S Roxi de 11 ganqs OXRSB!of MBI, Such Sas°afrtium, ‘icilm? BatirhBrhf ek, Toa,

15 ftitanium, tantalum, hafnium, tungsten, niobium, zirconium, bismuth, scandium,
yttrium, lanthanum, antimony, chromium, and thallium that spontaneously form
layered supertattices, i.e. crystalline lattices that include alternating layers of
distinctly different sublattices, such as ferroelectric perovskite-like and non-
ferroelectric sublattices. Generally, each layered superlattice material will include

20  two or more of the above metals; for example, strontium, bismuth and-tantalum form
the layered superlattice material strontium bismuth tantalate, SrBi,Ta,0, (a pure
L, material). Copending United States patent application Serial No. 07/981,133,
describes a method of fabricating layered superlattice thin films that have electronic
properties several times better than the best prior materials.

25 It is possible to have mixed materials or thase having layers of different m
and n values in Formulae (3) - (9). For example, when Formula (3) is A,S,B-
3504425 the 3.5 value actually represents a 1:1 ratio mixture of Ly and L, materials
with the 1:1 ratio referring to respective quantities of (A,B,0 3> L .layers
according to Formula (7) and (A8,0,,)? L, layers according to Formula (8). Thus,

30 in Formula (6), & is 0.5 or the quantity {1/{1+1)] for each of the L, and L, layers.

FIG. 2 depicts a collated perovskite-like axygen octahedral material for layer
112 according to Formula (8) for strontium bismuth tantalate, i.e., a mixed layered
superiattice material 112 having a cpmbination of L, and L,-types of ionic layers.
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presence of any hydrol ysis-inducing noiety in solution is preferably

avoi ded or 25 mnimzed. Hydrolyzed precursors, such as conventional

sol -gels, may also be utilized, but the increased sol-gel viscosity
tends to inpair the uniformty of t hi ckness derived fromthe

preferred spiyR< plication process, and the quality
hydr ol yzed %Pﬁ?’?’ggptends to degrade rapidly with tine. ThelF%l%,ggr’g;?i%ade-

ready hydrol yzed gel s di sadvant ageousl i el d pogr and inconsi stent '
metal 30 oxi dMﬂHﬁ&Mﬁgﬁ-@G\%ﬁ%ﬂ'm ﬂvmoanemplﬂw%m'lé'?ﬂ)%w
solutions are deww,ﬂﬂ ethaag%,,g Wbﬁm@ i
superlattice materials,”wth the un e?’gt andi ng that the Pg?nr#gtdi'agr‘]etg?ﬂaam
perovski | t e-1i ke two bismuti ionic tiiametersd20and 122. \Layar 324 ds véh by dayes having.a

Gacrally. 1 te'iifudibed BFone octahedtg] 128 and an avprage empirica) formuia of (TaQy,)*

96129723 5 according to Formula (7). Layer 127 is yet another such L, layer. Layer 128isa
Subst i ut i ons. maykeiftyes BEUG & thiknss cEub odand 130 o a2 87 A b S By
simlar ionic radsfi(srTa,0,)* d6tordingls Fornlilae). . more than about 20%
These substitutions are nmade by adding the alternative .
FIG. 3 depic& L, layer ?28 in more detail. A primitive perovskite-like partial
subunit coll 134 is shown as conventionally represented in the literature. In this
10 depiction, the perovskite-like structure is cubic, with the A-site cations 136 (also
called the A-site elements) being located at the corners of the cube. These A-site
elements are of relatively large size and small valence. The B-site cation 138,
which is also called the B-site element, is iocated at the center of the cube and
generally is an element of relatively small size and large valence. The anions 140,
16 are located at the face centers of the cube.
FIG. 4 provides yet another depiction of the L, AB layer 128. Cell 142is a
complete L, perovskite-like AB ionic subunit cell, which is not a primitive cell 134.
Cell 142 is a quadruple octahedral perovskite-ike structure that comprises a
plurality of comer-linked:octahedra 144, with the anions 140 at the comers of the
20 respective octahedra 144. The quadruple octahedra structure has a thickness of
two octahedra, hence, the designation L,. The B cations 138 are at the centers of
the octahedra 144, and the A cations 136 are located in the spaces bstween the
octahedra 144. The primitive cube 134 is shown by dotted lines in FIG. 4, and the
octahedral 144 is shown by doted lines in FIG. 3. From the depiction of the ionic
25 subunit cell 142 in FIG. 4, it is easy to see how the octahedra 144, each having a
dipole moment that causes the ferroelectric character of the material, can move
slightly as the polarization switches the octahedral upper and lower "points” are
attached to a material more flexible than the lattice of a ferroelectric material.
FIG. 5 depicts a perovskite-like A/B subunit cell 146 for an L, material
30 having a single octahedral structure 144 with a central B-site atom 138 and corner
anions 140 for layer 124. In this case, no A-site atoms are present according to
Formula (7) for (m=1).
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metal noieties to the precursor sol ution. 5 The preferred

I ngredi ents of the precursor solutions include the preferred etal s
of thedesiTed nmiXed layered superlattice material. The AP-site portion is
preferabl yformed by reacting with an al cohol or carboxylic acid at |out one

A-site “%dﬁﬂs% sel ected froman A-ste group consi sti nGpeafrusdenasts . St

Pb, La, Ca, an m xtures thereof. The B-site portion is preferably
produced by reacting with an 10 al cohol or carpoxyli a.chg at_|

B-site el enent sel ect éﬂ&ﬁMi@@a@Pdﬁwmsngv Iqxarﬁgﬁﬁaﬁ%
W V, Nb, and mxrhu{eﬁa@g&f f '}ﬂﬁﬂlf% al mifurdbPsuperiatticeTorming ielemhents,
radi us B-site el enen ,' ngE' p?oss bl e, ll‘@‘ftess preferrpgd I n pract Pce .
due to problens tthetLdayersci24 and L; layers:12Qispootaneously generate intp an-gltarnating

val ence stat s PISHRAROYHEBHE B pRIET. T ijer 123ed 128 itq Colefl)

be used to forg tyih BupsHttici-generatordayars416s, 2- net hoxyet hanol ,
n- butyl acetate, n-dinethylformam de, _2- ne{ hoxyet hyl et a net |
i sobutyl ketone, nethlAs8 WPQ@QW%%BYQ,(‘“%Méwm' FIG.
et hoxyet hanol , 2- yabhjieieédiiare-Soctidhal VieW thit issit Wroligh amumbieeof layer 492 subudit
20 pentanol, ethy y , nitroethane, pyrimdine, 1, 3, 5 trioxane
i sobut yl i scalls gf theanaterslfysBiB: s k@, asmixeg layeresh suppriattice-matarial

| act at e, n-butanol . .n: . . t I an den
and octane as \Nel*"a‘gggr?a'r\x; @f’ﬁ@?s&ne' aﬁ@%@%l%@ﬁt&! rrayv%éemﬁ%% o ent.
i ndi vi dual | y 40 t Examples obthese typbsaf materialscandnciude stromtium bismuth $antalate and
i ncl ude xyl enes, n-octane, apd.n-hutyl, acetate. ., 25 . .

maki ng the precur Q‘&'ﬂ'ﬁ&?’i"ﬂ&%" UM]%,HE%EF%%{S&SH&?@%E@@' ?‘&%
first step incl udpsurifcani1dsandiisiReparited by gltice-genératdrdayst 118 feom the dual-
noi eties incluing an A-sit netal nbiety, a B-site netal_ po

super | attice- mhgdfféﬂﬂﬂﬂ?ﬁﬁﬂﬂﬂ‘ﬂ%l%hﬂﬂ?‘“ﬁ%'@t@kﬁ% f?hat
S L6 TBo1 & or Cul. G depfay n e Gt o ey choa 18
occupy -sie af§ Birdudestwoielectricallyintercanriesied alactricaldayicas, 8 transistor 150 and a
ferroelectric switching capacitor 100. The gate 152 of transistor 150 is connected
to word line 154. Source/drain 156 of transistor 150 is connected to bit line 158.
The other source/drain 160 of tranéistor 150 is connected to electrode 110 of
switching capacitor 100. The other electrode 114 of switching capacitor 100 is
20 connected to reference voltage line 162. Circuit 140 op'arates in a conventional
manner for ferroelectric DRAM cells. -

FIG. 9 depicts a flow chart of a generalized process according to the present
invention for providing a liquid precursor solution to be used in forming layered
superiattice materials. The word "precursor” is often used ambiguously in this art.

25 It may mean a solution containing one metal that is to be mixed with other materials
to form a final solution, or it may mean a solution containing several metals made-
ready for application to a substrate. In this discussion we shall generally refer to
the individual precursors in non-final form as “pre-precursors” and the precursor
made-ready to apply as the "final precursor” or just “precursor,” uniess the meaning

30 is clear from the context. In intermediate stages the solution may be referred to as
the "intermediate precursor.”
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noi eties are conbined in effective amounts for yielding, upon

crystallization of the precursor solution, a mxed |ayered

superl attice material. The conbining step preferably includes m xing
the respective netal noieties to substanti al

; éf_z ooy WOSETS SUBSTI TUTE SHEET (RULE 28) pemusesnides

PCl | US961 03523 horn neityin a_solventh wit he addi tjon of a

sufici ent. excess anmpuifhecprefarred:geperalized reactionche éb rk‘?’?"@!"a‘?f liquid

noi eties to conpgg W I kekycarbdxyrates for
during formation o@aﬁse m xed I'«S’i‘/ere superl a taét)ess r?gtegﬁtg‘ o xlgsmjt h
noi eties are prometlnpmdmng thelinitial metal mwmmalqmnoagmm| mation, and
5 a particul a|Iy %WQWRS-&EI—Q b®H), 4 pgHUdes up to about fifteen

percent nore

I n ec or s d red f
stoiclometric &t aﬁ'& o h&nf’"ﬁ& oLb"B "'{@gﬁk’v Vgﬁéd sup(r)?Ima?t I ce

mat eri al. The nos{14pr elkexycaghbxylatessdM(EF-R) i+ HRCOOH * bett s> is from about
five to ton percent. (R-0-), M-OOCRIP¥bABROF scal e can be gai ned by

form bga pur e LB isra ekl Eatien, ARYE0. o, charde, i b 18" riABRL of ridles of
sol ution by addi f&nﬁ{yﬁé atid raAYingdin O'to i R s ﬁ‘eméwmm grbeép hading from 4

10 to 15 carbon atoms and R is preferably an alkyl group having from 3 to 9 carbon

atoms. '

in step P2 a first metal, indicated by the term M or M in the equations above,
is reacted with an alcohol and a carboxylic acid to form a metal-alkoxycarboxylate
pre-precursor. The process preferably includes reacting a metal with an alcoho!

15 (e.g., 2-methaxyethanol) to form a metal alkoxide according to Equation (12), and
reacting the metal alkoxide with a carboxylic acid (e.g., 2-ethylhexanoic acid) to
form a metal alkoxycarboxylate according to Equation (14). A reaction according
to Equation (13) is also observed in the preferred mode when the unreacted metal
is simﬁltaneously combined with the alcohol and the carboxylic acid. The

20 simultaneous reactions are preferably conducted in a reflux condenser that is
heated by a hot plate having a temperature ranging from about 120°C to about
200°C over a period of time preferably ranging from one to two days to permit
substitution of the alkoxide moieties by carboxylate ligands. At the end of the initial
one to two day reaction period, the reflux condenser is preferably opened to

25 atmosphere, and the solution temperature is monitored to observe a fractional
distillation plateau that indicates the substantial elimination of all water and alcohol
portions from the solution, i.e., a plateau exceeding at least about 100°C (115°C,
120°C, or about 125°C in increasing order of preference) at which time the solution
is removed from the heat source.

30 In the above equations, the metal is preferably selected from the group
consisting of tantalum, calcium, bismuth, lead, yttrium, scandium, lanthanum,
antimony, chromium, thallium, hafnium, tungsten, niobium, zirconium, manganese,
iron, cobalt, nickel, magnesium, molybdenum, strontium, barium, titanium,
vanadium, and zinc. Alcohols that may be used preferably include 2-methoxyetha-
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precursor solutions to an aliquot of the base stock in the required

proportions according to the enpirical fornmulas. This process _denmands
t hdt "t he pro- precursor sol utions nmust have an extended storage life.
Accordingly, the shelf-life of the 15 nmade-ready to apply precursors and
pre- precur Sokgy e extended indefinitely by distil | prgudedessas

pre-precursor solution as described above to elimnate water and

byproducts of precursor formng re tlons, s wel | gs ot he
hydr ol ysi s-i nducifi®h ?ngﬁ gﬁﬁlbem[,)g-gmb 2-atbyi-1-
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a tenperature bel bap y
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éistcrh.ebieSVSBL'VZ” Boh38 A & empelil sBhint. o Sohetn dnd) 76 8 Lng il offpe.

treating the precm m‘;wmno AUyl Atetaté, n-timéthyliformamide, 2-Mettwikyethyl

| ayered supeul attice nmaterial. The treatl ng step preferably inc¢ludes

heat i ng t heacatate, caethy cispbulyl Jstons, omethyl ameéﬁt%%m% glgohol,

rom the sol ut | orHiBxmnone, 2reiculaRGE 2 sy iref mBls Bl kbtdAg eyl
m xed | ayer ed18 upaicohwol tz-pentanoluemsclrhnyrilnenmaehahe,apynmdme dly 3¢5 triaxames isobutyl
B s R Sblbeats. soh i, G Brofionsto, oyt il Frldihs, B
g:‘ r f: L\?t ge5| red | Wﬁblsslaéﬁbﬁélt tdl&dﬁabﬂ'ﬁﬁltférﬁeﬁéran&&taﬁe awan a asany others.
SUBSTI TUTE SHEET Thesersolvents preferably have boiling points exceeding that of water for purposes

of distilling the precursor to eliminate water and other distillable moieties from

15 solution prior to application of the precursor to a substrate. The cosolvents should
be miscible with one ancther and may be compatibly mixed in differing proportions,
especially between polar and apolar solvents, as needed to fully solubilize the
precursor ingredients. Xylene and octane are particularly preferred apolar
solvents, and n-butyl acetate is a particularly preferred polar cosolvent..

20 Portions of step P2 can be skipped in the event that intermediate metal
reagents can be obtained in research grade purity. For example, where tantalum
isobutoxide is available, it will only be preferred to substitute the isobutoxide moiety
with an acceptable carboxylate ligand by reacting the metal alkoxide with a
carboxylic acid such as 2-ethylhexanoic acid according to Equation (14).

25 In a typical second step, P4, a metal-carboxylate, a metal-alkoxide or both
may be added to the metal-alkoxycarboxylate in effective amounts for yielding an
intermediate precursor having a stoichiometrically balanced mixture of superiattice-
forming metal moieties representative of a particular L, layer according to Formulae
(6) and (8) of a majority-type perovskite-like octahedral structure. Despite the

30 preference to have a complete stoichiometric balance according to Formulae (6) -
(9), at this time the mixture will preferably exclude bismuth compounds, which will
be added later due to their relatively greater thermal instability. Any of the metals
listed above may be reacted with any of the carboxylic acids listed above to form
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PCTI US96/ 03523 BRI EF DESCRI PTI ON OF THE DRAW NGS
FIGURE 1 depicts a thin-fil m ferroeectic capacitor formed of a m xed
| ayered superlattice material according to the present invention;

FI G 2 depi c‘? Wed | ayered superlattice material havi ngpéﬂbgg%ﬁg, | ayers
ornmed o

that are f different perovskl te-1i ke octahedra l.ayers
|nterrupted by a superl attices- rator. |l ayer, for use in.the
capaci tor of FI chemetal ate, while I W@'ﬁ@m }mﬁﬁ’a Aithany
| oni ¢ subuni t <ot tHePhiBAR il ¢ slkoxide. 16V Parftitarijprétériuchie Sl this'©

octahedra in the ayere super attlce mat ;
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FIG 7 depicts aphetids aq]ottgsufoﬁahy |dwlabmﬁeisbmeﬁgaitu& maahretproaﬁmabyme

perovski te- 't ke oct ra structures ITnterrupted by a
super | at t i ce- genrmeaction. Acgosdingto g generalized reachonme@up‘&eumeiﬁl-elkoxiﬁels added

fo the metal-alkoxycarboxylate, and the solution is heated, the following reactions
10 ocour:

{15) (R-COO)IM(-O-C-R), + M'(-O-C-R"), —
{(R-COO-)M(-O-M-(0O-C-R"),.), + a R-C-O-CR"

(16) (R-COO-)M(-O-C-R), +xM(-0-C-R), —>
(R-C-0-) M(-O-M'(-0-C-R"), ), + x R-COO-C-R"

15 where M and M are metals; R and R’ are defined above; R" is an alkyl group
preferably having from about zero to sixteen carbons; and a, b, and x are integers
denoting relative quantities of corresponding substituents that satisfy the respective
valence states of M and M'. Generally, the reaction of Equation (15) will
predominate. Thus, ethers having low boiling points are generally formed. These

20 ethers boil out of the pre-precursor to leave a final product having a reduced
organic content and the metal-oxygen-metal bonds of the final desired metal oxide
already partially formed. If the heating is sufficient, some of the reaction (16) will
also occur, creating metal-oxygen-metal bonds and esters. Esters generally have
higher boiling points and remain in solution. These high boiling point organics slow

25 down the drying process after the final precursor is applied to a substrate, which
tends to reduce cracking and defects; thus, in either case, metal-oxygen-metal
bonds are formed and the final precursor performance is improved.

If a metal-carboxylate is added to the metal-alkoxycarboxylate and the
mixture is heated, the following reaction occurs:

30 un (R-COO-)M(-O-CRY), + xM'(-OOC-R"), —
(R-C-0-),M(-O-M'(-OOC-R"),,.1), + X R-COOOC-R’

where R-COOOC-R' is an acid anhydride, and the terms are as defined above.
This reaction requires considerably more heat than do the reactions (15) and (16)
above, and proceeds at a much slower rate. The reaction products of equations
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20 FIG 8 depicts a schematic dynam c random access nenory (" DRAM')
circuit of a type that includes the ferroelectric capacitor of FIG_1:
FIG 9 déeprcts a process ror making a precursor solution that is used to
form a m xed | ayered superlattice materi al; FIG 10

depicts a pr usi ng the precursor solution derived f 5
SR i 3

]E)rocesls of FI orman integrated circuit devi ce such as the
erroelectric capacitor of FIG 1; 1 cts

pol ari zati on hyst €M)si {17} gandhe heatad with; emsaﬁ M‘c actd - g‘?’@lﬂ %Hpstitute
ordi nat e of appl [ ?grbfoé:@ B Wm abili
vol tages ranging Trom E%s thhyl vo|lk&' a“ xeg ?ayere su'gerl atytZiInge Y
material 30 havuhﬂjlmrwmedprwmmmmm

versus. " Can or O naPURBRRAHE ZWJR%&?W%WW’*‘W

gﬁgg rT: ? 'UTE f SE:EST iérﬁt_ignz gocur such as: (18) M(OR), + & HO,C,H, + heat—> M(O,C,H,p), +aHHOR,

PC/ US96103523 ( t&rms are as d\ﬁnec? al%ove2 8I'hls reaction, with heating in the presence -
of excess carboxylic acid, substitutes the alkoxide part of the intermediate metal-
alkoxycarboxylate to form a substantially full carboxylate; however, it is now
believed that a complete substitution of the alkoxides by the carboxylates does not

10 occur with the parameters as disclosed herein. Full substitution of the carboxylates
requires significantly more heating, and even then may not readily occur.

At the end of step P8, it is preferable to have formed in solution at least 50%
of the metal to oxygen bonds of the final L metal oxide. The reactions are
preferably conducted in a vessel that is open to atmospheric pressure and is

15 heated by a hot plate preferably having a temperature ranging from about 120°C
to about 200°C until the solution temperature is monitored to observe a fractional
distillation platéau that indicates the substantial elimination of all water, alcohol,
ether, and other reaction byproduct portions from the solution, i.e., a plateau at
least exceeding 100°C as before. At this time, extended refluxing can produce a

20 potentially undesirable amount of an ester or acid anhydride byproduct that is often
difficult to remove from the solution by fractional distillation. The potential
complication of an excessive acid anhydride concentration can be entirely avoided
by adding only metal carboxylates in step P4. The reactions are driven to
substantial completeness by the elimination of the distillable moisties (reaction

25 byproducts) from solution. Termination of the reaction is indicated by a rise in the-
distillation plateau temperature, as well as a decrease in the rate of condensate

accumulation, if monitored.
Step P8 is an optional solvent exchange step. The use of a common solvent
in a variety of precursor solutions having equivalent combined molarities of
30 superlattice material-forming metals is advantageous due to the predictability of
fluid parameters such as viscosity and adhesion tension, which influence the
thickness of the liquid precursor film after it is applied to a substrate. These fiuid
parameters also affect the quality and the electrical performance of the
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FIG 13 depicts a plot of coercive electric field in jCcnR versus an

ordi nate of applied signal anplitude in volts for the material of
FIG 11; FIG 14 depicts a polarization hysteresis plot |ike
that of FIG 11, but i ncl udes conparative results froma non-m xed

| ayer ed supe ﬁshb mat eri al havi ng 5 an enpirical fornu 20 ;
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gr ecur sor, M&M?Mﬁﬁqé "f“ﬁ%ea g&%@'ﬁ&”ﬁfﬁﬁm

I'ncl udes conpar algigffent mmlﬁeh%amwzmmmmyw 0.200M. After the
bi smuth niobiumtantal ate materials with X val ues obtai ned by addin

a bisnuth ni obat additien efdhe WM@WLMEPMHS heated tp 8 temparature that is
precursor; r t j
intensity in cou s ngb%ﬂm%m an or nag‘tael ghalé"t“g\nﬁgéwt the
Br aggI angl e) ,10u tdlnsmﬁdmoimtpnt s obt ai ned from strontium bi smuth
tantal ate materials in if ent, ,.prgportiqgns of mxe AlLB .
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havi ng axes |i ke defieedfrom stefrPsl Bismadth ithe ehd‘si pmémwmdmcs-ée‘rreraor

strontium bisnmuth tantal ate having A/B |layers wt ABIgf/ers

FIG 21 depicts #lgment, andthe,bismpith PTQBP@“QS[)Y'“HHQ?‘[RI@?W‘Y&BP smuth &ri-25
ethylhexanoate. The addition of bismuth pre-precursors subsequent to the heating

15 of step P8 is preferred due to the relative instability of these pre-precursors, i.e.,
substantial heating could disrupt coordinate bonds with potential deleterious effects
upon the ability of the solution to yield superior thin-film metal oxides. It should be
understood that step P10 is optional in the sense that bismuth pre-precursors can
often be added in any of steps P2, P4, P10 and P14 without problems.

20 Additionally, it should be understood that bismuth can also function as an A-site
metal in the perovskite-like octahedral structure. Special problems exist with
regard to the potential for bismuth volatilization during heating of the precursor
solution and, especially, during high temperature annealing of the dried precursor
residue to form a layered superlattice material of the desired stoichiometric

25 proportions. Accordingly, in step P10, it is preferred to add from about 5% to about
15% excess bismuth for purposes of compensating the precursor solution for
anticipated bismuth losses. At annealing temperatures ranging from about 600°C
to about 850°C for a period of about one hour, this excess bismuth moiety in the
precursor solution will typically range from 5% to 9% of the proportional amount

30 thatis required for a stoichiometrically balanced Iayered superlattice product. In
the event that the excess bismuth is not fully volatilized during the formation of a
metal oxide product, the remaining excess bismuth moiety can act as an A-site
material and, thus, induce point defects in the resulting layered superiattice crystal.
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results that were obtained froma variety of strontium bisnmuth niobium
tantal ate materials; 30 FIG 22 depicts as plot |like tW_of .
FIG 20, but including results taken from strontium bi smut-h tantal um

ni obate materials having only ANB |layers with no AB | ayers.
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FIG 23 depicts a_|l eakage current plot of a t i,thmi

Ver sus anor di nat 3heAoHBPnS|biTHih ce seure.mEA deresit by WBEidrIn Ay oh At melsrd
| ayer ed sup | InAN: ?ﬁrﬁlﬁh SMhRR! i |, Indtbri

Sr O=Bi 2Tas, , gl ?; %%ﬁ&éﬁ%Wm@ depicts a 1plf‘%ttmiilbli ili‘gutaﬂ'gt fnlazllhcgvm ,a
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vol tage in vol &, faimikg Tganateriaiy that Mavei differeht mumnibers Gf @teSomineciad, octakiedin
LI m xed | ayered superlattice material. . .
structures than those of the intermediate precursor derived from step P8. The
preparation of these second L, layer-types of materials essentially follows the
procedure of steps P2 through P8, but it is also possible to simply combine metal
alkoxides and metal carboxylates in the correct proportions. Due to the possibility

10 of diluting the solution derived from step P8 to an unacceptable level, it is preferred
that the respective step P12 pre-precursors have a greater concentration in a
common solvent than the step P8 intermediate precursor. For example, the step
P12 pre-precursors may have a concentration in xylenes of 0.400M when the step
P8 intermediate precursor has a 0.200M concentration.

15 Step P14 includes adding portions of the respective pre-precursors from
step P12 to the solution derived from step P8. The resultant mixture will preferably
have a stoichiometric balance of metal moieties that reflects the relative
proportions of metals which are 'required to form a L, and L, mixed layered
superlattice material according to Formula (6).

20 In step P16, the solution is diluted with an organic solvent to produce a final
precursor having the desired concentration of superlattice-forming metal moieties,
with a concentration of from 0.100M to 0.500M being preferred for the
comresponding fluid characteristics such as viscosity and adhesion tension. Note
that the conventional designation M stands for molarity, but is used herein to have

25 a slightly different meaning. Depending upon environmental factors, a crystal
lattice can grow to indefinite sizes by interconnecting any number of unit cells in
crystal grains or "molecules,” hence, concentration is better expressed in terms of
an average empirical formula. The difference between an empirical formula and
a molecular formula is that, while the empirical formula includes all of the molecular

30 ingredients in their correct proportions, the empirical formula does not necessarily
provide the exact portions which are required to form a complete molecule. Where
the empirical formula can be expressed in terms of fractional numbers, there arises
a questiori of exactly what constitutes one ‘mole’ or unit of the empirical formula.
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FIG 28 depicts a plot like that of FIG 25, but includes conparative 10
capaci tance data obtained fromthe SrBi 4Ta20 |yered_superlattice material;
FIG 27 depicts a positive up negative down ("PUND') sw tching nmeasure-
ment plot of current in anperes versus an ordinate of switching tine in
seconds, wo ol measur enent s obt ai ned from t he SruBi ZT? 16. 7%
m xed | ayered superl attice materi al; FIG 28 depicts a plot

like that of FIG. 27, but includes ﬁ rﬁar atl UND gpgat obt ai ne

fromthe SrBi Tazm'mﬂ' as counting

FIG 29 depicts ﬁﬁ"&r W m,g@ (,b{EEM&ffom
phot om crograph that reveals l'ayere structure |n m xe ayere

super lattice the meatals iri one lterof sgludion,ovithi the elaments nUha empidral fonmita having 5
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a plo i ke at o 9?&!%

pol ari zation datgdeF o@an lfesicEaRd ni ¢ &rgBRING finl Solutiéh will
FIG 32 dep| cts a gg 't ke that of FIGS. 13 and 16, I ncl udes

conparative sopswymed withinseveral days of weeks, mqmecauﬂon in storage serves
gglaslr ?zNgg g-rll-aﬁyst[ lfgéésllzssp ot‘ﬁ? %Iﬂqﬁgt “of kwtgsemfllﬁﬂgﬁgd%ﬁ%,ﬁsbut
I ncl udes conp@r adeleterious ubffectsr ofn water-indiicedy polymherization, a viscous ngelling,aland30
ovi ng 20 DL GBbiROR bmplel ALY % 18 s n st . Ehon
|C:|ngar ative D0| a0, 2thb! desicited Me?ffbfdﬂég@bﬁ‘o%uﬁbbmﬁﬁ%wﬂm&gﬂwmf the
% precursor, as is preferred, primarily consists of metals bonded to carboxylate
ligands and alkoxycarboxylates.
15 The use of liquid final precursors having molecules according to the -M-O-
M-O- type reaction products of Formulae (15) - (17) is most preferred due to the
resultant high quality of metal oxide films. The solutions may also be made by
mixing metal atkoxides, metal carboxylates, and metal alkoxycafboxylates inany
proportion. The. final precursor solution will contain: various polyoxyalkylated
20 metals in a stoichiometric balance capable of forming the desired mixed layered
superiattice material after accounting for element-specific evaporation or
sublimation losses in the manufacturing process.

The exemplary discussion of the reaction process, as given above, above
is generalized and, therefore, non-limiting. The specific reactions that occur

25 depend on the metals, alcohols, and carboxylic acids used, as well as the amount
of heat that is applied. Detailed examples will be given below.

The order of steps P2 - P16 is important in a preferred sense; however,
various steps may be combined, added, or skipped altogether. Steps P2 - P10
together permit the production of a large batch of L, precursor solution that may be

30 subdivided for further production of mixed L, and L, layered superlattice materials.
Thus, a manufacturing facility can benefit from the economy of scale in producing
a relatively large batch of precursor solution for multiple uses. Step P14 may be
combined with step P6 in the event that this economy of scale is not desired. |
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PCTI US96103523 FIG 35 depicts a plot like that of FIGS__13,
16, and 32, but inclTudes conparativ coercive electric field data from
t he Sru. 3BI 2Nbl wTaO~l ol 0417 sanpl e of FIG 33; FIG 36

- depicts a dual hssa polarization plot like that of FIG pérmbdéiessasd
I ncl udes data 8%’&92% rom sapl es having X-val ues derived by adding a bisnuth

tantal ate precursor to rontium.bis h_ni obat e, precur sor ; .
FIG 37 depicts a pl otF@-%bm%%ﬂf?mfi' oo cappeiar100.of the

degrees cel sius fﬁbséﬁﬁnglsﬁéwfﬁwwdoﬁ%%mmmﬁi Rime\of #é einbodiment of

mat eri al s; 38 depicts a plot of dielectric, constant .
versus t enper at ur EIG.1, butfhose skilles indhe PUQME snderstand its applicability:tapther embodi-
FI G 39 depicts i ke that of FIG 38, but including data obtained
for the Sr*A=Bl2Tal . . =OATS sanpl e; FIG 40 depicts a
plot |ike that8of Fl G initep P18, titaniimaidhgsidn layen 106, titanilirh nitride layer 10Bcand first

Pl Go. 25 and 26, Blatinum. BlReRge LI are aopsssively spufibred, fyf lets and Enfbaiba
Sr 0Bi 2Nbj 7Taj , , Cagecordihgyid Bonviittional protocols, as are known in the art. For example, these
protocols may include r.f. sputtering and diffusion fumace annealing in a ramped
temperature profile up to about 1100°C. The resultant substrate is annealed
10 and/or prebaked for purposes of preparing the uppermost surface of electrode 110

for subsequent process steps.

In step P20, a final precursor is prepared as in FIG. 9. An aliquot of this
precursor is taken, and may at this time be doped to a desired level with an
appropriate metal pre-precursor. Particularly preferred dopants include any of the

15 A or B-site metals.

In step P22, the precursor solution from step P20 is applied to the substrate
from step P18, which presents the uppermost surface of electrode 110. This
application is preferably conducted by dropping the liquid precursar solution at
ambient temperature and pressure onto the uppermost surface of electrode 110

20 and then spinning substrate 110 at up to about 2000 RPM for about 30 seconds to
remove any excess solution and leave a thin-film liquid residue. The most
preferred spin velocity is 1500 RPM. Alternatively, the liquid precursor may be
applied by a misted deposition technique.

In steps P24 and P28, the precursor is thermally treated to form a solid

25 metal oxide having a mixed layered superiattice structure, i.e., layer 112 on
electrode 110. This treating step is conducted by drying and annealing the result
of step P22. In step P24, 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

30 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 temperature for a
duration of about two to ten minutes in air is most preferred. This high temperature
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FIG 42 depicts a plot like that of FIGS. 27 and 28, but including PUND
switching data fromthe Sr0, =Bi 2Nbj 1Ta010, 417? sanpl e-

DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCDI MENT 20 FIG | depicts a
thin-filmWwWtgated circuit device, i.e., ferroelectric capacitor 100,

accordi ng t owighgpppgsent invention. Thin-filmcapacitor 100pbppidigses 2

silicon wafer 102, which may alternatively be any common type of
integrated circuit, . Ssubstrate material ,such as GaAs or other

materials. As wifyingstapigessentialinaptainipg predictablegyrirepeatable elertronic properties

ggrighty% allP?g;S'gwgg]ﬁmgéﬁggﬁgﬁﬁgﬂaﬁék mla?/gk’ %i ('eridtsﬂiil I con "

i oxi de forne tsiep resultimgedriad is not ofthedesi ckness, then
pdneston |over 9l M Koy s robdiied WRISHRSHYSH HRhef BF ardh S,
- nitride diffuSi othickness of:abb(B1800WA typically reqairés/twircoats of a 0c130M stiatiorsunder

about 800 to 1500 A First platinumelectrode 110 is formed atop 30
barrier 108, and‘gﬁm%ﬁﬁs&‘”ﬂgmmﬂﬂess of from about 1200 A to 2500 A

Met al oxi de | ayiAistep!i28, thd arigtsretirst i Bhhesied folBrmane idyerdd sieriattice
m xed | ayered superl attice material that typically ranges I n

t hi ckness from afeterialgfiayer 132 B annealing stepds referresk toragithe ficst anneabto distin-

_e'lg_Ct rode 114 i sgigh TEfom'E iaté?éﬁﬂea@@é%?@@@ramﬂ i3 preferably performed in

10 oxygen at a temperature of from 500°C to 1000°C for a time from 30 minutes to 2
hours. Step P28 is more preferably performed at from 750°C to 850°C for 80
minutes, with the most preferred anneal temperature being about 800°C. The first
anneal of step P28 preferably occurs in an oxygen atmosphere in an 80 minute
push/pull process including 5 minutes for the “push"” into the fumace and 5 minutes

15 for the "pull” out of the fumace. The indicated anneal times include the time that
is used to create thermal ramps into and out of the furnace. In a commercial
manufacturing process, it will be necessary to provide careful control of the
annealing temperatures and times for purposes of providing consistent and
reproducible results in terms of the electronic performance of capacitor 100.

20 Steps P24 and P28 may also be conduced aocoi'ding to a rapid thermal
processing ("RTP") technique. Generally. this procedure includes the use of
electromagnetic radiation from a conventional radiation source. Additionally,
ultraviolet ("UV") radiation, such as can be obtained fr_om a deuterium lamp, can be
used in the drying step to improve the qualities of the final metal oxide film. Itis

25 Dbelieved that the application of UV light during the drying and/or first annealing
steps can serve to orient the crystalline growth of layered superlattice materials
along a given axis. It is sometimes observed that superiattice materials formed
from these RTP-derived oriented crystals exhibit superior electrical performance.
In particular, various electrical performance parameters of the final metal oxide,

30 such as polarization magnitude, switching speed, and leakage current perfor-
mance, can sometimes be improved if drying step 28 is conducted by drying the
precursor film under ultraviolet light according to the indicated time and
temperature parameters. This UV application may be conducted simultaneously
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WD 9619728

PCT/ US96103n23 112. Layers 106, 108, 110, and 114 are preferably
produced through the use of conventional sputtering protocols such as
radio frequency ("r.f.") sputtering. El ectrodes 110 and 114 may be

operably con C%wi th conventional circuitry to f br ?xrrﬁ’gssrﬁié | e,
an i nproved % Betic capaci tor conponent in a DRAM ci rc[?l' avi ng
a polarization-switching ferroelectric nmenory cell includi ng capaci tor 100.

In the integrat ewithi heating entthethat plate. c Other:tharmab trepting foptians @y cemphse

as a "subs ! [ 9 atee : . 1]Ss f .

silicon | ayer 100, gmﬂ'%’%%ﬂﬁé?%"ﬁﬁB&éﬁ'ﬁ%‘éﬂﬁ%@' Q'L%%g'?‘f’ (t)lron

anot her | ayer. Bpffunyact bakingrahd UV baking procedutest rate for the netal oxde

ayer 112 15 oot | Lt Bl )l 1 1 G 5 epbiogHoe Bbice

~in the art wlg mwg&a%mﬁﬁhdm&i%mﬂswﬁdudingtheapplicatiaﬁ-
or :

r structures to capac By way of e:g<arrpl e, other electrode netal s

and material s t hot&photoresistipliowed bydon etching, aswillbe sindarstegd by thase skijled in

mater i al's. et or FBSTE i Tabenfing preferdly Tors eIt the Kb&shd irbalify sigh P82 =0
STl 800 e e st e 0
gr:act rod)é. Qer IQQ&FQ ?W%@?"B 8'@8%‘?"?3@@ %%rﬂai‘teg“ﬂ% dure.

i nterposed befgreen el Thb 866 dnkéalivity'stép, P32\ sreféralily konduttedtin(ike fridnner withO

depicts a preferred formof the present | nvention, the scope

di scl osure her eothe first apaealdn ﬁ@Pc&%IW@WM‘BW@@?@P@D@P”&IF%&!@MG?Y

el Sobe. i xed 1 AMEYTORAR, KipfifBffiing e g i Wi Wk C

advant ages i n comithrfespect to therfirsh(e.9:;800°C) annegling: teropereture. Yhe dime for the

e e . E e Bfon i ac e 955L) SR iy i § et i
15 a duration of about 30 minutes is most preferred.

Finally, in step P34 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 102 may be sawed into separate units.to separate _a.plurality of integrated

20 circuit devices that have been simultaneously produced thereon.
The following non-limiting examples set forth preferred materials and
methods for practicing the invention hereof.
EXAMPLE 1
LIQUID PRE-PRECURSOR SOLUTION FORUSE IN
25 FORMING A L, STRONTIUM BISMUTH TANTALATE
LAYERED SUPERLATTICE MATERIAL

The precursor ingredients of Table 1 were obtained from the indicated

commercial sources and subdivided to obtain the portions shown.
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25 mllisecond or so due to a charge depletion state that derives fromthe

hi gh | eakage _current of the conventional thin-filmdielectric
materials. In contrast, ferroelectric materials can be induced to
switch polarization states in the presence of an applied field, and

can retain lting switched state for extended peri oq,i?. even
after the aéﬂ‘ﬁ@#i eld is renoved. A release or uptake of ecs?érl C charge
is typically 30 observed when switchi ng the ferroelectric material from

or to a particular ori entation. LByJered superlattice
ferroel ectric Nyimoingsegungrinse o ' '

constants that xceed the di el ect |Fammm$ ants gf the g¢onvent] onal

silicon dioxidefjdielectric materi 4l alfactor] of te nof e. Thege
f eat ures nake W Molar - 29_
"SUBsTI TUTE SHEER.legmdient 5o g/mal 1 - b Grams |} mmole quiv. 'endor

PCTI US96103S33 § tantalumh € r o€l ectri ¢ sagsaCi | 43.3222.CiCe0.001 N 20000 hE Vhipimengi on

accept abl e for sp?wm‘ym convgntional fcontrof logi¢, e.g.|] TTL cqntrol
logic, In eithe |efectr|c or feroeleckric mpde. Th

ferroel ectric syt nodg . fonioobg VW= WEVIEV-T VO TRP-S o—t-fc
ext ended peri od (ﬁ-omnﬂcﬁﬁl entlcrmmS 72684 AB504101i { aRe00 apaldach t lfe

crystallin
Y © Mol § gnontum: O ' VST 1ire2° |'Tsiss | 40000 |1.0000 | srem

10 bismuth trl-2-ethylh- (765.50) | 64302 | 84.000 | 2.1000 | Strem
exanoate (in naphtha)

Bi(O.C,
The tantalum pentabutoxide and 2-ethylhexanoic acid were placed in a 250

ml Erlenmeyer flask with 40 ml of xylenes, i.e., about 50 ml xylenes for each 100

15 mmol of tantalum. The flask was covered with a 50 mi beaker to assist in refluxing
and to isolate the contents from atmospheric water. The mixture was refluxed with
magnetic stirring on a 160°C hot plate for 48 hours to form a substantially homoge-
nous solution iricluding butanol and tantalum 2-ethylhexanoate. It should be
understood that the butoxide moiety in solution was almost completely substituted

20 by the 2-ethylhexanoic acid, but full substitution did not occur within the heating -
parameters of this example. At the expiration of 48 hours, the 50 mi beaker was
removed and the hot plate temperature was then raised to 200°C for distillation of
the butanol fraction and water to eliminate the same from solution. The flask was
removed from the hot plate when the solution first reached a temperature of 124°C,

25 which indicated that substantially all butanol, ether, and water had exited the
solution. The flask and its contents were cooled to room temperature.

The strontium and 50 ml of 2-methoxyethanol solvent were added to the .
cooled mixture for reaction to form strontium di-2-ethylhexanoate. A 100 ml portion
of xylenes was added to the strontium mixture, and the flask and its contents were

30 retumed to the hot plate at 200°C and refluxed for five hours with the 50 ml beaker
again in place for reaction to form a predominant tantalum-strontium
alkoxycarboxylate product according to Formula (11). The beaker was removed
and the solution temperature was allowed to rise to 125°C for elimination of the 2-
methoxyethanol solvent from solution, as well as any ethers, alcohols, or water in

% -

\U
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| ayered-superlattice material. Copending United States Patent Application

Seri al No. 07/965,190 filed Cctober 23, 1992 discloses that the _
| ayered superlTattice mat eri al's di scovered by GA Snol enskil, VA
| supov, and Al . Agranovskaya (See Chapter 15 of the book,

Fernel ectric @%aﬁl ated Materials. |SSN 0275-9608, 10 [V.g@-ff 2$Er €s
Ferroel ectri ?g an el at ed Phenonena, 19841 edited by G A gmfbenV\kl

especially sections 15.3 _-15 arefar better suited f ferroelegtric an
high dielectric mmﬁ JE"E“{"%UPF' &Pf&ﬂ‘ Meﬁrt SP°
materials used  roomf (dmpdiaiiife.2 om@es #i-2-BRiResahoate> tas Hidleliab thé ooled

materi al s COI’TpI’I se conple net al S such as strontium

cal cium barium &IMW!&MWGWI@ZWMMMWMF prefprecursor

ant oy, chr o ddEERIREL I oshatil b ror i iatiTinaies pf $iH T4y Pl R e

superl attices,§i .gbsmeyafﬁbhmevd;mﬁm that Include alternating |ayers of

distinctly different attices, such .as ferroelectric perovski k,e
non- ferroel ectrlg@u deg%q& Megpfﬂ‘b

material will ing g.zqﬁ Ep?écdsh ﬁhﬁuﬁcﬂﬁhehéudﬁﬂ{ammmmme

strontium bisnmuth an tan or the | ayered Superlattice materi al

st ronti um bi snut Hiquigprecurser, Spmifmimme Bla.o pniety includedan appseximate five percent
Copendi ng United |o § 1

degcri beg a met ho%gi%@@% aﬁ@r ed supgﬁm‘}'ge%ﬁg lﬂﬁ%att atb'ﬁgve
el ect rolni c 10 polatitizatiors daﬂnggiaé fathmhmm@anma(jmtepﬂdrbwmor solution
materials. 25 Lt is SSj i& to ve njxe rial s or,t

| ayers of differ é‘m"'#’ee"pﬁ%‘i Pﬁ'gkmrugﬂé'%ﬁ?ﬁ Wp}e rma/d@ﬂ

exanpl e, when FOVl@J'@z(n?ﬂlesSf&?ﬁ?éo,perhter%ﬁgﬂl&ﬁoﬁ he 3.5 vaI ue actually
representsallratlo m xture o L4 materials with the 1:1

ratio referring to respective quantiti es EXKAMBIERR | ot L 3layers

oL 10 o1 R ABATION O Aot PRGN RN TAMNGT)

the Ls and L415ayers TANTALOM2-ETHYILHEXANOATE INXYLENES Vski t e- Ilke
oxygen oct ahedr al ial for |layer 112 a corél# gi to Form,‘l a (6
strontium bi snuth tant aawredle@sofaahl&%mww@ase ro mordial sourcels and

subdivided to qbtaln the portions shown.
TABLE 2

| Formula
20 | Weight
(gfmol)
546.52

The tantalum pentabutoxide and 2-athylhexanouc acid were placed i ina 250
ml Erlenmeyer flask with 30 m! of xylenes. The flask was covered with a 50 mi
beaker to assist in refluxing and to isolate the contents from atmospheric water.
The mixture was refluxed with stirring on a 160°C hot plate for 48 hours to form a
30 substantially homogenous solution including butanol and tantalum 2-
ethylhexanoate. The butoxide moiety in solution was almost completely substituted
by the 2-ethylhexanoic acid, but full substitution did not occur within the heating
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superlattice material 112 having a conbination of Li and L2-types of ionic
| ayers. -21-

SUBSTI TUTE SHEET (RULE 26) WD 96129728

PCTMUS961 03523 Layer 116 is a suprattic-generator Wer having an

enpirical f (Bi 230 and an approxi mate thidl e, anmount
WOt P Oebis:

of one oxygen di aneter 118 and two bisnmuth ionic aneters 120
and 122. Layer 124 is a L, |l ayer havin t hi ckness of one oct ahedral

126 and an aver Resameiers ofthis Wﬁaﬂighémm‘m of 48 haurs, dhe SAdnkbeakenwas o
7). L 127 i | i .

gaz/i ngage'[i ckne;wwg%mémxl?ﬁgmﬂ an etgp?l@i ga ?'(s)irﬂ%#ogxgr
of (SrTa207?4 aclimingtedhe butanohinbm splijtion. Accordingly, the Rlask was semovedfram theer
128 i detail . A I m i kite-1jk tjal o | t I
134 1 5 shown. as ot RAIANSRIne OB HeR teachied A Tertbarmhie of to4-c. 1R8 flask S5
depi ction, the PRy Editbhisowbie<Eociéd tS FAbM térperdhirs. Xylérivs Were addedPtooi RS

136 (al so called the A-site elenents) being |ocated at the conmers of
Rorgalityof 04m

the cube. These Seiutippo dilute the same o bmanol tastajum pepgram otsalwien,
BT oo o, i bl Yot oty el g ok esrsif
EXAMPLE 3
PREPARATION OF A PRE-PRECURSOR SOLUTION CONTAINING
10 BISMUTH 2-ETHYLHEXANOATE IN XYLENES AND NAPHTHA
The ingredients of Table 3 were purchased from commercial sources and
subdivided to obtain the portions shown.
TABLE 3

Lo

Formula
15 Weight
: (g/mol)

| bismuth tri-2-sthylhexa- | (765.50)
| noate (in naphtha)
| Bi(O,CoHu)e

ad

20

The bismuth tri-2-ethylhexanoate in naphtha was poured into a 250 ml

Erilenmeyer flask and mixed with xylenes to a normality of 0.4 mmoles of bismuth

per gram of solution. The mixture was swirled in the flask to substantial

homogeneity. No supplemental heating was provided due to the potential for

25 disrupting bonds between the bismuth atoms and their corresponding carboxylate
ligands.

. EXAMPLE 4
PREPARATION OF A PRE-PRECURSOR SOLUTION CONTAINING
NIOBIUM 2-ETHYLHEXANOATE IN XYLENES
30 TABLE 4

Formula
Weight
Vendor
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generally is an elenent of relatively small size and | arge val ence. The

ani ons 140, 15 are located at the face centers of the cube. ) -

FI G4 provides yet another depiction of the L2AB | ayer 128. Cell 142 is a
conplete L2 perovskite-like AB ionic subunit cell, which is not a primtive
cell 134. %é}aé 142 is a quadrupl e octahedral perovskiperbédéRaszs

structure thzﬂ'o?: nprises a plurality of comer-|inked octahedra 144,
with the anions 140 _at _the conprs of the 20 L QS Recile—oct-alas

The quadrupl e oc] 3hsiim ontalo! hb?1 okl Ckngssg. P89 | 87.201 o\ Iﬁhed a,
hence, the desi gRaLbiatdin x wca ions 138 arle at the centerp o
the octahedra 14§, ﬁ.ﬁ ey A catrong 136 are |lqgcated i the sppces betwgen

1

t he 0Ct ah Sttt Remblifio @ity mmgssgrguniniioi el i, S
in FIG 4, and the The nichiumpenta2-ethyihexangaten xyjenss was peured info & 2e0 mi
Fromthe depi @i L ani ; Hiti orfes ti ify of 0.4/ imBRsY
to see how the(§ Ogﬂg@ﬂ@?gﬂ%hgc a\?ﬁga gﬁloﬁﬂ':kyl di tg:heﬁén@rragrf]yto!t%gt .
causes the ferropeecgnaim of solutioner Te mixture:twas aw,irleegin'rtbqélsk'to substantial

“pointst are - TonRipehBi BB RSB 'S “rorc | exi bl than the Lattice
of a ferroelectric material. . EXAMPLES depi cts a perovskite-like
Structure 144°with a coRREPARATION OF ASTRONFUM SMITATAVTELATE 1,
Lo el 2hg !0 IT S CEaGuny PrECURSON SOLUTIONBESRINES 0 FORM ' ©
- 22- SMBSED COELATEDT L BL,26)
LAYERED SUPERLATTICE MATERIALS
A strontium bismuth tantalate precursor solution including relative '
proportions of ingredients capable of forming 83% strontium tantalate L, and 17%
15 tantalate L, metal oxide portions was prepared using the pre-precursor solutions
of previous examples. A 2 ml aliquot of the 0.200M precursor solution from
Example 1 was placed in a 250 ml Erlenmeyer flask, i.e., & sufficient volume of
precursor to yield 0.4 mmoles of SrBi,Ta,0,. A 0.210 g aliquot of the bismuth 2-
sethylhexanoate solution from Example 3 (0.4 mmol Bi**/g) was also added to the
20 flask, as was a 0.100 g aliquot of the tantalum 2-ethylhexanoate solution of
Example 2 (0.4 mmol Ta*/g). The combined ingredients were swirled in the flask
to a homogenous state. it should be noted that mixing of the combined precursor
solutions from the various exampies was facilitated by the use of a common
xylenes solvent. The resuitant mixture included a 5% excess bismuth moiety to
25 account for bismuth volatilization during subsequent high-temperature annealing
processes that would yield a solid metal oxide.
The relative proportions of ingredients in the precursor solution were
designed, upon annealing of the dried precursor residue, to yield a solid mixed
layered superlattice material having an empirical formula of Srgs3Bi;Ta; 83305417
30 This material inciuded a plurality of L,, L;, and G collated layers, namely, (Bi,0,)*
superiattice-generator layers according to Formula (9), 83% (SrTa,0,)* L, layers
according to Formula (8), and 17% (TaO,s)* L, layers according to Formula (7).
These formulae did not account for the excess bismuth moiety in solution because
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WO 9MR9728

PCr / US961 3523 _ FIG 6 depicts the collated |ayer construction
of m xed | ayered superlattice materil layer 112. During annealing of
a mre of superlattice-form ng el enents, the Li layers 124 and L2

| ayers 128 gm,ggousl y generate into an alternating Eﬁ%

perovski te- Ilﬁe subl attice structure. The |ayers 124 and 1 are cﬁﬁ at ed

5 with superlattice-generator |ayers 116 further

emxnpl e of the mgmep@hm#nm W@W&ﬁ%ﬂ?@'s@'#@mt“m“ losses during

depicts a squar v, Bl&dss
subuni t %? ?gong%ﬁ@ gb%ggiyg%ésw Y a%ngs‘lgggﬁﬁ ayere m
superl attice natselutlah the empirical fogmulal would need to be adjystedhin e avendthal BO

can i ncl ude s r SR VSRR Bheurh doig THB viration;of TF sbi bedl il °Theé' °

nl obate. |n t8i yembiningexcess b.smum,m:mwm as an Agsite materiabifr combiiridtion with

inunit cell 14(2%and IS se argkﬁ superl atfice-generator layer 116 fom
t he dual - B‘P quadr upl e- oct ahedral cell 142 in L2
| ayer 128. FI G 8 depicts egxnﬂﬂ ggd ferroelectric DRAM
circuit 148. Circuit 148 15 includes two electrically interconnected

el ectrical devices: a transSTRONTIUM BISMUTH NIOBIUMCTANFALATE c switching

capacitor 100. The gate 15 r | [ to word

line 154. Sourceldrain 156 Q'bﬁééﬁﬁqéga@wgﬁ@gﬂ"m t line 158.

The other soggce/drain 160 of FOMN@“IX%&@R\‘S‘FRE eahaq. to electrode 110
e

of sw tching capacitor 100. The other el ectrode 114 of sw tching
capacitor 100 is 20 connect bAYERER SURERIATHICEMATERIALSG2. Circuit 140

operates in a convenil onakim bismuth TOBiGM tafialdt8 prodirssr dolitidn halLing rétative
proportions of ingredients capable of forming a 17:83 mixture of L, (m=1)and L,
{(n = 2) metal oxide layer portions was prepared using the pre-precursor solutions
16 of previous examples. A 2 ml aliquot of the 0.200M precursor solution from
Example 1 was placed in a 250 ml Erlenmeyer fiask. A 0.200 g aliquot of the
bismuth 2-ethylhexanoate solution (0.4 mmol Bi*'/g) from Example 3 was added to
the flask, as was a 0.100 g aliquot of the niobium 2-ethylhexanoate solution (0.4
mmo! Nb*/g) of Example 4. The combined ingredients were swirled in the flask to
20 ahomogenous state. Mixing of the combined precursor solutions from the various
examples was facilitated by the use of a common xylenes solvent.

The relative proportions of ingredients in the precursor solution were
designed, upon annealing of the dried precursor residue, to yield a mixed layered
superlattice material having an empirical formula of Srgss,BioNDg 1e7124.06708.417-

25 This material included collated iayers of mixed L, and L, materials according to
Formula (8). The precursor design permitted equivalent substitution of the
pentavalent B-site atoms Ta® (ionic radius 0.68 A) and Nb™ (ionic radius 0.69 A)
throughout the L, and L, materials. With respect to the stoichiometrically balanced
17:83 mixture of L, and L, strontium bismuth tantalum niobate materials, G is

30 (Bi,0,)* according to Formula (9). L, presents 17% of L layers having the
empirical formulae (Nbgee T2000s5)> according to Formula (7). L; includes a
thickness of dual octahedral metal groups and has the empirical formula
(SrNby.4e:T84.21s0;)* according to Formula (8). &, is 0.17 based upon the amount
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FIG 9 depicts a flow chart of a generalized process according to the

pr esent ~ invention for providing a Iiquid precursor solution to be
used Th Tormng |ayered superlattce omaterials. The word "precursor
is often used anbi guously in this art. 25 It may mean a solution

containing o %I that is to be nbxed with other materi al o]
forma final &g% ?28n, or it may nmean a solution containing se\l/ltlasrgg'f’”?rget al s
made- ready for application to a substrate. In this discussion we

shal | general |y pbleiniobium) materiats-added.  Os is:0.83 for the by iavers.n &ier the 4 layerm

DDLU Oy e e B 8 a8 Bhd B 500

the conte. |n i nbaseddpor the swamtoftantalum added) Fonthek, layérportion; M1ads 1.0 for

tgg "internmedi at rec {.II%OA-E;te mmlgwgq&qnmﬁaﬂe metal; andma,,is
9629728 5 1.818 for the tantalum B-site metal. PCr US96! (8S23
EXAMPLE 7
FINAL PRECURSOR SOLUTIONS

Table 7 identifies several L, and L, final precursor solutions (mixed m = 1

and n = 2 solutions) that were formed by mixing the respective precursor solutions
10 inthe manner of Examples 5 and 6. Additionally, the procedure was repeated by

substituting niobium for the tantalum moiety of Example 1, and diluting the resultant

strontium bismuth niobate precursor with a bismuth tantalate precursor. Table 7

identifies the solution ingredients by the anticipated empirical formulae that will

result upon drying and annealing of the precursor respective solutions, as well as
15 the L, and L, portions of the crystalline formula that reside between the collated

(Bi,0,)** layers. The empirical formulae of Table 7 are intended to have a zero net

charge, but somé negligible charge imbalances may be observed in the stated

formulae due to roundoff error in the numbers that are presented.

The precursor solutions of Table 7 were devek_:ped according to the

20 following relationship in accord with Examples 5 and 6:

(19) ABi,B,0p + X Bi,B'Ogs —> ABisxB2B'xOgussx

L, + L —> mixed material.

The subscripts were then normalized to a value of Bi, by multiplying each subscript

by the quantity {2/(2+2X)}. The & probabilities were calculated as the total number
25 of a particular type of L layers (e.g., L, or L) divided by the total number of L layers

(e.g., L, + L,). The B-site metals were randomly distributed throughout the solution.

Note that the L, layers have no A-site metal (Sr) when m = 1. it should be

understood that relationship (19) represents a mixture of solution ingredients, but

does not represent a chemical reaction in the solution.
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The preferred generalized reaction chemstry for the formation of liquid
solutions of netal al koxddes, netal carboxylates, and mnetal

al koycar boxyl ates for ) use in producing the initial netal precursor
portions is as follows: (12) alkmds - M+ n ROH -- M-OR).+ nJ2 H

5 (13) cat M+ n (R COOK) -A M4CCX-R)+ nf H
yar baut s- @%’E’? b R-COOH + heat -- ( , -%Cb + Db
HOR

: where M1s a netal cation having a charge of n; b is a nunber of
nol es of carboocylic acid ra _o, il . 7 is preferably an

al kyl group having from4 D L Cant stineRP &errably an

al kyl group having from 3 t0 ReeorBiNG EWIZEDFORMULA | step P2
afrst metal, 8 ndicated bythe ternnmmlmmn ons above, I's
reacted with an al cohol and a carboxyl if orma

met al - al koxycar hoxyl at e pre-precursor. The process preferably _
I ncl udes reacting Bt 9 ¥\4(TLID <an al c¢ - (E 2meat hg ﬁi hgnol) o
forma netal alowfld accor Ing to Eq ,L' >e%/ ngthe
nmetal al kOXi1d(§ il e Sictaci-c) _
forma netal1l Qoxyca rsqud.wccordl ng t '&qu
according to EqUmeShTea3) s aI so oljservefd

when the unreactfeg—Tgrar— |> st
and the car boxy|l-c=ag tm=l e

mm(em) A |r emgar ooom

_'H-, preflerred node

conducted I n a rigdfou scaiiteRoOaL tha
a tenperature rdngiong o[ @i aout 1201%
time preferably rang|n LOM ONe 10 p
of the al koxi de N B 0yt e ::‘-'-'5-'— L =
one to two 015@/ rlc001 il (SR uBkTe bOcl. he :m..w__:-n F0: ) 894, 0/ ‘
to 25 atnosphdree 4 ution 1 @sgacriodrd € irso NI t or ed g @Pservela
fractional stli ony plateauihat Tndi CRLes € SubSfantl g
el i nination of em SOF DS Mo nt-re—s o St o—r—e]
a pl ateau exceedi98 2iSnkBiTeiOniont 00 DSIS( 1110828~ | (TeO,)> (STa 0
070 1 SropyB T8, 10Oroge 0412 {0588 | (TaO,)* {STe.00*
20 | 080 | StopuBlTe 00r osss o886 | (vao,) (S:Ta, 01"
| 090 | S600BLT8,5000 0 0474 | 0526 | (a0, (STe.0"
100 | S6BLT8:00Or20 0500 | 0500 | (TaO,° (SIT80)"
Bl Te0,, 1.00 o (Ta0,)* (Not appiicable;
100% m= 1
- materis)
o SrBl,Ta,0, (L, addiive 0 1.00 (Not applicable; (SrTa,0,)* (100%)
below Is BLTaO,,) 100%n =2
pterial) '
25 | 005 | SrypBLNbugTe Oup 0048 | 0952 | (NbupTanOud* | (SriNbop Yo O |
010 | SrpBiNG  Ta 0 Oup 10001 | 0000 | (NbooTa 0.0 (SrNby o Tl O
020 | SropuBUNDyTioOpy 10167 | 0833 | (NbyoyTapyOup | (SriNbypVe 3,00 |
025 1 StyBLNDThigOy 10200 10800 | (Nboy,TaoueOs™ | (SriNbyopsTaryOr)
030 | S 1L 0231} 0760 | (NbyoyoTloOog | (SNDyou 78,5007
30 040 | sr, I 0208 | 0744 | (NbyooTe 00" | (SrNbyo T O
050 | SropB \ 0333 | 0667 | (NbyogTaypiOs)*  } (SelbooTa, 200
060 { SropyBLNby 1850, 0375 ] 0625 | (NbopyTapgOyg)" 1 (StNDyupTa
070 | SroyBLNby,.\Ta 0412 10688 | (NbooyTey 000" SrNbogi Ta
0.80 | SropoBUND 78,100, | 0444 | 0556 1 (NbooTa, 0,00 rNBy 7, T8, 420,
35 090 | SeppuBbNDoyT8:00i0re | 0474 | 0526 § (NbyyoTio 00,)" (StNBy o, T8, 2O |
| $.00 | SroppBLNby T Orpp | 0500 | 0500 1 (NboyTipgOsg” | (StNbogTe
Bi:NbOgs 1.00 0 (NbO, ) (Not appiicable;
100% m= 1
matertai)
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120t C, or about 1251C in increasing order of preference) at which tine the
sol ution I's renmoved fromthe heat source. 30 In the above_ -
equations, the nmetal 1s preferably selected fromthe group

consi sting of tantalum calcium bisnuth, lead, yttrium scandium

| ant hanum I mony, chromum thallium hafnium tun §ogo8d29 0 um
zi rconi um m‘ﬁgaﬂ%’?g i ron, cobalt, nickel, magnesi umﬁéi.rrtgl ybdezgum
strontium bariu Litanim \/ divum. and zinc Al cohalgetlrat Frevy
be used preferabliygi Ngl swsife.6, a wida Xy et ﬂar 100 | (Notappiicable; (SriNb,O,)> (100%)

- 24- below is B,Te0LISUBST| TYTE SHEET ( ?m%) WO
96129728 CTYSU0-Ua043
not, 1butanol, 11k @0t StiBLNb. xTemiOne EJ&@MI&-&?—
2-C hyl - 1- BENBO A )

preferably 2-met .
preferably includ

neodecanoi ¢ ac?d,

* Gis(Bhoy
- uﬁmummuaummmhmmMM

10
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xyl enes, 2-nthaxyethanol, n-butyl acetate, n-dinethylformam de,

2- met hoxyet hyl acetate, nethyl isobutyl ketone, nethyl isoanyl

ket one, isoanyl al cohol, cycl ohexanone, 2-ethoxyet hanol,

2-met hoxyet hyl ether, nethyl butyl ketone, hexyl 10 alcohol, 2-pentanol,
ethyl buyr, ®p bgne, pyrimdine, 1, 3, 5 trioxane, isob US96/03523

| sobutyrate, 1sobutyl propionate, propyl propl onate, ethyl lactate,

s ol | as many ot helEaSh precursor akion of Ve € Wiuded 4 GRyxcass bisthin °°t€tﬁms

exceedi ng that  Qjcck@hEfor e c?u{dipsi&imth volatulﬁandhmuhb'tﬁa anhealtg-proches

elimnate water and other d I'llable noleties from sol ution prlorto
appl i cation of tFRbI®r%sleesonot: sccount for this excess Q!Q!B'dhvm@nﬂ'ﬁﬁm inder thepe

m sci bl e th o
prgplortio\r,\ms, W%%% an%n%r r\bﬁiven bp%sesﬁ'egc?fd

to full Iy s;)l ubi Ithapradlesorslolutloprtecnnm nlummlldgnetalbdydeniha“ bismuttreloss e
partlcu arly pre ol ar vents n {

particularly pr eﬂsgmag?iwﬂg eeaﬁ%ﬂf&mzem? &é? éﬁ&% %@B‘ﬁ The
be skipped in t hfasdidlysisvobults 6fTaBRS Wefe Obtaitled from précuPést Solutions tiet were

obtained in research grade purity. For_ exanple, where tantal um

i sobut oxi de i s drecassedundef ldnntml@ﬁnqmges M@Pﬁﬁ Apticipated fercyse with theprecur-

I sobut oxi de noi eggys t résili +pcting
the netal al koxide %Iﬂblg“?‘. ﬁ'ﬁéc@? %Eac g)u@é %&"ét et hyflﬂexasr?gl C
acid accordif® to Equation (14). 25 TABLE 8 typical second step, P4, a
nmet al - arboxyl ate, a neta t he

nmet al - al koxycar boxyl at e #mw&ua&h&twmmggﬁﬁﬂk&

I tnermedi ate prd

superl attice-
Lk Iayer accor dif

be added | at#® 4@ to thei
the metal s i st ed Ve
acids |isted ab{[ e .J?h%

Table 8 demonstrates. that about 5% of the precursor bismuth was lost to
20 volatilization during formation of the metal oxide. This determination ignores the
results of sample 1, which provides a metal oxide bismuth content that is low with
respect to the other values. Apparent Ta losses (or gains) in the Ta content varied
within the range of experimental error. Table 8 indicates that layered superiattice
metal oxides can have metal contents that very accurately reflect the precursor
25 contents if the precursor is designed to compensate for bismuth volatilization.
EXAMPLE 8
FORMING A THIN FILM METAL OXIDE
FERROELECTRIC CAPACITOR
The fabrication method of FIG. 10 was identically conducted for each of the
30 strontium bismuth tantalate and strontium bismuth niobium tantalate precursor
solutions represented in Table 7.

42~

SUBSTITUTE SHEET (RULE 26)



- 25- : SUBSI TTE SHEET ( RULE 26) WD 96/ 29728

PCr YUS96103523 the metal carbooWate, while any of the netals |isted
above may be reacted W th any of the alcohols may formthe al koxi de.

I% I's Farticularly preferred to conduct this reaction hi te presence
of a slight arboxylic acid for purposes of partiall

substituti ng%@?@e | gands wi th car boxyl gte | gangs 5 YrcTioss nssn ep PS
the m xture of netal -al koxycar boxyl ates, nmetal - carbox Iat es and/ o

net al - al koxi des i s hdAconventional fo mylmteseawvs talling wafarwas BWF;

by the 1 odBEpYRtha Sfennit agOu ol o BginR T, THS préfiebaiipregass

net al - al koxi de i includeld diffusion furnace bakingt at 1ms>apmvmgmwlngaowonmﬁoml

L LT 5. ot el ey PG of Sicod Bach o spg FIG. ). e Bete

a *-C044-R § including oxid@)of. (was‘cobled to rodmtempéfatine, and inserted into a vacuum
chamber for conventional DC magnetron sputtering. A discharge voitage of 85
volts and a current of 0.53 amperes was utilized at a sputter pressure. of 0.0081
Torr to sputter a 160 A thickness of titanium metal on oxide layer 104. A discharge
voltage of 130 volts and a current of 0.53 amperes was then used to sputter a 2200

10 A thickness of platinum atop the titanium metal.

The substrate including titanium and platinum metals was annealed in a
diffusion fumace under a nitrogen atmosphere at 450°C for two hours and ten
minutes. This time included a five minute push into the fumace and a five minute
pull out of the funace. The resultant structure included layers 106 and 110 as

15 depicted in FIG. 1, but without layer 108. A 2 ml volume of the 0.2M
SroaxnBia T8, 2005 417 Precursor from Table 7 was adjusted to a 0.13M concentration
by the addition of 1.08mi n-butyl acetate and passed through a 0.2 ym filter. The
substrate including titanium and platinum metals was sbun ‘at 1500 rpm in a
conventional spin-coating machine. An eyedropper was used to apply precursor

20 solution to the substrate for thirty seconds while spinning.' The precursor-coated
substrate was removed from the spin-coating machine and dried in air for two
minutes on a 140°C hot plate. The substrate was dried for an additional four
minute on a second hot plate at 260°C. The substrate was dried for an additional
thirty seconds in oxygen at 725°C using a 1200 W tungsten-halogen lamp (visible

25 spectrum; Heatpulse 410 by AG Associates, inc. using J208V bulbs by Ushio of
Japan). The spin-coating and drying procedure was repeated a second time to
increase the overall thickness of layer 112. _

The substrate including the dried precursor was annealed under an oxygen
(O,) atmosphere for eighty minutes at 800°C in a diffusion furnace. This time

30 included a five minute push into the furnace and a five minute pull out of the
furnace.

Platinum metal was sputtered to a 2000 A thickness using a DC magnetron
as before. The substrate was patterned using a conventional negative resist mask
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S 4+ x R-C00-C-R 15 where Mand Ware netais; R and R are defined
above; R' is an al kyl group preferably having from about zero to
si xteen carbons; and a, b, and x are integers denoting rel ative
guantities of correspondig substituents that satisfy the respective

val ence Stat@@ﬁﬁéf"% and M. Cenerally, the reaction of Equa,t,(i_.ﬂﬁ wi ||

predom nat e. ethers having low boiling points are generally Torned.
These 20 ethers boil out of the prm precuyrsor t eave, a final oduc
havi ng a reduceddnd argon iangiching. Mﬁ%ﬁ#@?&eﬁfy@em ‘iﬁﬁﬂﬁﬂé%'f
the final desir o td i i
E‘ékygﬁn Padt 800 ég?r forty mlﬁhfa%HéluﬂﬁE)d ﬂvydl ilﬂirftﬂé pU&H intd thé aiffusion

heating is suffici sone . reaction (1 al so occur,
creating netal - dumnace-anckafiveminute pull outofthe rs generally have

or gani cs sl ow’ 55 aJEAL5RoBr e thodlied ruactiof g Blsclifird fedliibed
applied to a SulintTable 7. Wop blectrode 1drwias hot applieddn somekinsances becduse! the

thus, in either case, netal -oxygen-neta| bonds .are forned and t he
final precursor Resensagfibeel interfere wi 993'"@%’"%@3“'9'“0“&

nmet al - carboxyl ate is
mewmwba@#mﬁammm

m xture is heated, the fo W ng reaction occurs: 30

(R-COOd) M OC  werexparforpmelion-the respective samples. The -gxide mqterials werp.
s o2 et 8 R e Byl B ffion! ook d B
than do the t@aqgiressure.( Thesemeéasifdéments served ¢o eompare the @levirical perfarmande of
_slzg\_/ver rate. Thesh[oen?i%tl ?sn?md&%g%mg% Ppgﬂﬁh ﬂggbate materials having
different amounts of respective (m = 1) and (n = 2) layers. The specific electrical
parameters that were studied included polarization hysteresis parameters, the
capacitance, the polarization switching fatigue endurance, switching speeds, and
15 the comparative leakage currents of the mixed layered superlattice materials.
" ldentical polarization, leakage current, fatigue endurance, and switching speed
measurements were performed on a SrBi;Ta,0, material (100% n = 2) for

comparison against the mixed strontium bismuth materials. '

EXAMPLE 9
20 COMPARATIVE EVALUATION OF
MIXED LAYERED SUPERLATTICE MATERIAL
POLARIZATION HYSTERESIS PERFORMANCE

A capacitor 100 that included a 1940 A thickness Of Srys33BiTa4 0 e417
material of Table 7, i.e., a17% L, (m = 1) and 83% L, (n = 2) strontium bismuth
25 tantalate material, was subjected to polarization hysteresis measurements on an
uncompensated Sawyer-Tower circuit including a Hewlit Packard 3314A function
generator and a Hewlit Packard 54502A digitizing oscilloscope. Measurements
were obtained from the film at 20°C using a sine wave function having a frequency
of 10,000 Hz and voltage amplitudes of 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 6.0,
30 and7.0V. FIG. 11 depicts a plot of the data obtained as a polarization hysteresis
curve for each of the voltage amplitudes. The ordinate is an electric field in KV/cm,
and the abscissa is an observed remanent polarization in uC/cm?. The steeply
rising, quasi-rectangular, boxy nature of the hysteresis curve indicates an excellent
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PCTI S961 03523 (14) - (17) can be heated with excess carboxylic acid

to further substrtute car boxyl ate Ugands for al koxi de |igands, thereby
reduci ng the hydrolyzing ability of the carboxyl ated products and

I ncr easi ng Prg g&;,qés shelf life. In addition to pApusRkyds
u

reacti ons whi cﬁ produce netal - al koxycar boxyl at es, 5 reactions occur such

(16 oR. + HO2H18 + hoet -p M021H) 1, +a HOR, wh n
Zfe gs éle]"vi( neél aﬂ@%ﬁ'ﬂ%@@ﬁﬂﬁ&'ﬂ%tﬂ?@@?ﬂ?@% 9 Fﬂ“ﬁ%&f@é&émﬁ (2&\65

oarers SO e g o 224 el ot a0, e 2
however, it is now FIG. 42 depicts aiplat of remanent polarizetion (tPovalves i uC/em?
G scl osed her oi n. VR SLOBER (RrEABRo t-anrlp Higid Dokl tof 84 Bf e Blrves
signi ficantly &orig FIGRHHNFIG N2 damuhstrates ihal asubstantiaily somplete switching of the
505 "of t he SresiBhTecaDa ABURLESUTORG ardFt Al ofbeR 1) Ml ppsifred
LR a2 ot EBRL RSy RN Ut erissoany cbat oY S, T, 1 1
tenperat ure rangiaplot obooarciverelectdefeld Ec inKVismiarsusar ordinate of applied signal
SPLLL | P ooy 2 ihobf e RGakP BBt b 8. 31, 13 tomopetetos e
wat er, al coho{Q a coercivé@lectriyfibld of aboute50 K\Wem wasredquicdd forifull switcliing of tee
solution, i.e., | at eau a . .
aSJOmBlflaa, mbw, material, and this field existed at voltages greater than about
av.
A capacitor 100 having a 1980 A thickness of the SrBi,Ta,0, material of
Table 7 (a non-mixed materials having a perovskite-like octahedra layer with a
15 thickness of two octahedra) was subjected to identical hysteresis measurements
for purposes of comparison with the Srg sssBi,Ta, 5103417 SaMple of FIGS. 11, 12,
and 13. FIG. 14 depicts the SrBi,Ta,0, sample results as a polarization hysteresis
curve similar to FIG. 11. Again, the boky nature of the curve indicates a good
switching ferroslectric material, with 2Pr being about 12 pC/cm? at voltages greater
20  than about 5V: however, these 2Pr values were only about 55% of those depicted
inFIG. 11. The polarization of the SrBi,Ta,0, material, i.e., a non-mixed layered
superiattice material having pure L, layers, was inferior to that of the SrossBiaTa, s
3303417 Mixed layered superlattice material which included both L, and L, layers.
FIG. 15 is similar to FIG. 12, and depicts results for the SrBi,Ta,0, sample
25 as (2Pr) values in uClcm? plotted against an ordinate representing the applied
signal voltage. The material was fully switched to a (+Pr) of about 8 uC/cm? at
applied voltages greater than about 3V. FIG. 16 is similar to FIG. 13, and depicts
a plot of an abscissa representing a coercive electric field +Ec in KV/cm versus an
ordinate representing applied signal voltages for the SrBi;Ta,0, sample. FIG. 13
30 demonstrates that a coercive electric field of about 38 KV/em was required to
switch the material, and this existed at voltages greater than about 3V.
A capacitor 100 having a 1940 A thickness of the SryssyBi;Nbg 167734 88705417
material of Table 7, i.e., a 17% L, (m = 1) and 83% L, (n = 2) strontium bismuth
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| east exceedi ng 1000C as before. At this tinme, extended refluxing can
produce a 20 potentially undesirable anount of an ester or acid anhydride

byproduct that is often difficult to renmove fromthe solution by
fractional distillation. The potenti al conplication of an excessive
aci d anhydriggegapggntration can be entirely avoided PoTroshdiosas onl y
netal carboxylates 1n step P4. The reactions are driven to

substanti al conpl.eteness by the .elimnation, of the still abl e noieti
(reaction 25 %M WMW '("?Q(i:lu‘ M%W&@f
i ndi cated by a r ison b'Srl 28I i Bi’éfFiGSei1-1’GaH8||
as a decrease | the rate con enstgt 5,& 2 '&Grﬁiﬁhlgn m)nltored

Step PS is an opté-thaFIGs aommw bapT&'l&b@méaﬁp|%1'Q§§M§ apqlaniza-
in a var| ety of ne@}lﬁér%i

of super | atﬁc mterfa{&%gmﬁﬁwﬁ g] gﬂwﬁcﬁa&g‘gg@us eto téretﬁa
pred| ct abi | i t§ aurve indicatés mgbcﬂasmtcﬁmbnmldﬂmnnteruhsmﬂyZEnbemdmm
tensi on, which i ce t he t hi.ckn 0
after 11 1's appl e o Dlgsa grestes tha il BV, {Hese 2Pr valfigs yetp Bighilf drpeter ™
affect the qual ithin @oseldfFI6! ¢¢irical performance of the

-27- SUBSTI TUTE SHEEa-I;)d( RULE 26)
FIG. 31 is similar to FIGS. 15, and depicts results for the

Sro3sBiaNDo 167 T84 06705417 SaMple as (£Pr) values in uCl/em?* plotted against an

10 ordinate representing the applied signal voltage. The material was fully switched
to a (+Pr) of about 12 uC/cm? at applied voltages greater than about 3V. FIG. 32
is similar to FIGS. 13 and 16, and depicts a plot of an abscissa representing a
coercive electric field +Ec in KV/cm versus an ordinate representing applied signal
voltages for the gs33Bi.NDg 167781 06/0s.417 $aMple. FIG. 32 demonstrates that a

15 coercive electric field of about 58 KV/cm was required to switch the material, and
this existed at voltages greater thn about 3V.

FIG. 33 is similar to FIGS. 11, 14, and 30, and depicts resuits for the
Sro.233B1,ND; 0er T80 18708417 5aMple as (£Pr) values in uC/cm? plotied against an
ordinate representing the applied signal voltage. FIG. 33 demonstrates a 2Pr

. 20 polarization of 24 uC/em?. FIG. 34 is similar to FIGS. 12, 15, and 31, and depicts
a plot of an abscissa representing a coercive electric field +Ec in KV/cm versus an
ordinate representing applied signal voltages for the Sryss3BL,ND; eg77 78016708417
sample. The material was fully switched to a (xPr) of about 12 pClem? at applied
voltages greater than about 5V. FIG. 35 demonstrates that a coercive electric field

25 of about 150 KV/cm was required to switch the material, and this existed at
voltages greater than about 5V.

in comparison to the SrBi,Ta,0, sample, the SfgsBi;T8, 350,47 and
Sro.e3Bi2Nbg 167124 06705417 S@Mples required a slightly greater applied field for
switching purposes, and switched to significantly greater polarization values. The

30  Srgs33BiaND; 0677 T801670s.417 Sample, which had the greatest niobium content,
required the greatest coercive electric field but also had a large polarization value.
Large polarization values (e.g., those exceeding 20 uCfcm?) are required for the
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PCr US96103523 corresponding netal oxide filmafter annealing of the
dri ed precursor resitadue. In sfep Ps, te standard solvent, which is
preferably xylenes or n-octane, |Is added in an anmount that is
appropriate St the internediate precursor to a desir

! . . . . . eft"l‘ S96/03523
nol arity of superTattice ingredients. This nolarity preferably ranges from
about 5 0.100Mto about 0.400M determ ned as noles of the stoichi _mei r“i‘c

enpi ri cal constuctionef high dansity memeasies; Al RS these materigls

th lattic [ ' I f 2, d

2t "pr ot or PSSR o g VIF P ot e 15,7 2
| t, th | uti imate timprovement ip 2Rr polarization from BiG.i ,

o distil] ée‘“’;; ;rﬁ:f;n’ﬁ& mdﬁg'ﬁgaﬁgnﬂ%kiy @;@&&Eﬁ@sﬂiﬁ&ivﬁ%ﬁ R8s

10 desired nol affofl Fie » 8NG TEYN IS Wt Qe

~ super att ?pegoawgunam.mipﬁe Lot hqmﬁtana!ls)qonot exhibitferroetedtric phenomensh.

ohd the b siut h bs Gr@IRInGuse faep hAMIOD oplyHaa SEERRFaLpaRYEer ke AR Sibuni

et hyl hexanoat e. maggiﬁwws Void eiﬁ;e g Q1P TRGS! thESE KIS ROHS tirt Wouldiave

heating 15 of step ue to the relative instability of

t hese pro- pr ecur predicted that the materiaisiof FAGSi 41, 30 and33, whichiingludeda mixture of

of "t he <ol ut on- FHPSERIB o VRS id SetodleofE' 6 ayers, MR g™ B lower
under st ood t ¥ poblarizélionitharvtie comparable thickness of pure L fesroeldciric material that

pre- precursors can ten be added.ip an f steps P2, P4, Pl O,and P14
wi t hout probl ens P’°%°dA§&;-t 14naln 9?““43'-5&&1'%“&' Béas?mwhﬁi'@ﬂ[ﬂvﬁ% -
can al so functio : ' : lof | |t e- 1 i ke

oct ahedr al struc?&?azl.za %@L’F%I p'fgglnéaggﬁ‘ggiogms_m'maﬁalrsg ard to the
potential for bisnuthlLayersurfacechasgesiowingdorpaintchargs d fute @ primary

Pty 00, = <= B0u kYoo il Bl o obREATIH AOBRRER flirle Tfedd hiffos
desired st oi ct§ orfefects typically[increasé withtime\due tol suface migration pf grein defects; as
preferred to add vjerllog]s %Pga : o%fr/f tt:io th%bigﬂnlce surface proximal to existing defects under the
repeated shock of transient electric fields. In the platinum titanium electrode

structure of the present samples, titanium diffusion can responsible for a significant =

(e.g., 50%) reduction in polarization because of corresponding lattice defects in the.

20 femoelectric material. Charged surface defects can screen the applied electric field

by reducing its ability to reach portions of the ferroelectric material layer that reside

beneath the surface. Accordingly, by virtue of the observed polarizability improve-

ments from materiais having a relatively dilute concentration or percentage of

ferroelectric layers, it is seen that the use of mixed layered superiattice materials

25 has overcome a longstanding problem with ferroelectric materials. The mixed

layered superiattice materials have improved polarizabilities derived from

reductions in the amounts of surface point defects and other defects, and are

particularly resistant to the deleterious effects of titanium diffusion. These

reductions permit a more effective use of the existing ferroelectric material. The

30 compensation of point defects in material formation have further benefits in terms

of greater fatigue endurance. Furthermore, the initial compensation of point

defects within the crystal prevents them from becoming ordered in the lattice

structure. The ordering of point defects could, otherwise, lead to line defects,
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15% excess bisnmuth for purposes of conpensating the precursor solution for
anticipated bisnuth | osses. At annealing tenperatures rangi ng from about
6000C to about 8500 C for a period of about one hour, this excess

bi smuth noiety in the precursor solution will typically range from 5%

to 9% of thewgr,,%%%i onal anmount 30 that is required for fams,m;m,
stoichionetrica al anced | ayered superlattlce product. In

event that the excess bismyth i s not uII | du.rl tion
of a o aMAURT 268 8 BHHEGTY Savie ok Feackini, aBoE sBoBing i r@#y@vgﬁ'

as an A-site  matefi@geri al and, thus, |nduce poi nt def ects in the
resulting | ayerecf superl attice crystal

- 28- SUBSTI TUEKAMPLE 18RULE 26) VO
96129728

PCT/ US96103523 The addi W&#&%‘l%ﬁ? can '!%E's"e"&“éh defets by
functioning & an A-site materi BIL,MATERIADOONGEM’RATION espondi ng portion
of the Li material into a 12 material having a | atti ce defect

corresponding to theTBE'Gl'ﬁ'F@Hﬁ”%NQMYﬁf@PEJF%?P'Wﬂ@W cansbasutiized to form
fSE)(raﬁi Eélek,nClrr;?er lal's t hmvgggmﬁ?( ent nu er%gﬁn@b*:ha@%n c 1(392'6“18“ °
oct ahedr a solidmetalondematerialswareprodwedm Example 8 as exemplary mixed L, (m
= 1) and L, (n = 2) materials. Polarization hysteresis measurements were
10 conducted upon each of the resultant ferroelectric capacitors 100 in an identical
manner to that described in Example 9.

FIG. 17 depicts results for the strontium bismuth tantalate materials with
varied X values according to Table 7. FIG. 17 is a plot of X value versus a dual
abscissa representing remanent polarization (2Pr in uC/cm?) and coercive electric

15 field values (2Ec in KV/cm) for the strontium bismuth tantalate materials. The
different curves represent measurements that were taken from hysteresis curves
for respective 2V. 3V, and 5V switching voltages. Some elactrical shorting of
materials was observed for X values exceeding about 30% (i.e., 23% L, materials),
and the optimum ferrcelectric switching performance existeq at an X value of about

20 20% (17% L,) with a 2Pr value of about 22 uC/cm? at 5V.

FIG. 18 is similar to FIG. 17, but depicts results obtained for the strontium
bismuth niobium tantalate materials of Table 7 that were obtained by adding a
bismuth niobate precursor to a strontium bismuth tantalate precursor. The FIG. 18
results indicate an optimal 2Pr value of about 25 uClcm? at 5V in the X value range

25 of from 30-50% (i.e., 23% - 33% L,). _

FIG. 36 is similar to FIGS. 17 and 18, but depicts results obtained for the
strontium bismuth niobium tantalate materials of Table 7 that were obtained by
adding a bismuth tantalate precursor to a strontium bismuth niobate precursor.
The FIG. 36 results indicate an optimal 2Pr value of about 27 uC/cm? at 5-7V at an

30 Xvalue of about 10%.
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structures than those of the internediate precursor derived fromstep PB.

The preparation of these second Lk | ayer-types of materials _
essentialfy follows the procedure of steps P2 through P8, but It Is

al so possible to sinply conbi ne netal al coxi ddes and netal caroyl ates
in the corregl, rtions. Due to the possibility 10 of didy g,Pg,sgﬁe

sol ution derlve romstep PS to an unacceptable level, it |s prefterred

that the respective step P12 pre- precursors have a greater concentration in
a conmon sol vent than the step PS EXAMPERAI%: e precursor For

exanpl e, the step nin

xyl enes of 0.400M when t%ﬁ’sﬁgwgw ?I'gte precursor hlg

0. 200M concentrati on. St ep ﬁ.mvmﬂﬁmml ng portlons of the

respective pro-precur ors from tep P12 to the | ut jon derrve m
step PS. The resulta WQM@'%'FP‘W pig;were obtain 933%‘&' ﬂ'@ﬂ“@'
- balance of negal tgmpdigfe &Ad tmpgﬁﬁf biﬂﬁbﬁ‘l HHbiurﬁ'ﬁhtélﬁe Ly (m =pr|9mrd Lo® D)

nmetals which are require rma LI and L2 m xed | ayere

superl attice natmatefiglsiccording to Forrmula (6). 20 In step P16, the
oreour sor havi ng ¢ ne ISt T8 SRpRAE R K3l SiitclioR 1854 rdtn thB rontum blsmutn
i fet i esd f thmalheanmmfofaram 70hafﬂh ruolal@dgo% qmonsueg]arw 50% L,
preferred for e carres onln? ofu caaﬁerls Iﬁ?ﬂ% as,te
viscosity and adf@tanals eyided HYB'RE ition B':T‘Pﬁut d8/i% 8 plot ot 4-ray in nsity
desi gnation Wpst pei"ébéédd K&F@S vbﬁuﬂ%@oh%@bﬂirﬁﬁehﬂmre ©48 thé Br.
slightly different neaning pendi lg pon environnental factors, acry

|
| attice can grovanglei n&ﬂﬂim isi labelad, with the respastive X value caneesiration GﬁH

gg!t'ltZrlgxpressed%ﬁ@%”ﬁqéad'whgémplgoﬁeureggeQMa fo rruf'?dsgﬁedvarme
e e e
r[ngredi ents int éﬁ@gﬁ#’ Fh@@%) &%M“%@s‘&

necessarily 45 mtgmg\ummmvém which are required to form a

conpl ete nol ecul e. \Were irical formula can he ex resﬁ’a(g
ternms of fractional nbiBe?@is P%‘N'ﬁ%&mﬂt"fF'G 18, but deplctsre

obtained from a 100% (m=1) material havmg an empirical formula of Bl,TaO,,. In
comparison to FIG. 19, the two curves align at the 21.3° (006) peak. On the other
hand, the (0010) low amplitude peak of FIG. 19 shifts towards a 35° and increases.

20 inintensity with greater concentrations of L, materials. FIG. 20 shows this same
peak at 35° with a much greater relative abundance as compared to other peaks.
These peak shifting and intensity changes indicate a much greater abundance of
the (0010) peak materials, as well as a corresponding positional change, and
confirm the existence of a mixed superlattice unit cell.

25 FIG.21isa plot like that of FIG. 19, but depicts X-ray diffraction results for
strontium bismuth tantalum niobate materials of Table 7 having X values of 0%,
10% and 50% obtained by adding bismuth niobate to strontium bismuth tantalate.
Less abundance of the (111) and (113) peaks is confirmed by a decline in intensity
as the X value increases. Again, the addition of m = 1 materials leads to an

30 intensified peak development at 35°. FIG. 22 is a plot like that of FIG. 20, but
depicts X-ray diffraction measurements for the 100% (m = 1) material Bi,NbOj;.
The (0010) peak of FIG. 21 has grown in intensity and shifted to a 35° vaiue.
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a question of exactly what constitutes one 'nole' or unit of the enpirical

formul a. - 29-

SUBSTI TUTE SHEET (RULE 26) WD 96/ 29728

PCTI US96/ 03523 The 'nol |l e concentration of the enpirical fornula is
her eby defi Gxrsounting the nunber of metal oxide %Im%' 9 1.ng Fe
enpi ri cal fwa thgsg can be obtained from the netals inone lirter of

Formul & porti ns.- adj (EWe @bsgrvad shiing pEadtymhsell SHFLroS §opg e tepeciive axes
The ol ut i on | s MOEABNAAG Bﬁ?‘@?&‘“ﬂzﬂ‘mﬁt IS Oy hited layhod sixeriatice.
under an inert eafesisisis in part, duastosmallehanges iogasstalineorigotation. tThesOchmges
orecaution | n <lsey Ao i8R RGe Shindaor i lrbiau e InACREY ajsd Yolbyn o
essential |y $at enhdncespoiarizationiat ambient iémperatures.r i ous effects of
hotall1c moteties that vater can i nduccEKAMBUER G |1 gande. Bven — so.
the desiccated inert storage preoMPARATIVE EVALUATION pFrecessary when the
precursor, as is preferred, primarily consists of nmetals bonded to
car boxyl at e _ MIXED LAYERED SUPERLATTICE METAL OXIDE
LEAKAGE CURRENT PERFORMANCE
10 A capacitor 100 that contained the SrysxBi,Ta, 1:0a417 Material indicated in
Table 7 was operably connected to a Hewlit Packard 4145A semiconductor
analyzer (picoampmeter) for purposes of conducting leakage current mea-
surements. FIG. 23 depicts a plot of the data obtained, and includes a plot of
leakage current in amperes per cm? (logarithmic scale) versus voltage on the
15 ordinate. The data points were obtained in 0.05V increments in a range between
0 and 10V. The magnitude of the leakage current was relatively constant over the
voitage range studied, and varied slightly around the 107 mark. The relatively
straight line indicates that a. single charge transfer mechanism predominated over
the voltage interval that was studied.
20 A SrBi,Ta,0, (see Example 8) sample was subjected for comparative
purposes to the same measurements as the Sr,s.Bi,Ta, 41105 417 S@Mple. FIG. 24
is a plot of the measurements, which indicate an extremely low leakage current
material on the order of 7 amps/icm® throughout the subject voltage range.
Accordingly, the addition of L, materials has significantly increased the polarization
25 (Example 9) without substantially increasing the leakage current. This aspect is
extremely significant because prior attempts to increase the polarization of ferroele-
ciric materials have lesulted in a corresponding increase in leakage current which
renders the materials less suitable for use as conventional dielectrics.
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| i gands and al koxycar boxyl ates. 15 The use of liquid final precursors
havi ng nol ecul es according to the 4-0- M 0- type reaction products of .
Forrmulae (15) - (17) is nost preferred due to the resul tant high

quality of netal oxrde films. The solutions nmay al so be made by m Xi ng

met al al koxi dﬁ§ carboxyl ates, and netal al koxycar boxybgtR8en3sanNY
proportion. T I na precursor solution will contain various

pol yoxyal kyl ated 20 netals in a stoichi %W#g 3} ance capabl e of form ng
the desired m xed | ayered super| at £d after accounting for

el enent - speci fic evaporation or W EN the
manuf act uri ng process. *ne exenpl ary 'c'fr scussr on of the reaction

process, as given above, alMIXED LAYERED SURERLATHCEMETALOXIDE' e,
non-limting. The specific reactions th%ﬁc % depend on the netals,
al cohol s, and carboxylic acids used, as AN anount of heat

that is appl il Detaip Mﬁ VishinplAwil ?&Hnectedtoal-lewletﬂékard
order of steps P2 - P16 'S 1 in a preferred sense; however
‘various steps nmagk mwrdwmummWMnmmmm wersup voltageo

iy be’ 30 tsLBS.ﬁWﬁﬁelﬁ%ﬁﬁr&% (o Yagoticil 190 00 (2 el

super | atti ce nat ascillation ampllh.lde'l'ﬂmsOSWwasm'bdulated agpihsta bias woltage rangirig from
et g “ornt e EpebgBe A i 4 i At
step PS in t 0 eapacitanoé i Faum?/epsuy bi , Padk cﬂﬁﬁﬁ%eedadabouﬂs
- 30- 01JSTI TUTE SHEET ( RUL
X 10'* F/um?in the range around 0 V, and fell to about 8 X 10" F/um? in the 5V
range. These results indicate a very high capacitance for a thin-film material.
The SrBi,Ta,0, sample from Table 7 was subjected for comparative
purposes to the same measurements as the Srg 443Bi,Ta; 23305417 S58Mple. FIG. 26
15 depicts the results. Peak capacitance exceeded about 1.6 X 10 F/um? in the
range around O V, and fell to about 8 X 10'® F/um? in the 5V range.
FIG. 41 depicts comparative measurements for the Srp.a33BiaND; g6, T-
8918703417 S@Mple from Table 7. Peak capacitance exceeded about 1.37 X 10"
F/um? in the range around 0V, and fell to about 8.5 X 10"** F/ium® in the 5V range.
20 These results were slightly improved with respect to those of FIG. 25.
EXAMPLE 14
COMPARATIVE EVALUATION OF
MIXED LAYERED SUPERLATTICE METAL OXIDE
PUND SWITCHING PERFORMANCE
25 A Stos33BirTa, 53304 47 SaMple was connected to a Hewlit Packard 8115A
dual channel pulse generator, 8 Hewlit Packard 54502A digitizing oscilloscope, and
50 ohm load resistor for purposes of conducting PUND switching measurements.

The PUND switching curves are given in terms of seconds versus current in
amps/cm®. The PUND curves are generated in a well-known manner by first
30 initializing the sample with a pﬁlse in the negative direction, then measuring the
current through the resistive load for a series of four voltage pulses that give the
measurement its name: a positive (P) pulse, a second positive of up (U) pulse, a
negative (N) pulse, and then another negative or down (D) pulse. All pulses have
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WD 96129725

PCMUS96(03S23 FIG 0 dpta flow chart of a process for

fabricating capacitor 00 of the present invention. The process shall

be di scussegyq nms of the enbodi nent of FIG 1, bupchhesiassi || ed

in the art will understand its applicability to other enbodi- ment s.

5 In step P18, titani um adhesion |ayer 106, tltanl um n|tr| de | aye

108, and first 933'“?)9'&%9“&%@!@53\9'@%9‘%% Pé‘?@éﬂﬂlnto
W

pl ace and anneaggdes SzdtionC Peoet SWitcHys
in the art. For exa‘rnr'igll'e el'SBI %rgﬁggﬁg belﬁg'lﬂg r8 sputtering
and di ffusi on fthanmamnahrtoaa positive: polarizetion. Since lﬁemlquarakepdnqulm to
about 11000C. T (=14 r
orposes of pr JASINEthE Saetii Hr" e, fiEeSres e HRafie bofveln 8 ffflaba
Subsequgnt psoqnalanzintcmsAancllthesaturateﬂt pdra]lanzttiuu iR2he pasltinir_emek sothe
prepared as in n aliguot of thi recursqr,is, taken, and may
~at this time behh mmm&m&l{h’qbp dp 6‘9
pre-precursor. &ﬁﬂd&ﬁéﬁf*ﬁtﬁé%ﬁdﬁﬂgﬂméﬁﬁﬁdﬁt@w ticrPin theOr

B-site netals. In step P22, the precursor solution fromstep
P20 is applied negative dirgstion.at e fromstep P18, which presents the

uppernost surface of &J Iqw%ﬁ.gneém‘esofa mepo?f@&li@khﬁf‘fdr%ll%ra{sm)

conduct ed by dropplng t recursor so
t enper at ur e1@ndther mecumes indieatnpﬂw isaitabilityr 6h ¢he aﬁatehalcforodendmolaﬂb

and then spi nni ag SUbEL 8l i0naln b o 0iahau 2000,PN SLeiibi et 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; a curve that falls quickly indicates that the

15 material 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 this
10% level will generally be within the noise level of a typical integrated circuit.

FIG. 27 includes PUND switching curves for the Srg sssBi;Ta, sssOsr Ly and

20 L, mixed sample, as a plot of current in amps versus an ordinate of time in sec-
onds. These curves indicate that the ferroelectric material had a very quick
memory switching time at 5V, with virtually complete memory switching being
obtained in less than about 50 nanoseconds, even for the negative switching
curves.

25 A SrBi,Ta,0, sample was subjected to comparative PUND switching
measurements. FIG. 28 depicts these results. The memory switching time was
extremely quick, with switching being obtained in less than about 30 nanoseconds
even for the negative switching cycles.

FIG. 42 is a plot of comparative switching measurements that were obtained

30 from @ SryssBi;NDy ;T4 06;05.417 SaMple. The switching time was less than 60
nanoseconds even for the negative switching cycles. The observed switching
times for all samples fell well within acceptable limits for use in integrated circuit
memories.
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renove any excess S a thin-filmli qU| d re5| due. The nost
preferred spin vel og g[“mu"]mmllimm Al t er natpee e pr ecur sor
may be appl i ed oy ca m steds deposition In

steps P24 and P28, the precursor is thermall qf solid 25

met al oxi de \gkgg,zq m xed | ayered superl att r 112
on el e@'?ro e 110. This treating step is conduct ed by ry| ng ang

anneal ing the result of step P22. In step P24, the precursor is dried
on a hot plate i y air at nosphere and at a terrperature of from

about 2000C to 5000e@ for to renove

substantially all ofqthe ﬁ&?ﬁ@&nﬁéﬁ‘i&f’wg %&Vtﬁl qu thin 30 film

and | eave a dri aiﬁratﬁéctm&ddﬂ)aandlaesocﬁhdﬁm&cﬂd#) in dactricabemitactamtya

from about one,min ut th A 400eC

tenperature for a Iayergé Qﬁg m&iﬂﬂﬂ' fﬁ%ﬁ%ﬁd #ﬂ}‘ﬁq%'?‘é%

preferred. This high drerssid 8écord electrode,

- 31- SUBSTI TUTE SHEET ((RULE 26]

9619728 5 said device charactrerized by said material having a plurality of collated layers

PCl | US96R03S23

repeat abl e el ectroni éﬁ#o{)%r'tsl?gg'dém'ﬁauamg%whp&ﬁbﬁ?hwlﬁahﬁ%
ionic subunit cell (146), a superlattice-generator layer (116) having a
superlattice generator ionic subunit cell , and a perovskite-like AB layer
(128) having a perovskite-like AB octahedral ionic subunit cell (142)

10 different from said A/B ionic subunit cell.

2. The device as set forth in Claim 1, said A/B layer including an A/B layer
empirical formula
(An1BnOo)",
wherein A is an A-site atom in the A/B ionic subunit cell; B is a B-site atom in the
S A/B ionic subunit cell; O is oxygen; m is a number having a value of at least one;
cis a value sslected from a group consisting of (3m+1), (3m+0.5) and (3m); Sisa
trivalent superiattice-generator element; and V is an A/B layer charge selected from
a group consisting of 1+, 1-, 2-, and 3-.

3. The device as set forth in Claim 2, said perovskite-like AB layer including
a perovskite-like AB layer empirical formula
(A'n1B'wO3ner)",
wherein A' is an A-site atom in said perovskite-like AB ionic subunit cell; B' is a B-
5 site atom in said perovskite-like AB ionic subunit cell; O is oxygen, n is a number
having a value greater than one, and V' is a second formula charge selected from
a group consisting of 1+, 1-, 2- and 3-, at least one of A’, B', and n being different
from the corresponding elements A, B, and m of said A/B layer empirical formula.

This Sheet Has Been Re‘ilaced

AEHAHER 0
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P

in the crystalline co [t to be derived fro P2

step P26, if t H 'nﬁ Bgmﬂmd filmis not of tf J*H%§HE§HFMI$|EHGM;LS t hen
st éps P2Z and unt1l the desired JLhi ckitBFLAQGEDat t ai flfed. A

6 thickness of about 1800-A typically requires two coats-of a“—e’"“'i%@al\/l

sol ution und 24 he paraneters disclosed herein.

P28, the dried precursor is annealed to formthe | ayered supelcrafs%l ce

mat eri al of |ayer 112 This annealing step is referred to as the first
anneal to distin- 4. 5The deviceras set-forth inr Clgim 3 isaid, superjattica-generatar layer

anneal is prefer e of from 5000C
to 1000eC for a ﬁ%’ﬁﬁﬁ%&“%?“ﬁﬁ%aﬁﬁ@ﬁmpﬁ%m IS nore
preferably perforned at from 750eC to 850805, ninutes, with the
nost prerred anne te ap ur n out 800 i rst anneal of
step P28 preferalﬁ'ﬁPrﬁ'@ga &rﬁ’afﬁf'? 98"@%? Qﬂﬁg@'ﬂﬁg% 80 minute

pushpul process including 5 mnutes for the "push" Into the furnace and 5
mnutes 15 for the "pull" out of the furnace. The indicated anneal tines

i nclude the tine that 9 hQMaMJ@mmcm&sald&pgm&mm out of
the furnace. In a conmerci al manuf acturing process, it will be
necessary to provide careful control of the anneal i ng tenperatures and
times for purposes of 6proviTherdpvicenas setfortheincClaim 3, saidiB® dndiBleach inclliding ian
terns of the el ectroni rfo mance of acitor 100. 20 Steps P24
and P28 nay al som &&%Fﬁmqﬁﬁ Vi d t her nal processi ng
("RTP") technique. Generally this procedure includes the use of

el ectromagnetic radiation froma conventional radiation source

Addi tionally, ul ¢ avi dhedeyice as setigrthin Glaim3, said B apd B’ beingaelactedfrom

froma deuterium

qualities of the énarqiia}f' os>§|Sti ?ﬁﬁgmhﬁ’ E&iﬁa@@b’hgﬁh e'veléﬁoaf'uat tE! éﬁlﬁn
appl i cati on of Uungsien, vanadium,tand mixjureg theredobr first annealing . st eps
can serve to orient the crystalline growh of |ayered superlattice

materi al s along a given axis. It is sonetines observed that
superlattice material 8.f or The device as'setfdrthcincClaint’3 dsaid Beahd B! includihgoa miitades

exhi bit superior &I ect [ |"§:gll_‘daf:°rg|8$nance

9. The device as set forth in CIaifn 6, said A and A’ each including a
valence state having a charge of plus two.

10. The device as set forth in Claim 3, said A and said A’ being selected
from an A-site group consisting of strontium, barium, lead, lanthanum, caicium, and
mixtures thereof.

11. The device as set forth in Claim 3, said A/B layer empirical formula
including materials wherein (¢ = 3m+0.5), (m = 1) and (V = 2-).

12. The device as set forth in Claim 17, said AB layer empirical formula
including materials wherein (n = 1) and (V = 2-).

13. The device as set forth in Claim 1, including said material selected from
a group congisting of strontium bismuth tantalate, strontium bismuth niobium
tantalate, and strontium bismuth niobate.
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In partlcula i cal performance pararreters of the final netal
oxi de, “Hmﬂm mEHWOn magni t ude, SW [FERFFRFS ——gmmd=i-cakage
current perfo&- c , «can someti nmes be |rH)$é3dj‘E i
conducted by dryi ng t he precursor film ung
according t Qud yigdi cated tinme and t enperat ur € par apbrheocnted S UV

application may be conducted si mJI t aneously

- 32- ! B SHEET ((RULE
W96/ 29728 14. The device as ﬁ?%f&l{ﬂr%la % Séld mater% q)havmg an empirical
PCT/ US96/ 03523 rgpeatingistriicti@dbiviiglaon the hot plate. Qther thermal treating

opti ons may corrprlse exposi n e liquid thin filmto a vacuum for
drying in step P24, or aCGilki®iN3es th;)][(LzﬁzS]@HqMMhaoe baki ng and UV baki ng

pr ocedur es. I n st eﬁmwgm@nd el ectrode 114 is deposited by
sputtering. The device néd”’by a conventional photoetching
process incbudi wgereimeap;a supnriattuce-ganeramr layenbaving gitcvalent metal;d. is\a layer
etching, as wl
patterning. proceriind s S8feb bR frobi confbund ot vsig ikedls Bae Toptals,
- that the secondarahmbdlresithéreck; with diferentierystapiattices dengtesitbycthe esrrbsponding
capacitor 100 iieger subscripts 1, 2, and k; & is a mutually exclusive probability of finding a given
L layer formed of a particular lattice; ai is an empirical formula portion a given
10  metal Mi in an average empirical formula for a corresponding L layer; and J is an
integer equal to a total number of the Mi metals in the corresponding L layer.

16. The device as set forth in Claim 14, said material including a

percentage of L, layers ranging from 23-33% based upon a total number of L
layers.

16. © The device as set forth in Claim 1, said material including a
stoichiometric mixture of layered superiattice -material-forming moieties in effective
amounts to provide a 2Pr greater than 20uC/cm? determined at a 2Ec of less than
about 150 KV/cm and a temperature of about 20°C on: a platinum and titanium

5 bottom electrode, and a switching fatigue endurance of at least 10'° cycles at 3V
with essentially no 2Pr polarization degradation.

17. A method of making an electrical device, said method comprising the

steps of:

providing a piurality of polyoxyalkylated metals moieties including an perovskite-
like A-site moiety, a perovskite-like B-site moiety, and a superlattice-

5 : generator moiety, said method characterized by

combining said respective metal moieties in effective amounts for yielding, upon
drying and annealing of said precursor solution, a layered superlattice
material (112) having a plurality of coliated layers (116, 124, 128) in a
sequence including an A/B (124) having an A/B ionic subunit cell (146), a

10 superlattice-generator layer (116) having a superiattice-generator ionic
This Sheet Has Been Repl -58-
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and correct that are created by the patterping procedure.
Theﬂm!{ " lm step, P32, is_pfe C1 ALY, CRRHIGHEY in_like

rranner wth neal in step P2 l ;{: (A??Ed not 1Lo vary the

anneal i ng tenperature by an anmount greajer S nper at ur e
range of froRygéEpehgd0 ' C to 100 *C W th respect to thg.cfl. 3R 9,
800C) annealing tenperature. The tinme for the second anne’“?sﬁt"I

preferably from about to,ninety nmpu i n tion, and 15 .
duration of about BOSHhﬂFﬁ' M@f"ﬂ@rﬁmﬁ%’m pjlpv-ﬂqq,f\ﬂ
step P34 the device igtdnetiil RinfkSsublAit 831°{142) BifferdritIran? 8@t /B iohic suburiFdell;

entail the deposition of additional layers, ion etching of contact holes,

and ot her dpixinghsaidraspactive mealalmoieties to substantishhomogensitydn a salvent to
skilled in the art ﬁ%&ﬁsﬁnw be sawed into separate units to
separate a plurali tyl:'rr‘II tegrate tircuit devices that have been

si nul t aneousSy applying aidipreeursor solution to a subshiate;famdl owi ng non-1imting
exanpl es set for|}Q|Rﬁ§Lﬁ” d nats%l.llti%lnsonasnaquu wﬁds or ract w&rege

i nventi on hereof”

LI QUI D PRE- PRECURSOR stipbiigiticd\mafeRal ¥aiving $akbA/B layer, sandsupeﬂa&@bdmnayer
STRONTI UM BI SMJTH TANTALAT LAYERED SUPERLATTI CE
MATERI AL alée”b‘; Bﬁ'iﬂ"ﬂﬂm"?ﬂfmm‘ts of Table 1 were obt ai ned

fromthe indicated commerci al sources and subdivided to obtain the

portions shown.

18. The method as set forth in Claim 17, wherein said treating step
includes heating said precursor solution in a oxygen atmosphere to a temperature
sufficient to eliminate organic ligands from said solution and crystalize residual
metal moieties in a mixed layered superiattice structure.

18. The method as set forth in Claim 18, wherein said treating step
includes annealing said precursor solution at a temperature up to 1000°C.

20. The method as set forth in Claim 17, including a step of repeating
said providing, combining, and mixing steps with different. combinations. of metal
moieties to provide a plurality of different precursor solutions; and said applying
step includes salecting for use one of said different precursor solutions.

21. The method as set forth in Claim 20, wherein said providing step
includes a step of standardizing said different precursor solutions to a common
concentration of layered superlattice-forming materials based upon a
stoichiometrically balanced layered superlattice material formula.

22. The method as set forth in CIaimzo.fwﬁerincludingastepofstoring
said different precursor solutions in a made-ready to apply condition for a period
of time exceeding one month.

23. The method as set forth in Claim 17, further including the step of
ascertaining an operating temperature for said device in an intended environment
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For mul a i ght REPLACED Mol ar

| nar edl ent toD G ans mmol e —Nergeor—5 ——tant al um
546.62  43.9g@deme¥ss 001  2.0000 Vnl bn pent i but codd a (0
kL . gcﬁ-%ﬁe?’iﬁrﬁ})—l e acid

14421 72.664 . 504,01 .12,600. Al dich . sl ronhl um . . 87. 62
3546  40. 000 1%%@“% ning sten ingludes, selecting anid affective.a
84.000 2.1000 todgtiniize polarizatidifsisaid dévicd 8t'édid operating temperature.

24. A liquid precursor solution for use in making thin-film ferroelectric

capacitor devices, comprising:

a substantially homogenous liquid mixture having an A-site metal portion, a B-site
metal portion, a superiattice-generator metal portion, and a solvent; said -

5 solution characterized by

said respective metal portions being mixed in effective amounts for spontaneously
yielding, upon annealing of said mbdure, a solid layered superlattice
material having a plurality of collated layers (124, 116, 128) in a sequence
of an A/B layer (124) including an A/B ionic subunit cell (146), a

10 superiattice-generator layer (116) including a superlattice-generator ionic

subunit cell, and a perovskite-iike AB layer (128) including a perovskite-like
AB octahedral ionic subunit cell (142) different from said A/B ionic subunit
cell.

25. The solution as set forth in Claim 25, said solvent being selected from:
a group consisting of xylenes; n-octane, 1-butanol, n-butyl acetate, and mixtures
thereof. '

26. The solution as set forth in Claim 25, each of said metal portions
including a substance defined by a formula wherein a corresponding metal atom
is bonded to an organic ligand through an oxygen atom.

27. The solution as set forth in Claim 25, at least one of said metal portions
including a substance defined by a molecular formula
(R-COO-),M(-O-M'(-0-C-R")y.1)m
wherein M is a metal having an outer valence of (a + n) and M’ is a metal having
5 an outer valence of b, with M and M' being independently selected from a group
consisting of tantalum, calcium, bismuth, lead, yttrium, scandium, ianthanum,
antimony, chromium, thallium, hafnium, tungsten, niobium, Zirconium, vanadium,

-_—
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The tant al um pent abut oxi de I c acdd were placed in.a 250
m Erlenneyer flask with 40 II Eﬂﬁ.e., ahout . 5Q-—pd—eerr-urrE® f or _
each 100 IS mmol of tantal uff cove e%,ygﬂEmMBEE% bker to

assi st in refluxing and to |soI ate th contentls fonraPua€EBeri c ter
The nbdure ed with magnetic stirring=e S ushéissiy at e
for 48 hourﬁ%gﬁi’ﬁnﬁ(a substantially honpge- nous soI ution i n udi ng
but anol and tantal um 2 et hyI hexapoat e It shoul.d be under,st god that

t he butoxi de noi W&ﬁ@ emm't upy, barium,
the 2-ethyl hexanoaggmgﬁi dnd &HR’&#WW fPoif ¥ to'9 édtbon aftins.
heati ng pararreters of Is exanple. At the expiration of 48 hours,
the 50 m beaker was rem)ved and the hot plate tenperature was t hen

rai sed to 2000C for digg ‘hfﬁdﬁlﬂ:n 20badt’ @M@Bﬁ
elimnate the same from so utllon thsgtN s“libraﬁ%a Baée‘ﬁrrﬁ/ 3 1lromt e Lot
pl Ste ann Lhe sommmb arlldbataTtlaamdabytb QManfmd la124 ﬁd 25 V\QI CE

i ndicated that substantially a ut nd water had exited the
solution. The flask and its contents%go%wg ”ﬁ'b roomtenperature.

The strontium andwﬁ&eMMdéammmmlumIvmm(amﬁmdmm group
cool ed m'xtur for reactio formstrongjumdi- | hexanoate. A 100 ni
portion %ﬁw Rggargﬂﬂ@d @%"‘!‘He st Pﬁﬂ\ ny &ca ¢ ROthanuo,

and its contents mrn%nﬁamﬁmh#fﬂ‘iﬂlinhmﬁmhﬁhgﬁiaﬁ ﬁiobw(i%Snianq

for five hours with the 50 m  beaker again in lace for reaction to
form a predoni nan¥on, £abal “Pﬁkg't MASNeSiuM, molybdenueg, s, baritme titanism,and zinc;

2260111, L0, 7O T il B GRS 1§ S4B orsan )yt i

met hoxyet hanol sofmmr&td&mbmlahm&n as well as any ethers, alcohols, or
water in - 34-
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29. The solution as set forth in Claim 25, said effective amounts including
A/B layer amounts capable of yielding said A/B layer having an A/B layer empirical
formula
(An1Bn0.)",

5 wherein A is an A-site atom in the A/B ionic subunit cell; B is a B-site atom in the
AJ/B ionic subunit cell; O is oxygen; m.is:a number having a value of at least one;
¢ is a value selected from a group consisting of (3m+1) and (3m); S is a trivalent
superlattice-generator element; and V is an A/B layer charge selected from a group
consisting of 1+, 1-, 2-, and 3-.

30. The solution as set forth in Claim 30, said effective amounts including
perovskite-like AB layer amounts capable of yielding said perovskite-like AB layer
having a perovskite-like AB empirical formula

(A'n4B'sOmn1)",

5 wherein A' is an A-site atom in said perovskite-like AB ionic subunit cell; B' is a B-
site atom in said perovskite-like AB ionic subunit cell; O is oxygen; n is a number
having a value greater than one; and V' is a second formula ionic charge selected
from a group consisting of 1+, 1-, 2- and 3-, at least one of A', B', and n being
different from the corresponding elements A, B, and m of said A/B layer empirical

10 formula.
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solution. After renoval jM"HM(In" Immnf the f a8 ISHEE
cool to room t enper at ri-2-8

to the cool ed sol ution, whiich whs ¥urt her d|- Wt

xyl enes to gg,%., e- precur sor solution that was capg sﬂﬁu rm ng
0. 2W nol es (;? , Ta2015 per liter in the 5 absence of g}smj S

vol atilization. The, precursor. fo | ati on was designed to
copensate for antici &?te"a‘e”'“t"ﬁ\ !‘hé'grm,?a{?%ﬁeﬁﬁﬂ‘ﬁga’g"m

manuf acturing SW qfér‘iﬁdd?ﬁ capablé ofyi6iding £ superiaiti enerator
Specifically, te Bl 110 noi ety I ncl uded an appr oxi mate Ive percé’r?t-g

excess (0.10) bilayerempigealfemulanfer accounting for the anticipated bisnuth
10 wvolatilization during the forthcom @@ feal i ng steps, the
0t

pre-precursor solution woul d be ex to yield a stoilchionetric n
= 2 nat eri al SaccwheheingS isa Buperidtticéd-generator elemant, 0. 2 nol es of SrBi 2Ta2Qy
per liter of solution. EXAMPLE 2

PREPARATI ON OF A PRE- PRECURSOR SCLUTI ON CONTAI NI NG 15

TANTALUM 2- ETHYLHEXAISATE Th s$iditiohtsls set forth in Claim 82, sait) Saséigybismeth. Tabl e 2
wer e purchased from comrerci al sources and subdi vi ded to obtain the

portions shown. TABLE 2
33. The solution as set forth in Claim 32, wherein said A and said A' are

Sr¥; said B and said B' are selected from a group consisting of Ta™, Nb*, and
mixtures thereof; and said S is B>

34. The solution as set forth in Claim 34, said effective amounts including
said A/B layer amounts corresponding to m = 1 and said perovskite-like AB layer
amounts correspondington = 2,

35. The solution as set forth in Claim 35, including a ratio of said A/B
lsiyer amounts to said perovskite-like AB layer amounts of up to about 3:10 (layer
to layer) when said B and B’ are Ta* and up to about 2:5 when one of said B and
B' includes Nb*.

36. The solution as set forth in Claim 31, said B and B’ each including a
valence state having a charge of plus five.

37. The solution as set forth in Claim 31, said B and B' being selected
from a B-site group consisting of titanium, tantalum, niobium, zirconium, molybde-
num, tungsten, vanadium, and mixtures thereof.

38. The solution as set forth in Claim 31, said A and A’ each including a
valence state having a charge of plus two.
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(Wmol) = Grans nmol e VerHHﬂ i,m'! I ﬁ, THIS S fEA E DR t
22. 886 48, 040 Vhi pim Wa((m‘iF) _
_____ 2-etl hexan0| c acid 14. 21 73 252.22 A drich

The tantal um ? oxi de and 2-et hyl hexanoi c aC| d were pl gcqfys 50
m Erl enneyer ask with 30 m of xylenes. The flask was covered wth a 50
fro

m beaker to assist in.refluxing and. t I ate the, contents.,
at nospheric water. Th nﬁ)ﬁﬂ‘é ’\3\8§ fPT‘B)!@E: ﬁ"sﬁai'q& g ﬁ@ﬁdﬁgt
pI ate for 48 hourgorhanfmsis a?ouﬁ@onﬁ#tﬁ‘étoiﬂéﬂ@h stroRfRJead Llﬁnﬁﬂhuh' €dlcium, and

I ncl udi ng but anol and tant et hyt hexnnoate The but odde noi ety

in solution was amiduresthereebtel y substituted by the 2-et hylhexanoic
acid, but full substitution did not occur within the heating
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96f 29728 40. The solution as set forth in Claim 31, said mmzwudmg

an A/B portion allocated to yielding respective layers of said perovskite-iike AB

octahedral ionic subunit cell corresponding to m = 1 and a perovskite-like AB layer

portion aliocated to yielding respective layers of said perovskite-like AB octahedral
S5 lonic subunit cell correspondington =2,

41. A method of making a precursor solution for use in manufacturing thin-
film ferroelectric materials, said method comprising the steps of:
providing a piurality of polyoxyalkylated metal moieties including an perovskite-like
A-site metal moiety, a perovskite-like B-site metal moiety, and a superiattice-
5 generator metal moiety, said method characterized by
combining said respective metal moieties in effective amounts for yielding, upon
drying and annealing of said precursor solution, a Iayered superiattice
material having a plurality of collated layers (124, 116, 128) in a sequence
including. an' A/B layer (124) having an A/B ionic subunit cell (146), a
10 superlattice-generator layer (116) having a non-perovskite-like ionic subunit
cell, and a perovskite-like AB layer (128) having a perovskite-like AB
octahedral ionic subunit cell (142) different from said A/B ionic subunit cell;
and
mixing said respective metal moieties to substantial homogeneity in a solvent to
15 provide said solution.

42. The method as set forth in Claim 42, wherein said providing step
includes a step of adding a sufficient excess amount of at least one of said metal
moieties to compensate for antlc:pated metal volatilization loss during formation of
said material.

43. The method as set forth in Claim 43, wherein said adding step
includes, when one of said metal moieties is bismuth, a step of introducing an
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paranmeters of this exanple. the ex |rat|ono ~S=the-5( )
was renmoved and t he hot Ilwwll wah "’Fi'fi-@r‘.s B JOOC f or
om Si&d=t i ng

distillation to “elimna
flask was renoved fromthe hot Iate when t he sached a

tenperat ure whoghdHg C. The flask and 5 Its contents werepegg%%w room
tenperature. Xylenes were added to the hot solution to dilute the sane

to a normality of 0.4 _mmol tantalum of sol ution nd t he .
sol uti on was rerf3%e ﬂsml?ﬁ@%g RN P8ISR m%mmatfﬁ'%\mefﬂc
EXAVPLE 3 amoUrRePBisfmLtITIN da,,?arm PRECURSCR SOLUTI ON' CONTAI NI NG 10
Bl SMUTH 2- ETHYLHEXANOATE | N XYLENES AND NAPHTHA The ingredients
of Table 3 were purchased from comercial sources and subdi vided to

obtain the portions own
oo e S The method as sef foth in Claim 44, wherein said excebé Bhioudt of

(gl nol) Garhj&'ﬂuﬂmammmpercentbl snmuth tri- 2 et hyl hexa- (765. 50)
66. 752 87.201 Strem . noate (in naphtha) Bi (OLC H11). 20
The bismuth tri-2-ethyl hexanoate in naphtha was poured into a 250 ml

Erl enneyer flask and45i xeTheiméthog asrest forth in Claimed2, twheréinCsaild prmhdtugtstep

bi smut h per, m of, solution. Th xture was swir | dlnthefla o]
subst anti al “ﬂ%%?g% é/ ‘@Tﬂﬁf 9%&@ iy%

t he potential f qfsdfyefit.Srupting bonds betmeen t he blsnuth atons and thelr
correspondi ng car boxyl ate

46. The method as set forth in Claim 46, wherein said solvent is selected
from a group consisting of xylenes and n-octane.

47. The method as set forth in Claim 42, wherein said providing step
includes reacting a metal alkoxide with a metal alkoxycarboxylate to produce a
reaction between portions of said metal moieties in a pre-précursor solution.

48. The method as set forth in Claim 48, wherein said providing step
further: includes a step of distilling said pre-precursor solution to eliminate
therefrom water and byproducts of said reaction.

49. The method as set forth in Claim 42, wherein said combining step
includes a step of introducing an A/B layer portion in an effective amount for said
A/B layer having an A/B layer empirical formula
(Aw1BrO.)",
5 wherein A is an A-site atom in the A/B ionic subunit cell; B is a B-site atom in the
AJB ionic subunit cell; O is oxygen; m is a number having a value of at least one;
c is a value selected from a group consisting of (3m+1) and (3m); S is a trivalent
superiattice-generator slement; and V is an A/B layer charge selected from a group
consisting of 1+, 1-, 2-, and 3-.
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(in xyl enes)
includes adding a perovskite-like AB layer portion effective for yielding said
perovskite-like AB layer having a perovskite-like AB layer empirical formula
(A'n1B':Omn)",

§ whereinA'is an A-site atom in said perovskite-like AB ionic subunit cell; B' is a B-
site atom in said perovskite-like AB ionic subunit cell; O is oxygen, n is a number
having a value greater than one, and V' is a second formula ionic charge selected
from a group consisting of 1+, 1-, 2- and 3-, at least one of A", B, and n being
different from the corresponding elements A, B, and m of said A/B layer empirical

10 formula.

51. The method as set forth in Claim 51, wherein said introducing step
includes mixing a superlattice-generator portion effective for yielding a superiattice-
generator layer having an empirical formula

(8203)2’,
5 wherein S is a trivalent superlattice-generator element.

52. The method as set forth in Claim 52, wherein said effective amounts -
include an A/B layer.portion allocated to yielding respective layers of said A/B ionic
subunit cell corresponding to m = 1 and a perovskite-like AB layer portion allocated
to yielding respective layers of said perovskite-like AB octahedral ionic subunit cel!

5 correspondington=2.

53. The method as set forth in Claim 42, wherein said combining step
includes, when said metal moieties include bismuth moieties, a step of adding said
bismuth moieties to the other metal moieties to form a mixture and thereafter
‘maintaining said mixture at a temperature below about 80°C.

54. The method as set forth in Claim 54, including a step of storing said
solution under a desiccated inert atmosphere.
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30 This material included a plurality of LI, L2, and G collated | ayers,

nanmely, (Bi2Q2)2 superl attice-generator | ayers according to_Formula
(9),783% (SrT1a20,)' L2 Tayers according to Fornula (8), and 17%
(Ta®335 L, layers according to Fornula (7). These fornul ae did not
acount for t bi smuth noiety in solution because
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10 FORM NG M XED CRYSTAL L2 and L,

LAYERED SUPERLATTI CE MATERI ALS A strontium bi snut h ni obi um
tantal at e precursor solution including relative proportions of

I ngredi ents capable of formng a 17:83 m xture of L1 (m= 1) and L2 (n
= 2) netal ox r portions was prepared using the pre- ?éﬁﬁ

sol utions 15xw§?ﬂ%§é€ious exanples. A2 m aliquot of the Oagggﬁ pré?ursor
solution from Exanple | was pl aced inqz 50 m Erl enneyer flask. A
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state. M xing of the corpg ok '

» 4 IXC U [J13C K 9, 5 N U O "~ U ') K X
exampl os vas 1ol 11 at KOOR KA
perad POl ot K R KKK R KR XK

Sr QuBi 2NbQ. 1STaBI | FSAL. R PRtk e od—ae-aikes
1, and L2 mterials acdQpl M XX X MoK oX X XD KXoy

sot24lesi gn

permtted equival ent syosti € site 3Fons Tab
(ionic radius 0.68 A) and Nbe (ionic g?ii s Q.69 A throuth the L
and L2 materials. Wh respect to the hi@netrically bal anced 17: 83

m xture of LI and L2 strontium bisnuth tantalum niobate materials, Gis 30
(Bi 2Q2) 2 according to For : L, presents 17% of L layers having the
enpirical fornulae (NoOnLf : ‘ccording to Fornula (7). L2 includes a
t hi ckness of dual octah oups and has the enpirical fornula

(Sr Nba, 82Ta~,,80-1)2 4 g tPoyFormula (8). 61 is 0.17 based upon the

anount - 38-
2 =A
146} 124
O=8 @ 116
148
_ 144 ) .
©=8 ’ / 154
5 £ + 2~ WORD LINE
' ' > 128 152 I 160 110
G =0 2 ' 114
g 156 (pp—
.og-;{a» ) 7]
1 \‘.' J 158 J e
180 400 L.
BIT VRer
LINE
116
FIG. 8
ABi, B, 0O
k 2 2 9 J

FIG. 7



SUBSTI TUTE SHEET (RULE 26)
PCUS96103923 of L,

WD 9619728

| ayers. For the Ll |ayer portio
of ni obi um added and M2d is 0.909

added. For trwg i%!Jzﬁ?ler portion,

M

Nn'! )
based upon the anount oftan
is 1.0 for the s

n,

Fefbshitgy

(niobium materials added. 62 is 0.83 for the L2
s 0.091 based upon to anount

tal um
site

metal, M, or the niobiumB-site netal; and M33 | for
the tantalum B-site metal . EXAMPLE 7
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charge, but sone negligible charge inbalances may be observed in the stated
formul ae due to roundoff error in the nunbers that are presented. . _ .
The~precursor 5ol uti ons of Table 7 were devel oped according to the 20

followi ng relationship in accord with Exanples 5 and 6: (19) AB12B20O
+ X Bi 213i CB“?(ig B2Bx1 60 . x L2 + LI - %05 /B5523

mat eri al . subscripts were then nornmalized to a value d 612 by

mul ti pl yi ng each subscri pt by the quantity {21(2+2X)}. The 8

probabilities were calculated as the total rd@®er 25 of a particular type
of L layers (e.g., LI or LJ divided by the total nunmber of L |ayers
(e.g., L, +1 2). The B-site netals were randomy distributed throughout the

sol ution. Note that the LI |ayers have no A-site netal (Sr) when m =
1. It should be understood that relationship (19) represents a
m xture of solution ingredients, but does not represent a chem cal
reaction in the solution. P18 P20
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Each precursor solution of Table 7 included a 5% excess bisnuth noiety to
account Tor antrdpated bismuth volatilization during the annealing process,
but Tabl e 7 does not account for this excess bismuth concentration
gnder t he wo%% tion that the 5% exesss bisnuth portion, Sogass | ost
uring processSing o 5 the precursor solution to convert it 1nto a solid
nmet al oxide. The 5% bi smuth | oss esti r’rH/Pzzvvas conpiled fromICP nm

anal ysis data as set forth in Table 8. The mass anal ysis results of
Tabl e 8 were obtained from precur sSSTROYTIUM BISMUTH FANTALATENIOBATE nr ocessed
under identical conditions to t h&RAVINEFRACHIGNAS A RUNCTION OKiX YALWUEe precur -
sors of Table 7. These 4486s &550ysi2976 esQ562 V\EZlii ac&ﬂilﬂat el.8l23 wi 1.668n *1.549%

10 4000.0 1 lFAREH-5 SR
Bl SMUTH TANTALATE NMASS LYSI S Sanmpl  Precursor Solution Prepargd
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3 2.18 1 2.09 2.13 1 2.07 Tabl e 8
denonstrates that about 5% of the precursor bisnmuth was |lost to 20

volatiTizatron during fornmati on of The netal oxide. This determ nation _
i gnores the results of sanmple 1, which provides a netal oxide bisnuth

content that mnth respect to the other val ues. éERﬁﬁﬁﬁ@uﬁxa
| osses (or ga*ﬁgjf'g # the Ta content varied within the range o
experinmental error. Table 8 indicates that |ayered superlattice nmet al

oxi des can have netal contents that very acgamately reflect the precursor

25 contents if the precursor is designed to conpensate for bisnuth
vol atilization. EXAMPLE S

FORM NG A THIN FI LM METAL OXI DE Bl. Ta 7 FERRCELECTRI C
CAPACI TOR The fabrication ne h Eﬂ was identically
conducted for each of the 30 strontlum alate and strontium
“bi snut h n|ob|un1tantalate reCJrsar salu ons fepresentpd in Table 7.
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PCT/ US96/ 03523 A conventional four inch dianeter
pol'ycrystalTine waf er was prepared to receive the
Sr[err]]Bi[err]Ta[err](Jerr] solution of Exanple 7. The preparation process
i ncl uded di ffwar,aﬂn urnace baking at 1100[err]C in oxygen a Qe NRbdAfsdsC
conventi onal protocols for yielding a thick layer of silicon oxide 104
(see FIG 1). The substrate 5 including oxide 104 was cooled to room
tenperature, and inserted into a vacuum js¢panber for conventional DC
magnetron sputtering. A discharge voltage of 95 volts and a current of
0.53 anperes was utilized at a sputter pressure of O. 0081 Torr to
sputtera 160A thickness of titaniumnetal on oxide |ayer 104. A discharge
vol tage of 130 volts and a current of 0.53faspBl:da1en s.hhen used to sputter
a 2200 10 A thickness of pl atr num at op the CARACITANGEnet al . The
substrate including tH4H-hEamrrpraemm TS TS T S T

di ffusion furnace under a nifgrogen at m)sphere at 450[err] C for tvvo hou
and ten m nutes. This tEne included a five te push into the
furnace and a fiver wl.28E-14 pul I out of the | e. The resultant
structure included3ayers 106 and 110 as 15 d¢ in FIG 1, but
wi t hout | ayer 108. @ 2 nl vdtume of the 0.2M
Sr[err]Bi[err] Ta[ egs ] € 45814 pr ecursor from Tap
concentration §>y the addition of 1.08

V)

Illlllllllllllllljl

adjusted to a 04L3M
ycetate and passe&fl
through a 0.2 pmfEtter. Theg subst rat e/i gcl udi ng\t\t ani um and pl atd num
metal s was spun at U5QQoppisEn a conyépfional spiNcRoating machingl An
eyedr opper was use@to appl yE pr ecur sor solution to the\substrate fdq
thirty seconds while spinning. The pr sor-coat ed sMQstrate was 3

removed fromthe spinyggge.4 {18 machi pg“and dried in air for t m @t es
on a 140[err] C hot pl ate e sube rate was dried for an add|t| oRgl f o
m nute on a second hot pl at¢ & 260[err]C The substrate was dried TR

addi ti onal thirty. @6% QXgen: ,a 2 G, st Ng, a3, 1200, W
t ungst en- hal ogen | anp Z
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25 spectrum Heatpul se 410 by AG Associ ates, Inc. using J208V bul bs by
Ushi o of Japan). The spin-coating and drying procedure was repeated a
second tinme to i ncrease the overall thickness of |ayer 112.

The substrate including the dried precursor was anneal ed under an oxygen
(dJerr]) at or eighty mnutes at 800[err]Cin a dif ' rnace.
This tine 38‘3\?&%2@%92%&; a five mnute push into the furnace ar#gisgélb\:/’geﬁm nut e
pul | out of the furnace. Rkpd2 num netal was sputtered to a
2000 A thickness using a DC magnetron as before. The substrate was
patterned using a conventional negative resist mask

- 43- WO 96/ 29728 Fo.033 Bl T8y 633 0,417

PCT/ US96/ 03523 and argon ion ePUNDSWITCHING GURVER hoval of the resist,
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The exanpl es bel ow provide details of the conparative neasurenents that

were perfornmed on the respective sanples. The netal oxide materials were )
subjected to a variety of electric nmeasurenents at anbient tenperature and
10 pressure. These neasurenents served to conpare the electrica

per f or mance strontiumbisnuth tantal ate and stronti '

ni obat e nateS%%?%wﬁgving di fferent anounts of respectiygh?ﬁlz %% and

(n = 2) layers. The specific electrical ' araneters that were studied

i ncl uded pol ari zation hysteresis paraneteﬂé/z he capaci tance, the

pol ari zati on Sui ' ' . '
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ferroelectric nmenory-switching perfornmance with a remanent polarization _
(2Pr) " val ue up to about 22.4 pClcnferr] at voltages greater than about
5V. FIG 12 depicts a plot of remanent polarization ([err]Pr)
val ues in pClhg versus an ordinate representing the gnal
vol t ages for eggﬁm? the curves 5in FIG 11. FIG 12 denons raf‘% élf’hat a
substantially conplete switching of the 16/28r [err] Bi [err]Ta[err] gerr]
material occurred to a [err]Pr val ue of about 11 pCcnferr] occurred

at applied voltages having an anpli g# edi ab%ut 3V. Simlarly, FIG
13 is a plot of coercive el ect & c3*h KV/cm versus an
ordi nate of applied signal volROkA @3“9" P §t eresis measurenents

of FIG 11. FIG 13 de?iog

T8 e

about 50 KV/cm was requi ed for full SWItChI ng of theg TAG
Srlerr]Bi[err] Ta[err] d4e pOﬁﬁﬂHllaI and t hi s #8820 existed at v‘éﬁhr
greater than about& 3%EA.6940pm ‘ i n3

t hi ckness of the i [ ]1% rfQerr] na Tabl e 7-V¢ -111
non-m xed mat eri alg havi B ‘Jerovskite-1i ffahedra | ayer wi# h*Va’lﬂ 28
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measur ement s °for fth the
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curve simlar to FIG 11. Again, the boxy nature of the curve indicates a
good switching ferroelectric material, with 2Pr bei ng about 12 pC/cn®
at voltages greater 20 than about 5V, however, these 2Pr val ues were only
about 55% of those depicted in FIG 11. The polarization of the
SrBi[err] Ta[ ] material, i.e., a non-mxed | ayered

super | attice%n%%’éﬁrﬁia havi ng pure L[err] layers, was inferi FETSYRIEP of
the Sr[err]Bi[err]Ta[err] [err](err] ip §ed | ayered superlattice
material which included both L[err] and L[ettP?l ayers. FIG 15
Is simlar to FIG 12, and depicts re ts th rBi2Ta20, sanple 25 as
([err]Pr) values in pC/icnferr] pl otte?IJ 'Bkoﬁbﬂﬁe%agﬁ’n%t‘g representing the

|
appl i ed si gnal vol o1 ROLARIZATIONHYSTERESIS ¢ ched to a (*Pr) of
about 6 pC/cnierr] at‘g ' V3§ FIG 16
is simlar to FIG 13§ea@q{ [ pl ot _of an absci ssa repdesenting
a coercive electric f2el™™|E | g ' ' +Ec: +
representing applied § gnal SFgphe
FIG 13 30 denonstrige &5.2 E 8 KV/cm
was required to W t CE material, and this existed at vol §ages
greater than about 3V= 34.0 A capacitor 100 having a 1940
t hi ckness of the Sr[afr]Bi] Nb[err] Ta[err](Jerr] mat eri al Jof Tabl e
7, i.e., alr%L[err] (a5 E) pnd 83% L[err] (n = 2) stymggoiHzm bi sguth
- 45. VO 96/ 29788 E | AREA: 6940 m?
PCT/ US96/ 03523 293° K

g 11.8
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" FIG 33 denonstr ages 0 pol arizagh on of 24 pCc
%)

ni obiumtantal ate material was subjected to identical hysteresis

measur enents for pur poses of conparison with the
Sr{err]Biferr]Talerr]Jerr] sanples of FIGS. I1I-13 and 14-16. FI G 30

depicts the Sr[err]Bi[err]No[err]Ta[err](Jerr] sanple results as a
pol ari za- tgk,gp, ysteresis curve simlar to FIGS. 11 an ss@ﬁgis
boxy nature O‘Ft e curve indicates a good sw tching ferroefhec ric

material, with 2Pr being about 24 pC clg{éerr] at voltages greater than
about 5V. These 2Pr values were slightly gr £&r than those of FIG
11. FIG 31 is simlar to FIGS. 12 and 15, and depicts results
for the Srlerr]Bi[err] No[err] Ta[ §fataBis Nb]“‘;mbeo&? ([err]Pr) val ues
in pC/cnierr] plotted agai nst an 10 g 0 HYSTERES |ng t he applied
signal voltage. The ?'l woxh doi”ﬁ.io o : Pr) of
about 12 pC/icnferp] “appl g d voIt ages gredter than_abe t V. FI 32

is simlar to FI% 1@55\%58 , and depicts a plot ef _armrtbsci ssa
representing a ¥ QE el ectric field [er 2C in KV/cm versus gn+Pr +
ordi nate represen®j ng appli g signal vol t#Qes for the Pr: »

[err]Bi[err] Nof erzl TAPBOEPOEerr] sanple. FI 32 denonstrates that ajl5
coercive electriSfield of §out 58 KV cmwl required to switch the

material, and t RipsoEepQ EL ed at vol tagegreater t han about 3V.
FIG 33 is sinil to FIGS El1, 14, and 3@, and depicts results for Hhe

Srlerr]Bi[err] No[ rr]_a'gab@ﬁf qerr] sanpl e as ([err]Pr) in pC/ nerr]
pl otted agai nst gl nate represgnting the app z VOgt age.
4 is

simlar to FIGS. F 31, and d picts a pla3 an absefssa
representing a cdrcive elegtric fighl [err]Ec in KV/ cm Versus an

ordi nate representi nQOZpHD0 Eduisiv izt iuolih Aga 0 1 - RENTEREEE FRTURRERY -
Sr[err]Bl[err]Nb[err]Ta[en-o]oﬁIerr]-;ggo sal e Theoprat er kglggvas §40.60/
switched to a ([err]Pr) of about 12 C err}mat %gplled vol t ages
greater than about 5V. FIG 35 derm Bg@“\l— PUTIDESOLESN e el ectric field
25 of about 150 KV/cmwas required to sw h34mter|al, and this

exi sted at vol t ages greater than abo v I n conparison

to the SrBi[err]Ta[err]Jerr], sanple, the Sr[e-rr]Bi[err]Ta[err]Qerr] and

Srogas Biy Nboysr Tageer Osary

POLARIZATION HYSTERESIS

+150-1E+8'-lllllllll‘lTllllIllllllllllll'[‘lll1 IIll[lDI!IIDIIE
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Sr[err]Bi[err]No[err]Ta[err]Jerr] sanples required a slightly greater

apptied fierdtor sSwW t chi ng purposes, and switched to significantly ~
greater polarization values. The 30 Sr[err]Bi[err]Nb[err]Talerr]err]
sanpl e, which_had the greatest niobium content, required the gr eat est

coercive el ecVPP#® d but also had a | ar ge pol ari zation valRE0 Lar ge
pol ari zati on values (e.g., those exceeding 20 pC/cnferr]) are required for

t he 19/22 -46-
96/ 29728 'POLARIZATION OF MIXED LAYERED SUPERLATTICE
PCT/ US96/ 03523 construct i MATERIAUSIAS SkBISND Y0 yenXrBigNb 04! of these

materials swtched within A table ranges (3 V fonmpy) for use in
integrated circuits. o m approxi mate 100%g ngyggyenent in 2Pr
polarization fromFIG 14 to gl,gyopy fromFIG 14 to gGygpd fromFIG 14
to 33, is truly astonigghj-fer-weaqtir pdorsi-pod—that—ouro (00~ 1)
mat erials do not exhibit ferrolec pheponmenon. - : L[erry] mat{rials

i ncl ude those having onlf single/bcraieRati—pgrovskiteilike A/B sufunit
cell's or no perovskit egl fke..st.Lyft.ure..al...alTHE, Rase.. skizl.led.dnggohe .

art woul d have predicted jfat the matéri al siof Fré&s—IIQ 30, gnd 33,
whi ch included a m xt ur gfof / nonf_erroelgectri G L[err] laygrs ang
ferroelectic L[ err]&g apefs.....waom. O NN S 400
81 : : H g E
= ofF 00 €
& - |
: ~N
-10 |- 200
20 | 100
L
_30 -I L1 i L.l 1 i L.l :L . l: 111 i . ] i [ o
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FIG. 36

POLARIZATION AS A FUNCTION OF TEMPERATURE
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10 polarization than the conparabl e thickness of pure L[err] ferroelectic
mat eri al that produced FIG 14. In contrast, the results indicate a
substantially 1 nproved pol arization in the m xed materials of FIGS.

11, 30, and 33. Layer surface charges owi ng to point charge
def ects constwbgg,f,,?s primry cause of reduced |evels ofpcpfissididsgat i On
in ferroelectric materials. These surface 15 defects typically 1ncrease
with time due to surface mgration of grain 21{2¢ @fects, as wel | as
breakdown of the lattice surface proxinmal to existing defects under the
repeat ed shock of transient electric fields. In the platinumtitani um

el ectrode structure of the present sanples, titaniumdiffusion can
responsi bl e for a significant (e.g., 50% reduction in polarization
because of corresponding lattice defects in the 20 ferroelectric material.
Charged surface defects can screen the applied electric field by
reducing its ability to reach portions of the ferroelectric material |ayer
that reside beneath the surface. Accordingly, by virtue of the
observed pol ari zability inprove- ments frommaterials having a
relatively dilute concentration or percentage of ferroelectric

| ayers, it is seen that the use of m xed | ayered superlattice materials 25
has overcone a | ongstandi ng problmyvsuﬂbfoq fmlseforah _mggmpmrm m xed
| ayered superlattice matejdgs e 1 0, o] es _derjived from
reductions in the anmounts of surface pdi nt de ect and ot her? def e %80’0”0'
are particularly resisfant to the deleteriods effiects if jéegni Us

di ffusion. These retickionsipermit a nbre effectiive USE[ #f Eh&"
existing ferroelectric materfkal . The 3Q cDrrpenSatl on of pyfnt def ects in
material formation have {30 pei Bénsritis rijermsi i of fearer—fatfgue
endur ance. Furt her nor the pniti al coripensatl on Of poi: nt : def ect §
within the crystal pré&verB0® frrem-from-Hecont-pg- -or-gered- A t-he--at-ti-ce-
structure. The orderi of ppi nt defects couid ther s I'ead té) i ng

\‘

def eCt S, g 250 --------- ! ........... E ........... f ........... ?..- :44. Sacase .E ........... .E .........
'E_E’ ; : : : ; :
8 200 ..................................................................... Zeeracsene
o
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WD 96/ 29728

PCT/ US96/ 03523 which are a primary cause_of cracking and/or._shorting
in weakened thin-film materi al s.
EXAMPLE 10 POLARI ZATI ON AS A FUNCTION OF 5
Ll err] NATERIS ofogENTRATI ON : Tabl e 7 I ncludes apmgﬁ;ny”gf
precursor solutions that can be utilized to form met al  oxi materi al s
having X values that are defined by rel ati®48kip (19). These solid
metal oxide materials were produced in Exanple 8 as exenplary m xed
Llerr](m = 1) and L2 (n = 2) nat eSfombeBl2 W] gy Tomeer Beatryst eresi s
measurenents were 10 gﬁﬁjct ed upon each OI:APAIIITMUI tant ferroel ectrl c
capacitors 100 in an +H4 Z ¢ O.
FIG 17 depicts results for Et he stront| um bi srruth ith
varied X val ues accordin S pl ot of X val ue verjus a
dual . absci sse r &b | i 1)
and coercive electgic 15 fi¢ d values (2Ec in
bi smuth tantal atedpaterial sg The differe
measur enent s t hat gerd 1TEke respectivg 2V,
3V, and 5V swi tchighg vol t aggs. mat erizl s
was observed for g val ues ex [ : i.e., 3% L[err] materizgls),
and the opti mum f § r 4¢08815 | ' | ue
of about
+9.26E-15
+8.01E-15 ©
-5.00 -3.33 -1.67 +0.00 +1.67 +3.33 +5.00
BIAS VOLTAGE (V)
FIG. 41
Srp.a3s B2 Nbygg7 Ta 167 0p.a17
PUND SWITCHING CURVES
. CHARGE
%FIEA = ._?340 pm? TEMP=21°C DISPLACEMENT
app = THICKNESS = 1940 A 2
+5.14E+02 (pC/om*)
Pp= 2.99E+1
& +343E02 | g"";ﬁgj?
E n
§ P¢=8.27E+0
@ H.IIE02F Pp - Py=2.22E+01
g Py - Pg= 2.28E+01
S +0.00E+00 E
— REL. SWITCH
§ -1.71E+02 3 TIMES (SEC.)
= tswp = 5.68E-8
© -343E+02 E tswu = 2.00E-8
tswn =~ 5.92E-8
5.14E+02 E tswd = 2.08E-8
+5.76-08 +9.0E-08 +1.26-07 +1.6E-07 +1.9E-07 +2.2E-07 +2.6E-07
TIME (SECONDS)
FIG. 42



20;. 20%(_17% LLerr]) with a 2Pr value of about 22 pC/cnfer®] f(b[_,}
FIG 18 is Einflar to FIG 17, but depicts results obtai neel—f~or he

strontium bi smuth ni oRATRENIhCO @PERATIONTREATYab! &:7- thap

obtained by adding a ~ - bisnmuth niobate precursor to a

tantal ate precursor. The FIG 18 ;il I ndi cate an,bf[ﬁﬂrral 2Pr \mtpe
~of about 25 pCcnferr] 'at 5Vin the range 25 of from 30- 50_%"'(" e

23% - 33% L[err]).. FI-G 36|s simlar to FIGS. 17 and 18, but
‘depi cts results obtai ndNTERNATIGNAL PREEIMINAR Y EKAMINATIONIREPQRT t ant al at e
materials of Table 7 that were obtain dding a bismuth tantal ate
precursor 'to a strontium bisnmuth ni dBat%t‘%P%’éfﬁ‘gﬂP) The FIG 36
results indicate an optinmal 2Pr val ue of about 27 pCcnferr] at 5-7V at an
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.’§UP;ERLATTI CE STRUCTURAL ANALYSI S THROUGH

X- RAY DI FFRACTI ON X-ray. di ffracti on measur erigtetns appéicationtio.ai ned
from ﬁ')fmf}{ ' ﬂiﬁ%ﬁ Ay L Geddpt | um bi i by

- tant a)} ate fﬁéﬁ#m = %hnﬂ[ err }ﬁ’lﬁéig) I&]mat eri aﬁ‘i_“}ﬁbﬂ%%
FG . : . : . .

t ant al, a4 pEEdne kdnatS Of Tabl e 7 havi ng X values 0% 10% 25% and 50% L[err]
material.s provided by the addition of Bi[err]Ta(err]. FIG 19 is a plot of

X-ray tntensity 10 1n counts per second ("CPS") versus Z2[err] on the
or di natrhis regortrias bean i up oh ik be¥is G (Replacenetngbets whichavebedn\farnistied| ta ltinl recbindagt h

the re t val 1:Qn . of e e S sl N (WY,
ot SRl ] QR Bl AL 3 by e T g
al i gni met wuexdd tothe/xspaart siace theypho asti contaly amendmgntsiégree 2[err] val ue that repre-
sents a common (a,b,c) lattice point i.e., a (006) peak, and addi ng 400 CPS
to the 15 intensity count of each successive curve. FIG 20 is
a plot dli dithexintergstioned pppication @s oviginallyi filedepi cts results that were

obtained froma 100% (m=1) . material having an enpirical fornula of

Bi[err]Tallerr]..l.n o arison to FIG 19, the two curves align at the
21. 3[err[]xg(t§eo‘%}mﬂbﬁ?<.pa% lt'% —G't'hﬁ‘——-—iﬁ'&lﬁ'd,——'t-hea'f%i%lﬁ’l {}gﬁgarrpl i tude peak -
of FIG 19 shifts towageds a 35[err] and increases f21d with therdemamisi ty wit h
greater concentrationg. Qf L[err] materials. FIG t.hy ane

peak at 35[err] mth@g%mmmm@ﬁ@gl as ec-lgér?%a‘)r%e'd—ro—o't‘ﬁer
peaks. These pealR9Shifting and intensity charfiled vithihedatter of nuch
- greater abundance of the (0010) peak materials, as well as a
correspondi ng positional change, and confirmthe existence of a m xed
super | at[P‘lﬁjéEe‘i} 2% Xo%s| 4—p5- F-e—24—-5—a aﬁl%%gnlaﬁkéllf%at of FIG 19,
but depicts X-ray msffraction results for , asSinéndedtundéfaiictdnst h t ant al um
ni obate material s Tabl e 7 having X val ues of;, Q% _ % and 50%

obt ai ned by addi ng Di muﬁl%i@%%d?é& al at e.

Less abundance of Nekelt341) and (113) peaks |sfidedrithrthetbttey oti3dacbVne, in

intensity ~ Nos. _, filed with the letter of _
[x] the drawings, sheets/fig 1/22~-22/22 , 8s originally filed,
sheets/fig __ __, filed with the demand,
sheets/fig ' ., Piled with the letter of _

sheets/fig . , filed with the letter of

2. The amendments have resulted in the cancellation of:
[ ] the description, pages
[ ] the claims, Nos.
[ ] the drawings,  sheets/fig

3, [ ] This report has been established as if (some of) the amendments had not been made, since they have been
considered to go beyond the disclosure as filed (Rule 70.2(c)): '

4. Additional observations, if necessary:

Form PCT/IPEA/409 (shest 1) (January 1994)



ROV, YON D EPA -MUENCHEN 03 ok- 3-97 [J1E 33 I J(HH‘)()BLI-— +40 49 209944065 5
as the X val ue |ncrea5€§—7ﬁtgarrr—‘rh—_e addition of m= 1 materials leads to

an 30 intensified pe 35[err]. FIG 22 is a plot like that
of FIG 20, but “ffraction measurenents for the 100%
(m=1) raterial Bi [err* nerrn The (0010) peak of FIG 21 has

grown in 2008/at6PgTand shifted to a 35[@msr] val ue. PCT/US 96/03523
- 49- ‘WD 96/ 29728 ' - '
PCT/ US96/ @B ATMIS ' The observed shifting of subunit cell structures
al ong the respective axes i ndj cates that the enhanced pol arization

(Exanpl e 9) of 1 xeé thinfdmeelecirpaicl devidec(d 00) comprrisingil s is, in part due to

I ShRRER gl PT 1)y A b 60T BIREAG pogiec B S

enhance pol ari wfsemmﬁ MBIiAIN{1 129 TARNBdsEd Between said first electrode and Sald
EXAVPLE 12 e COVPARATI VE EVALUATI ON' OF

M XED LAYERED S8R9 @letiroge,.NETAL OXI DE LEAKAGE

SrLorr] 61 T80 APYP STefytaripyd bt pterl padingle Bloesith R idlists (e, 124, 128)
in a sequence including an A/B layer (124) having an A/B ionic subunit cell
(148), a superiattice-generator layer (116) having a superiattice generator ionic
subunit cell, and a perovskite-like AB layer (128) having a perovskite-ike AB
octahedral ionic subunit cell (142) different from said A/B ionic subunit ceil.

2. The device as set forth in Claim 1, said A/B layer including an A/B layer

empirical formula .
| (Arn1BmO0)" |

wherein A is an A-site atom in the A/B ionic subunit cell; B is a B-site atom in the A/B
ionic subunit cell; O is oxygen; m is a number having a value of at least one; cis a
value selected from a group consisting of (3m+1), (3m+0.5) and (3m); S is a trivalent
superlattice-generator element; and V is an A/B léyer dharge selected from a group
consisting of 1+, 1-, 2-, and 3- |

3, The device as set forth in Claim 2, said perovskite-like AB layer inc(ud;ng a
perovskite-like AB layer empirical formula
(Ar-1B'i03a4)"

- wherein A’ is an A-site atom in said perovskite-like AB ionic subunit cell; B' is a B-site
afom in said perovskite-iike AB ionic subunit cell; O is oxygen, nis a number having a
value greater than one, and V' is a second formula charge selected from a group
consisting of 1+, 1-, 2- and 3-, at least one of A", B, and n being different from the
carresponding elements A, B, and mof said A/B layer empirical formula.

REPLACED SHEETS  5G | REPLACEMENT SHEET|
03 Description : paged ...w... to paged ..7... o EE\'I- 03 MAR 1997
P Claim(s)  : paged . .55 to peged .8h.. . AMENDED Sr _ "
: ;Drawmg(s) page: &1 :O page: : , This Sheet Has Been Replaced
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v ROV, VONEPA -MUENCHEN 023 Dok 3-97 230:3:k 3L )
Tabl e 7 was operabl y conmected to—a-Hew |t Packard ATARK '¢eni con&u*ﬁ oPIHS 6

anal yzer (picoanpnet f conducting | eakage current nea-
surenents. FIG 23 deH Hﬂmg @%im)he data obtained, and includes a pl ot
of | eakage current a cnferr] (logarithm c scale) versus
voltage ospd rdi nate. The data pgnts were obta rqg?%@é
“increnments ﬂ%@%’ge bet ween 0 an%vlov The magm%s eakage

Var i o sl gnt 15 A8 SeeE Ry Cnl}S, pic A E o AR aYEL PR

i ndi cat esa shpériattiseqgineraton (ayer efrpividat fommeaafi sm pr edom nat ed over

the voltage interval that was studjed. 2Q A SrBi[err]Talerr](err]
(see Exanple 8) sanple was subj ect inr corrpar ative. pur poses to the
same rreas,%%gm rr] sanple. FIG 24

Is a plot the rreagt’rg%rr@%[lééﬁ%}\ﬁ&% Pe anrﬁext renmely | ow | eakage
current material on the order of [err]? anps/cn? throughout the

subj ect voltage ra Accor.di ngl t he addl t | on of Llerr] materials
has significan®y |ﬂ'&$é’§¥'@& asgstiontain @ﬂ' ESipgRigmyth. wi t hout
substantially increasing the | eakage current. Th| S aspect is extrenely
significant because prior attenpts to increase the polarization of

ferroel e- 6Ct r i Therdece as setfavth im Staiin 3 daichBand®' eash indiidipgiavalease i n

| eakage cur rs the materials less suitable for use as
convent i oHATS bRy nsafpﬁrse of s e VIO 96/ 29728 |
PCT/ US96/ 03523

7. The device as set forth in Claim 3, said B and B’ being selected from a B-
site group consisting of titanium, tantalum, niobium, zirconium, molybdenum tungsten
vanadium, and mixtures thereof.

8. The device as set forth in Claim 3, said B and B’ including a mixture of
tantalum and niocbium.

9. The device as set forth in Claim 6, said A and A’ each including a valence
state having a charge of plus two.

10.  The device as set forth in Claim 3, said A and said A’ being selected from
an A-site group consisting of strontium, barium, lead, lanthanum, calcium, and mixtures
thereof.

11. _ The device as set forth in Claim 3, said A/B layer empmcal formula

including materiais wherem (c 3m+0 5), (m=1) and V= 2-)

12,  The device as set forth in Claim 17, said AB layer empirical formula
including materials wherein (n = 1) and (V = 2-).

W a4 a0
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RCY . VON EPA-MULENCHEN I) 3 Yok 3-97 (S 2 J034EL008 1 k=
EXAIVPLE 13 'COVPARATI VE EVALUATI ON OF

oo e oo BRI - ) ccer 1 sampi e v operaniy

connected to a Hewl et PacKard "™ #275A LCR neter for pur poses of

_conduct i n@0B8HE6PCGINce versus vol tage -88-measur enent s POT/E 98/0BS23A si ne
wave function at a frequency of 100,000 Hz and an oscillation anplitude
of 0.050V was ﬁﬁdl]Thﬁd%Viagasmt fqtrbreslaunltagﬁudlagga@n'fatml seleetédfron’ﬁé/ in

oot anBP eI S SortbR st b, Sebiin Hatirhibblintar,

about 1. 3and strowti! SiemutirAREaes ] i n the range around OV and fell to
about 8 X 10[err] F/pnferr] in the 5V range. These results indicate a

very high capacitance for a thin-filmmaterial. ; The
urposes 1o ¢ hdsanDerucke R AR i S &) BRkF fatpiaCRaRRp G phpirica

sample. F ﬁ lamdg}ymu@e results. Peak capacitance exceeded about

=80 DYYNGS g 7

1.6X10[err] pn{errLlnthe range ar o ndOV and fell to about 8 X
10[err] F/pnrferr] i GK ?55)@f=q ][( 52)(2,-— Mi@] .41 depicts conparative
nmeasurenments for the Sr[@ir§l?)étera {;r a[err]CIer'r] sanple from
Tabl e 7. Peak capacit anc&-&Xlk: 1787 X 10[err] Fipnferr] in

. the rangewniepsindGisVa supbriatti auémsrtra?eﬁ hévﬂr@ ar trivafenit Thetal;] L 119 4 lé?,(e?V

range. 20 These results were I ghtly inproved with respect t'0 t hose of
FI G 25. containing metals selectedfromagrom consisting elAngitepnetals, B-site metals, and

VETAL ) [tares oot vl citerent crystat gces fidid Sy Paleriatrondsg mieder

Sr[err] Bi sabsdriptser, 2] ahdric |5 xsaarmhmmmmmwbml@ dﬂﬁddiﬁg E’W [d1/eik SA
dual chanpel pul se generator, a Hewit Packatrd 54502A dragr 1izi ngta
osci | | oscipmedsfa particular lattice; i'ts an empirical formula portion & given metal Miin an

average empirical formula for a corresponding L Iayer, and J is an integer equal to a
total number of the Mi metals in the comresponding L fayer.

15. The device as setforth in Claim 14, said material inciuding a percentage
of L4 layers ranging from 23-33% based upon a total number of L layers.

16.  The device as set forth in Claim 1, said material including a stoichiometric.
mixture of layered superiattice material-forming moleties to provide a 2Pr greater than
20uC/em? determined at 2 2Ec of less than about 150 KVicm and a temperature of -
about 20°C on a platinum and titanium bottom electrede, and a swrtdung fatigue
endurance of at least 1010 cycles at 3V with essenhaliy no 2Pr polarization degrada-

tion.
17. A method of' making an electri,él device, said method comprising the
steps of: | |
REPLACEMENT SHEET]
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4
50 ohm | oad resistor fo ur poses of conducting PUND swi t chi ng

measur ement s. The”ﬂt@ﬂ]lﬁlmmm urves are given in terns of seconds
versus current in e PUND curves are generated in a
wel | -known nanner by first 30 Tni |aI|2|ng the sanple with a pulse in the
negative H®O0BRTGRLTthen neasuring the -8 current thrROTGAIS BB/0ISAMSt i ve
| oad for a series of four voltage pul ses that give the nmeasurenent its
name: a p@eeviding g phurgiity efpolyoxyalkpiatedinelals meietfesipciudingan WO\ESklte-llke A-
negative (N) p‘éué?no&yd tpgﬁovs%?e-} eé-snte tllet\g'ea%& ag(gjl.lperga%cggl nei puI ses

have oy,

PCT/ US96/ 03523 ggid meﬂﬁd@cﬁmm B?e anplitude. The initial negat | ve
pul se makes sure the materi al arts with a negative polarization. The

first pos|cpmizgn1ng:sald|cr&spectt\deemetalmowues dm eelative propertions doiorle amother for
t | I I

o i vel v ¢ ndQBIBh el g ﬁ%ﬂ%@@é&?@é&aﬂep%m%@%@mnawm

residual 5 p%@éﬂéﬁtwmawblt(mfwrﬁ a%iapéxﬂméyé?ﬁ' (1! 9154 3 L

direction. Likew se the se neasures e negative swtc
current, and t ﬁequmc@un@@dmaanrﬁds {124) having mansé mlmbwﬂteoe{le(s‘hlﬁ),aa

For . st andar o SPRIRESERHHGEEY @ TieThadRe falhaion oRfgRkd Bnic suBin ™™

ar chi t ect ures) celt, and a perovskite-like AB layer (128) having a perovskite-like AB octahedral

ionic subunit cell (142) different from said A/B ioni¢ subunit cell;

mixing said respective metal moieties to substantial homogeneity in a solvent to form
a precursor solution;

applying said precursor solution to a substrate; and

treating said precursor solution on said substrate to form thereon a mixed layered
superiattice material having said A/B layer, said superiattice-generator layer,
and said perovskite-like AB layer.

18. The method as set forth in Claim 17, wherein said treating step includes
heating said precursor solution in a oxygen atmosphere {0 a temperature sufficient to
eliminate organic ligands from said solution and crystallize residual metal moieties in-
a mixed layered superiattice structure; ' |

19.  The method as setforth in Claim 18, wherein said treating step includes
annealing said precursor solution at a temperature up to 1000°C.

20. The method as set forth in Claim 17, including a step of repeating said
- providing, combining, and mixing steps with different combinations of metal moieties
to provide a plurality of different precursor solutions; and said applying step includes
selecting for use one of said different precursor solutions,
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10 - the PUND curves | Mmﬁ the swtablllty of the material for a

non-vol atil e fer "ﬂu ”ml ng nmenory application. Generally, it
is desirable that the curves are wel -separated fromthe

"U' and ' 16501 respectlvely, whi ch ~provides ignal in the

standard ?rc Itecture. It is also desirable that all tﬁ’éé'ﬁw*’é@»" €3 fal

‘quickly to a | valpe Snay" kly.indicates that the 15

materi al conpl ?ﬁes t he currer#%ﬁ%h IIE#'%'FI‘%?’&@?%%E‘ $aid PRV, 98 SRR E‘Ef

That i s, astep ofstam&rﬂmrg saidncﬁmél'eng reRir S SRR @ﬁ&cﬁéﬁbﬁ
ﬁ Bt g I?"?d'f to a value

herei n, swi t chi time is en to be the tinme t
of 10% of 0? (RYred; sHRRM AR fonming maﬁ@@als tased upont eostoishigmetrically batanaety

b th I I t ted t. . FIG
2$ :Mncl Lge%%hésrl%ﬁésr%&%u%v{g}smp%? t Ihg g?{ 2r ?] BICI[ reﬂji Ta[err]Jerr]

L[err], and 20 L[err] m xed sanple, as a plot of current in anps versus an
ordi nate of ti 2 onds. These curves indicate that the
teri

ferroel ectric 'ﬁﬁﬂ"%’ et forihdr Claim 20¢ futherdaciudinga stepef storipy,

with virt Iﬁg@ﬁg&@b@ InIesthan
about 50 ﬁgﬁosecon S evenggor 'ﬁqﬂé anpmﬁ%&ﬁéw%g

A Sr Bi [ er ekdedding bOpanothsanpl e was subj ected to conparative PUND svm tchl ng
measurenents. FIG 28 depicts these results. The menory switching tinme was
extremely quick, with swtching being obtained in | ess than about 30

d f t
1215 o plot o comne el s in I Erdhnd I7. ek inglusing, the steP 6
from a Srfeeerianingran operating TefnperdtGrecfar]saichdpviee ifflan Iaturtdhddi émmfdnlmém/%ﬁh
I th d f t n The
obsor ved a2 PSR YR Bainbiniig e nchiss ateulng e relatm roderens 21 o

! I521 ts fometals tb BptiniZopelafigatidn 6£4did device 4BSHd 'oPérating temperature

24. A Ilqu:d precursor squtlon for use in making thin-film ferroelectric
czpacrtor devices, comprising:
a substantially homogenous liquid mixture having an A-site metal portion, a B-site |
' metal portion, a superiattice-generator metal portion, and a solvent, said sclution
characterized by
- said respective metal portions being mixed in refative proportions to one another for -
lspontaneOusly ylelding, upon annealing of said mixdure, a solid Iayered
superiattice material having a plurality of layers (124, 116, 128) in a sequence
of an A/B layer (124) including an A/B tonic subunit cell (146), a superiattice-
generator layer (116) mcludmg a supedattrce—generator ionic subunit cell, and
a perovskite-like AB layer (128) inciuding a perovskite-like AB octahedral ionic
subunit cell (142} different from said A/B ionic subunit cell.

_ 25. The solution as set forth in Claim 25, said solvent being selected from a
group consisting of xylenes, n-octane, 1-butanol, n-butyl acetate, and mixtures thereof.

“IIIIIIIIIIIII“ RIIII R




NGV L AN 2P =ML NG O3 ok 23-9T7 (9018 ¥ 3 I

REPLACED WD 96/

PCT/ US96/ 03523 ﬂ"l“ml" ll!” 'l”u"l . Athin-filmelectronic
devi ce (100) conprisin el ectrode (110) and a second
el ectrode (114) In electri cal“contdct 'with a | ayer ed
super | at t 2@QRB/Q46BETal (112) interposed Bdtween sai d fiPETSE08/03523

‘and said second el ectrode, 5 sai d device charactrerized by said materi al
havi ng a pl ur a26.t Yhesokdion asset fertheinsClaim 25, each of s@idl Gietdl portidrisinciuding

Sunun © canitBPosthet i¥q Rfiud #Peirs KB RsRaydns mata) atom s fondsd fo'an

super | at t pre@nieidrad kol ktorge! | . and a perovskite-like AB | ayer
(128) haw% a nf)%ovsm tgeml [ I?Z(y B octahedral ionic subunit cell (142) 10

different fromsaid A/B ionic subunit cell. : 2. The device as
set forth in | B | dipg B | ayer i rical
forml a %f‘ "fh]er sglﬁltlgn'g set¥th in ré%xH’l ég a ee% Mm@rﬁons
wher ei N AntRidig és&bk@n%é%ﬁh@d% foedLar formiiliini t ceI I, Bis aBsite
atomin the 5 A/Bionic subunit cell; Ois oxygen; mis a number havi ng
a value of at |east one; (R-C @Q-}aM(-OaWeos‘é-ﬁX@.adn.from a group

consi sti ngyofai §eb: méAhSvinY FGuted U?:ll’enée of (& + n) and M’ is a metal having an
outer valence of b, with M and M' being independently selected from a group consisting
of tantalum, calcium, bismuth, lead, ytirium, scandium, lanthanum, antimony, chromium,
thalilium, hafnium, tungsten, niobium, zirconium, vanadium, mangénese, lron, cobalt,
nickel, magnesium, molybdenum, strontium, barium, titanium, and zinc; and R’ and R
are alkyl groups having from 4 to 8 carbon atoms.

28. The solution as set forth in Claim 25, at least one of said metal portions

including a substance defined by a molecular formula
(R-CO0-) M(-O-R)p,

wherein M is a metal havmg an outer valence of (a + n) and selected from a group
consisting of tantalum, calcium, bismuth, lead, ytirium, scandium, lanthanum, antimony,
chromiumn, thallium, hafnium, tungsten, nicbium, zirconium, manganese, iron, cobalt, -
nickel, magnesium, molybdenum, strortium, barium, titanium, and zinc; R’ is an alkyl
group having from 4 to 8 carbon atoms and R s an alkyi group having from 3 to 8_
carbon atoms.

29 The solution as set forth in CIanm 25, said relative proportions of metals
including AIB layer amounts capable of yielding sand A/B layer having an A/B layer
empirical formula '
| | Am1Bm0dY:
wherein A is an A-site atom in the A/B jonic s_ubuni_t cell; B is a B-site atom in the A/B
ionic subunit cell; O is oxygen; m is a number having a value of at least one; ¢ isa
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trival ent superl att| and Vis an A/B | ayer charge
Sel ected from mliﬁ [mﬂjﬂ B‘; of 1lerr], 1-, 2-, and 3-.

3. The device as set sai d perovskl te-like AB | ayer

i ncl udi ng perovskite-like AB | r enpirical sagarogsg
(A[err]BPrr|& err])[err] V\,here(%néeA IS an A—mtﬂoml %i'd

- perovski Sefachi | | d
per ovsKi E{%‘F ke AB ﬁ&lig@gb%ﬁﬁ'ﬁ@ {)f(sglﬁg )‘ﬁ'nh éls agﬁ\éﬁﬁﬁttr%@dr@ttﬁ%-
havi ng ageaératomelestent; arfh W is@n A/BRysr chargessmeaédffmu groupopeistingft ed

from ou onsisting of 1+, 1-, 2- and 3-, at |least one of A, B, -
and n beﬂﬁg?ﬂ%ﬁ@g‘éﬁ‘f fromthe correspondi ng el enents A, B, and m of
said A/B | ayer enpirical formula - WD 96/ 29728

PCT/ US96/ 03523 4. The device as set forth in daim3, said

supertatti ce- §onerfhe solutionaas set forthrin IClelm@Oasau:bmma propaytiores ef meté[ayér
enpi ri cal nul a_of
(S er 1] Ot dopskite-ike 48 tayes agunts capable of yielgingsaid RerekierkeAB

el ement . fayer having a perovskite-like AB empirical formula
(Rn-18103041)
whereln Alisan A—snte atom in said perovskite-like AB ionic subunit cell; B’ is a B-site
atom in said perovskite-like AB ionic subunit cell; O is oxygen; n is a number having a
value greater than one; and V' is a second formula ionic charge seleéted from a group
consisting of 1+, 1-, 2- and 3-, at least one of A', B', and n being different from the
corresponding elements A, B, and m of said A/B Iayér empirical formula.

31. The solution as set forth in Claim 31, said relative proportions of metals
including superlattice-generator layer amounts capable of yielding a superiattice-
generator layer empirical formula of'

(So0.°%,

- wherein S is a superiattice-generator element.
32. The solution as set forth in Claim 32, said S being bismuth.

33. The solution as set forth in Claim 32, wherein said A and said A’ are Sr2*;
said B and said B' are selected from a group consisting of Ta*, Nb°*, and mixtures
thereof; and said S is BiSt,

34, The solution as set forth in Claim 34, said relative proportions of metals
including said A/B layer amounts comespending tom =1 and said perovskite-like AB
-layer amounts correspondington=2.
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5. The device as set forth in Claim4, said S bei ng bi smut h.

6. - .The device as set said B and B each includlng a

va.l ence state havi ng me,ﬂ“gmm g'ﬁ ve. 7. The devi ce

as set fop bﬁ?kﬂ sai d and ng sel ected site

.group consi st nggcfaf titanium tantal um obi um zi rcok(ﬁm"sn%ﬁ@gﬁ%%

set forth i n Crai m Jneseuite 5 BeloriB Claim 3. nrucing & fetio ofeid A ke

and ni obi amounts to said perovs!&e«lnkeTAB I8\ drfiodrts T8 up' 18 dBbut 3; foé Gé;?érﬁts °t'§%éf5i A
u

and A" each including a g/a ence state having a charge

10. The wbensaid8 aglétha@etTra raned up o apo«stammmememfsam Btamdr@‘:aeuees ed
from an Aﬂssﬂ-e group consisting of strontium barium |ad, |anthanum

cal cium and ° m xtures thereof. 11. The device as set
forth in Claim3, said AAB |l ayer enpirical formla

36. The solution as set forth in Claim 31, said B and B* each including a
valence state having a charge of plus five.

37.  The solution as set forth in Claim 31, said B and B' being selected from
a B-site group consisting of titanium, tantaium, niobium, zirconium, molybdenum,
tungsten, vanadium, and mixtures therecf.

| 38. " The solution as set forth in Claim 31, said A and A’ each including a
valence state having a charge of plus two.

39. The solution as set forth in Claim 31, said A and A’ being selected from
an A-site group consisting of barium, strontium, lead, lanthanum, calcium, and mixtures
thereof.

40. The soiution as set forth in Claim 31, said relative proportions of metals .
including an A/B portion allocated to yielding respective layers of said perovskite-like
AB octahedral ionic subunit cell corresponding to m = 1 and a perovskite-like AB layer
portion allocated to yielding respective layers of said perovskite-like AB octahedral
ionic subunit cell corresponding to n=2. '

4. A method of makmg a precursor soluﬁon for use in manufacturing thin-film
ferroelectric materials, said method comprising the steps of:
providing a plurality of polyoxyaikylated metal moieties including an perovskite-like A-
site metal moiety, a perovskite-like B—siie metal moiety, and a superlattice-
generator metal moiety, said method characterized by

This Sheet Has Been Replaced
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including materials wherein (¢ = 3m0. '5) (m=1) and (V = 2-).

12. The device as s~mm said AB | ayer enpirical formula
including materials mm "Iu r E!J

d (V =2-). 13. The
devi ce as set forth.in*d &aintl, i said material selected from
a group ceRSPELERED! strontium bi snuth tal ate, str&QTAUS
“ni obi um tantal ate, and strontium bi smut h ni obat e. WD 96/ 29728
PCT/ US96/ 638Iining said respectivejmetaf iaoighies i relative propertians fo anei enathes fard

mat eri al havin 1|40 r
[(L[err] )([err???'gng Eﬁd aty a@ﬂg@féﬁ ria 'Jf.‘ﬁsce g'e‘sfr?grgqfu@oq ayé?y?{ggl ng
a trival ent netsapert esrmténa]bavmga plucalltyd riayg‘sr(mZéel $16.c128)tind $equenee
group consi sti n'g‘:; of A-sit tals, E te neta
including an layer '(124) havmg an AB ionic subunit cell (146), a
superiattice-generator kayer (116) having a non-perovskite-iike ionic subunit ceft,
anda perovskite-like AB layer (128) having a perovskite-like AB octahedral ionic
subunit cell (142) different from said A/B ionic subunit cell; and

mixing said respective metal moieties to substantial homogeneity in a solvent to

+E9 BY 2890LESS g1

provide said solution.

42. The method as set forth in Claim 42, wherein said providing step includes
a step of adding a sufficient excess amount of at least one of said metal moieties to
compensate for anticipated metal volatilization loss during formation of said material.

43. The method as set forth in Claim 43, wherein said adding step inciudes,
when one of said metal moieties is bismuth, a step of introducing an excess formula
amount up to about fifteen percent more than a stoichiometric amount of bismuth in
said material.

44. The method as set forth in Claim 44, wherein said excess amouht of -
bismuth is from five to ten percent.

45. The method as set forth in Claim 42, wherein said providing step includes
a step of preparing a plurality of pre-precursor solutions in a common type of solvent.

46. The method as setforth in Claim 46, whereln said solvent is selected from
a group consisting of xylenes and n-octane. |

This Sheet Has Been Re|ilaced

AT

AMENDED SHEET




N b o FALN T T HU LLNULTLLN Ve ook 3-YUT L3I 3.3 I 3034008 1 - +1) 8 2399 L 65 e

and mi xtures thereof, w th differentwf'crystal | attices denoted by the
correspondi ng Iylmﬁnlujuﬂ'ﬂl"m 1. 2, and k [err] is a nutually

excl usi ve probabi | ity "BHe JOTROs en L layer formed of a

particul [Ge. ai is an enpitical formula portion a_given 10 nmet al

M in anaéqjé&%éﬁgﬂipl rical fornula for &5orrespondi ngPGT%d§§5/0mJ is an
‘i nt eger -equal a tal .number of the M. netals.in the corresponding L
| ayer . a?. %Mmﬁm Qg‘@&zs wherein saidgraviging:step Ancludes
materi al jaaedints aisetal : B%yc%rbd ﬁlqmi I - 33%
based. upon a '?%t al nuag%%ﬁld%w%qﬂé@gaka ers..’@ﬁé&) 93% ‘reﬁm’g%ég
as set f opertions ofsaidmetal sudietiesinca peg-prawirsol sujution. st oi chi onmetric
m xture of |ayered superlattice material-formng noieties in effective
anounts to provide a 2Pr greater than 20pC/cnferr] determined at a 2Ec of

| ess than 48.abovhe AlthdQ4s 82t38fh In CISREAS IWhErei saﬁg;ﬂ{oﬁgﬁf%ﬁégﬁgmr

platinumand titanium 5 bottomelectrode, and a swt
endur anc dnelpdes a|step of distflling $aid pre-precarsas solution to @litdinateshetsfron water dHd

pol ari zaty [ tion. ... 17. A nethod of naking an
el ectri ca‘?ﬁs&?‘%@?’q%ﬁ@%ﬂ% conprising the steps of:
providing a plurality of polyoxyal kyl ated nmetal s noieties including an

per ovski t e- |ike A-site noiety, a perovskite-like B-site
noi ety, and a 4pthe methackas set forth in Clai avharein saidaombisingdstep irciutdes

o feot ve SRR ItrosucyRE At A RyRf pBricrBF et Sigipaidinia s an AlP: oot
sai d premmgipicabfrmiulon, a | ayered superlattice
| (Am.1Bm00)",
wherein A is an A-site atom in the A/B icnic subunit cell; B is a B-site atom in the A/B
fonic subunit cell; O Is oxygen; m is a number having & value of at least one; cis a
value selected from a group consisting of (3m+1) and (3m); S is a trivalent superlattice-
generator element; and V is an A/B layer charge selected from a group consisting of
14, 1-, 2-, and 3-. |

ice

~ 80. The method as set forth in Claim S0, wherein said introducing step includes
adding a perovskite-like AB layer portion of metals corresponding to a perovskite-like .
AB layer empirical formula
| . (A'n-1B'nO3n1 W, : .
wherein A' is an A-site atom in said perovskite-like AB jonic subunit celi; B’ is a B-site
atom in said perovskite-like AB ionic subunit cell; O is oxygen, n is a number having a
value greater than one, and V' is a second formula ionic charge selected from a group
consisting of 1+, 1-, 2- and 3-, at least one of A", B', and n being different from the
corresponding elements A, B, and m of said A/B layer empirical fonmula. |
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material (112) having —I—|t of -col | ated | ayers (116, 124, 128) in a
sequence i ncl udi ng anl }Jﬂ ﬁﬂt an A/B ionic subunit cell (146), a
10 superl attice¥ ; (116) having a '
superl attigces or ionic WO 29728 '

PCT/ US96/ §$85& subuni t cel%gand a perovsﬁpt-régﬁiq?éoﬁs -

"l ayer (128) havipg kite-like : .oct 1L.Qn|

subunit cell (éﬁZﬁﬁf&%&iﬁ? *&W&Fﬁ‘ﬂ/ﬁ%ﬁ%‘“éﬁb‘ﬁm@%ﬂa& StIQB :h&ml% ng

sai d respeping 8 stpeAkttiEBLnePatol Qo&ld?ﬁﬁ'\éﬂd(ﬁr? miefARERFRponding & drobmplical 0

forma precursor solution; 5 appl yi ng said precursor solution to a

subst r at eformula treating said precursor solution on said substrate to
formthereon a m xed | ayered 2+superl attice material having said
A/ B | ayer, said superlattice- gener(a%(?ﬂ ayer, and said

per ovski twherdif S8 d fivallent superiattice-generdtdr elethentret hod as set forth in
Claim1l7, wherein said treating step I ncl udes heating said precursor

solution in a oxygen atnosphere to a tenperature sufficient to

el imnate orgaphC |4 ' Yl Al '
~metal noieti esg?‘n a@%%ﬁ?%@%e S rfﬁé%‘raed.e Fa%vé%?bﬁ&%ﬁnsof
' metals include an A/B layer portion allocated to yielding respective layers of said A/B
ionic subunit ceil corresponding {0 m = 1 and a perovskite-like AB layer partion
allocated to yielding respective layers of said perovs_kite-like AB octahedral ionic

subunit cell corresponding to n= 2.

- 53. The method as set forth in Claim 42, wherein said combining step
includes, when said metal moieties inciude bismuth moieties, a step of adding said
bismuth moieties to the other metal moieties to form a mixture and thereafter
maintaining said mixture at a temperature below about 80°C.

54. The method as set forth in Claim 54, including a step of storing said
solution under a desiccated inert aimosphere.

This Sheet Has Been Refilaced

REPLACEMENT SHERT

puEnseD SEET | 03 MAR 1997




T e I, e s

1000] er *20. “Th® nbthod as set forth in daim17,

i ncl udi ng a step of L@ ting - sai d providing, conbining, and m xing
steps with® dlffere I nati ons of netal noi eties to provide a
plurality of different precupsstin-ith ¢éldctonic deMice ¢ GD)amphprising: step

i ncl udes selecting for use one of said dlfferent recursor sol utions.
21. The method as st electrade {119)kand asecond plg °§§|(a1§ '&Pﬁg’a&%tact

ncI des t f stand

commn -+ “concent rat i AL ed ShPefiaiibe niEtbudl (32 bRkl tetpien 2
upon a 5 stoi chi omet rsar@h}svzelb’ﬁtma@%d gaicrsedomewdtwdeg ce materl al
formul a. . The nmethod as set forth in d aim 20, gther

i ncluding a step ofsaid devmg charactezizedby S@ﬂéﬁ@teﬂabb%\ﬂ%ra Rigralty 6h

23, The method as set raiBnizh aeihaseatpes ol R M RIRE (AL o
vl gﬁ'ng'mng an oper at i NggiRdBR B Y6fic stbuftcell @%)Gf@rmed@ﬂoxiaeemfeﬁetals
selected from the group consisting of A-site metals, B-site metals,
10 - and mixtures thereof; a superlaiﬁéé—generator layer (116) having
a superlattice generator.ionic subunit cell: and a perovskite-like
AB layer (128) containing both an A-site meta'll and a B-site
metal, said AB layer having a perovskite-like oxygen octahedral

lattice different from that of the A/B layer lattice.

15
2. The devicé as set forth in Claim 1, said A/B layer including an
A/B layer empirical formula
(Am-1BmOo)V,
wherein A is an A-s:te atom in the A/B ionic subunit cell; B is a B-site
20 atom Jn,the A/B ionic subunit cell; O.is oxygen; m is a number having a

value of at least one; ¢ is a value selected from a group consisting of

(3m+1), (3m+0.5) and (3m); S is a trivalent superlattice-generator

REPLACEMENT SHEE'F ement; and V is an AJB layer charge selected from a group consisting

_ F 1+, 1-, 2-, and 3-.
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3. The device as set forth in Claim 2 said perovskite-like AB
Iayer including a perovskite-like AB layer emplrlcal formula
(An.1B1Ogns)
wherein Ais an A-snte atom in said perovskite-like AB ionic subunit cell;
5 B'i Is & B-snte atom in said perovskite-like AB ionic subunit cell; O is

oxygen n |s a number having a value greater than one, and V' is a

second formula charge selected from a group consisting of 1+, 1-, 2-
and 3-, at least one of A", B', and n being different from the



WD 96/ 29728 z
PCT/-US96/ 2888016PCT o’f’!l!uy,,l!ulw ,wslsur,m n sabP@ conbi ni R&Tiﬂgb%(i&%essﬂﬁr
- selecting said effective anounts *to optinize polarization of said
devi ce at sai d operatrespondingelements.A, B, and m of said A/B layer gmpigjgalformula.
precursor solution for use in making thin-filmferroelectric

‘capaci tor devices, conprising: a substantially honogenous liquid

m xture having an A-sitg MialieebHsQibt fGrPiSCldim 3, said superlattioBgeherator

portion, a superl attice-genera?or nmetal portion, anols a solvent, said 5

. sol ution charact er ilagst ihgluding a sapertattiesgenerater leyenempiriaal fsrmulaiofg ni xed
in effective anobunts for spontaneously ' 24+ Yyielding, upon
anneal ing of said mxture, a solid |ayered 5§§2920at't i ce

Cequence |0 * Rubrdi s B iRenCr ek lie Jenerar Ahene® o' subuni

cell (146), a 10 superl attice-generat.or |ayer (116) including a
superl attice-generator ionic - R subuni { cel], apgd.,a. .
perovskite-1ike AB | ayerd.(128)he devigeasges frth B\/éié'm Is?'{:gg being bismuth. g
octahedral ionic subunit cell (142) different fromsaid A/B ionic subunit
cell. 25. The solution as set forth in daim?25, said

sol vent being sel ected fgom The device as set forth iri:Claim 3, said B and B' each

_incluéing a valence state having a charge of plus five.

7. The device as set forth in Claim 3, said B and B' being
selected from a B-site group consisting of titanium, tantalum, niobium,
zirconium, molybdenum, tungsten, vanadium, and mixt_ures thereof.

8. The device as set forth in Claim 3, said B and B' including

a mixture of tantalum and niobium.

9. The device as set forth in Claim 6, said A and A' each

in'cluéli.n‘g a valence state having a charge of plus two.

{REPLACEMENT SHEET

10. The device as set forth in Claim 3, said A and said A
U9 SEP 1997 | {being selected from an A-site group consisting of strontium, barium,

lead, lénthanum, ca]cium, and mixtures thereof.

11.  The device as set forth in Claim 3, said A/B layer empirical

formula including materials wherein (¢ = 3m+0.5), (m = 1) and (V = 2-).

- .12.  The device as set forth in Claim 3, said AB layer empirical

formula including materials wherein (n = 1) and (V = 2-).

13. The device as set forth in Claim 3, including said material

selected from a group consisting of strontium bismuth tantalate,



TR || T R pm——

6. T8 sol utloR
A aim 25, each of said nmetal portions i ncl udi ng a substance defined
by a fornul a wher eistroatigmrhigrapthraiohiyntantalate, @nd strontiung bisemdb miekaten
organi c Iigand through an oxygen atom 27. The solution as
set forth in Claim?25, at |east one of said netal portions I ncl udi ng
a substance defined by a4 ”erécaéﬂéefa?rs@!'f&th in Claim 1, said material having an
(R-COO)[err]M-OM (-OCR")[err])[err whérein Mis a netal
havi ng an outer vaIemmﬂcaifrepeatingﬁtractdre/fonm!m met al haV| ng 5 an outer

val ence of b, with Mand M pg om a group
lCOﬂSIhStI ng of tantalum cal cEﬁ gﬂ g‘lﬂhﬁ?ﬁibﬂ@& cdBandi um o

ant hanum antinony, c¢ rom i ni um tungsten ni obi um
zi rconium vanadi um mg gg Ml l)j}@

PCT/ US96/ 03523 - wherenm@asn essmperlattme—@mterbtqr Iayerlhﬂvmgwa@n@enhmetal Lis
nol ybdenum strontium bari
. a layer contamlng metals selected from a group consisting of A-site
metals, B-site metals, and mixtures thereof, with different crystal lattices
denoted by the corresponding integer §uhécripts 1,2, andk;6isa
mutuélly exclusive probability of finding a-given L layer formed of a
10 particular lattice: i is an empirical formula portion a given metal Mi in
an éverage empirical formula for a corresponding L layer; and J is an
integer equal to a total number of the Mi metals in the corresponding L
' layer.

TREPLACEMENT Shpm] |

LACE_‘AENT SHEET 15. The device as set forth in Claim 14, said material including
09 SEP 1997 | percentage of L4 layers ranging from 23-33% based upon a total
mber of L layers.

) 16 The device as set forth in Claim 1, said matérial including
a stoichiometric mixture of layered superlattice material-forming
moieties to provide a 2Pr 'g'l:'eater' than 20|.JCIcm2 determined at a 2Ec of
less than about 150 KV/cm and a temperature of about 20°C on a

5 platinum and titanium bottom electrode, and a switching fatigue
endurance of at least 1019 cycles at 3V with essentially no 2Pr
polarization degradation.

17. A method of making an electrical device, said method
comprising the steps of:
providing a plurality of polyoxyalkylated metals moieties including an
perovskite-like A-site moiety, a perovskite-like B-site moiety, and
5 a' superlattice-generator moiety, said method characterized by

combining said respective metal moieties in relative proportions



i tani’ ing; | v FerM SHEET
ianvum aod ciaeeand VPNl ggouvs revips (BB S

| east. one of said nmetal portion i ncl udi ng a substa fined by a
mol ecul ar formul a cgrresponémg to a layered supeglamce matenn?% ‘er) havmg d

R - COO -OR t
\(/al ence 2)1[ eE;] Y( n) a%gebtieqrg%v J'?‘Y%ﬁf‘f‘% %‘*JS'%) %cﬁ%@ﬂ%ng@%?ﬁ Njﬁq
cal.cium bisnuth, |ead, (y24yhaving apauBiiofic subbhhaelll46) formedrufioxides of
chromium thallium haf ni um . tungsten, niobium zi rcom(t;f;&_isrran ganese,

iron, cobalt ni ckel ragieisiseglecter finm thexgrosprennsisting ilenmetalss B-sitg

B grou e ﬁSﬂea*a*@y anfl e et Afiperblicl-G8heiRtoriafér 118 g

The solution as set fo”hfévlritg Pgﬂlé’tﬁce?héréiéf Rfid ¥ebuHIssIE; ande! udi ng
A/ B | ayer ampunts capable | ayer having an A/B | ayer

enpi ri cal formul a perovsknte-hke AB layer (1 28) containing both an A-site metal
(A[err]B[err]CIerr])[er site atom

i oni ¢ subunit cell: gaké’%as?'teemﬁ ag'rﬁq'ﬂ Atqsw yerﬁavm}q/qugmis 'f%ﬁfgﬁmg%@ |

O is oxygen; mis a ”U”%Eaﬂé%\‘éﬂﬂtt%evcﬁﬁé:%n@?roﬁi tHa%FihePAﬁBl ger latti€e;l S @
val ue sel ected froma group consisting of (3mtl) and is a trivalent

super | at t i1€- gener @pplying eadprecamr‘SOImloartoﬂﬁih@;a&e aﬂ‘darge sel ect ed from
a group COI’ISI stl I he

solution as set fort ting %‘%Pm%sms%ﬂlﬂt'@ P@é@lwmﬁﬁ%@ﬁb‘iﬁ?&%a

Rgr F‘e’lig'rte like AB | ayemiaaRscted30pBHSHRE nidtehid] RaviRg sHicPAIEPISYer &aid | ke

superlattice-generator layer, and said perovskite-like AB layer.

18. The method as set forth in Claim 17, wherem said treatmg
.' step lncludes heating said precursor solution in a oxygen atmosphere to
a temperature sufficient to eliminate organic Ilgands from said solution
and crystallize residual metal moieties in a mixed layered superlattice
structure.

REPLACEMENT SHEET
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. 19, The method as set fortﬁ in Claim 18, wherein said treating

Ttep includes anneahng said precursor solution at a temperature up to
1000°C.

20.. The method as set forth in Claim 17, including a step of
repeating said providing, combining, and mixing steps with different
combinations of metal moieties to provide a plurality of different
precursor solutions; and said applying step includes selecting for use

E one of said different precursor solutions.

21.  The method as set forth in Claim 20, wherein said
providing step includes a step of standardizing said different precursor
solutions to a common concentration of layered superlattice-forming
materials based upon a stoichiometrically balanced layered superlattice
material formula.



havi g 2 BeLSeLEl ke wﬂgﬁﬂlﬂjwuulmnﬁ.m > ““cg/&%‘”é%”‘” A e

atom. n said perovski te I ike AB ionl'c Subunit cell; Ois oxygen; is a
nunber havi ng a vaRue ahean@thodmetrmhanelam%o ziudbebmltﬂiﬂ’hg@l a

I oni c charge sel ectge consisting of. 1+ nd 3-.

at | east one of A teg of %ﬂrdnglsﬁ'(gl %gfe“?%'ewfﬁ%%‘?{?g?'?%m% H@dé"oﬁaé’¥38nd| ng
Sles/erznggtzg A B a“daﬁbl‘}fco?ﬂlﬁbn%ﬁa' perdd 6Mtithe iekBéediflg onerhitihih. WO
PCT/ US96/ 03523 '31. The solution as set forth in daim 31, said

capabl ¢ of yielding a safer] INEIERGARE shlofort nCIaim 3y efurkiat ine BRGHER mul o
of 5 wherein Sgis, & SRR shopkrafing téthp&iafiireThr said device in an
intehded environment of use, and wherein said combining step includes
selecting said relative proportions of metals to optimize polarization of
5 said device at said operating temperature.
.' 24. A liquid precursor solution for use in making thin-film
ferroelectric capacitor devices, comprising:
a subsfanﬁally homogenous liquid mixture having an A-site metal
portion, a B-site metal portion, a superlattice-generator metal
5 _ portioh, and a solvent, said solution characterized by
said respective metal portions being mixed in relative ;;roportions
corresponding to a layered superlattice material having a plurality
of layers (124, 116, 128) in a sequence of an A/B layer (124)
| including ah A/B ionic subunit cell (146), a superlattice-generator
10 | L lgyer (116) including a superlattice-generator ionic subunit cell,
§§EPLACEMENT SHEET éhd a perovskite-like AB layef'(128) including a perovskite-like
AB octahedral ionic subunit cell (142) different from said A/B
ionic subunit cell. .

09 SEP 1997

25. The solution as set forth in Claim 24, said solvent being
selected from a group consisting of Xylenes, n-octane, 1-butanol, n-butyl
acetate, and mixtures thereof.

26. The solution as set forth in Claim 24, each of said metal
portions including a substance defined by a formula wherein a corre-

sponding metal atom is bonded to an organic ligand through an oxygen .
atom.

27. The solution as set forth in Claim 24, at least one of said



32. The solution as set! ﬂwm mmlam said S being bi snngpmc NT
33. The 2008/016PCE se " " l 32, -Bherei n saPCTAIS6/635 %A SgrEgT
Sr[err]; said B and said B' are selected froma group consi sting of

Ta[err], No[err], pnetal portionginduding d substariceadetirsal by 8 moleBllar fdrmula
34. The solution as set forth in aim 34, said effective anpunts

I ncl udi ng said A/B |l ayer aﬂ%’cﬁ@@‘l&““@sw cl;rgﬁz itm}n-— 1 and said

kite-like AB
5. " The Sl ut i on HtER W5 mPRPHAYRQLOGERRAEHBA S o . chdr s 4
| ayer amounts to spiétaPREANG knicutbl ¥slenBe bﬂbewumwuﬁaMcﬁemmdep@hdahﬂys 10

(layer to layer) when said B and B[errl are Ta[err] and UP to about
2:5 when ofe of saisglegteghfrom a group consistingef tapfalum) calcium, bismuth, lead,36.

valence st ate hat YOGk et ghthanu ghumoft) crfom i ralfrk Y
solution as set T OtifigdtenChigblling aircoiuin, Ei,éﬁaauﬁn @hgEned, 4@ dobalt, T rom

a B-site group consli I Ng of tltanl um tanta um ni ol um Zi rconl um-
molybhde- . numnickelguagnesiuam silylderamn, strontiumg barikey, dikanium, and zinc;

REPLACEMENT Syﬁhﬁaf»d R' and R" are alkyl groups having from 4 to 9 carbon atoms.
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“!L " 28. The solution as set forth in Claim 24, at least one of said

hetal portions incIUdihg a substance defined by a molecular formula
| (R-COO-) M(-O-R),,,
' wherein_M is a metal having an outer valence of (a + n) and selected
5 from a group consisting of tantalum, calcium, bismuth; lead, yttrium,
| scandium, lanthanum, antimony, chromium, thallium, Hafnium, tungsten,
niobium, zirconium, manganese, iron, cobalt, nickel, magnesium,
| molybdenum, strontium, barium, titanium, and zinc; R' is an alky! group
ha\/ihg from 4 to 9 carbon atoms and R is an alkyl group having from 3
10 to 8 carbon atoms. |

29. The solution as set forth in Claim 24, said relative
proportions of metals including A/B layer amounts capable of yielding
said A/B layer having an A/B layer empirical formula

(Am-1 Bmoc)v' |
5 wherein A is an A-site atom in the A/B ionic subunit cell; B'is a B-site
atom in the A/B ionic subunit cell; O is oxygen; m is a number having a
value of at least one; ¢ is a value selected from a group cohsisting of
(3m+1) and (3m); S is a trivalent superlattice-generator element; and V
~is an A/B layer charge selected from a group consisting of 1+, 1-, 2-,
10 and 3-.

30. The solution as set forth in Claim 29, said relative
proportions of metals including perovskite-like AB layer amounts
capable of yielding said perovskite-like AB layer having a perovskite-



38. ‘The solution as set” l Hm said A and A eaghiigpel udin

val ence st2R08/0BRGEH a c lmmll "NHEI -62- U&&%g %lu S%EET
PCT/ US96/ 03523 The solution as set fort h in Caim3l1,
said A and A" bei ngiked&B!em@mcal formutaom an A- si te gr oup consisting of

barium strontium |ead, |anthanum ca{él ura é m xt ures thereof.
40. The sol ution as set forth in d ai o) Bd+1a\‘f'ect|ve anmount s

i ncl udi ng n WH&eRPALS o Asha it ga. A peroUbitL- 165 ABCIohk s I

sai d perovskite- I lonic unit cell correspondi ng

to m= 1 and a per B dikatBsite atordh lsaaxdeperovsklte-lﬂwABomlelslubuaite:élli6 igi el di ng

respective | ayers of said perovskite-ljke AB octahedral |oan subuni t
g'Sa

cell corr e@ondl ng @YORN:N i @ number having a valye greater taan Bf‘enﬁw
precursor sol ution {g%gnH?&nﬂlﬂa B ﬁg@é{ éélgcﬁep ff5m a group/don@istiffdtaleqLri

material s, said nmethod conprisSing t eps
2- and 3-, at least one of A, B', and n being different from the corre-

sponding elements A, B, and m of said A/B layer empirical formula.

31. The solution as set forth in g:iaim 30, said relative
propo}'tions of metals including superlattice-generator layer amounts
capable of yielding a superlattlce-generator layer empirical formula of

(8202)2"'
5 wherein S is a superlattice-generator element.

32. The solution as set forth in Claim 31, said S being
bismuth.

33, The solution as set forth in Claim 31, wherein said A and
said A' are Sr2"' said B and said B' are selected from a group
consnstmg of Tas+ Nb5"' and mixtures thereof: and said S is Bl3"'

|REFLACEMENT SHEET

34. | The solution as set forth in Claim 33, said relative
0.9 SEP 1997 roportions of metals including said A/B layer amounts corresponding to

=1 and said perovéki_te-li_ke AB layer amounts corresponding to n = 2.

35. The solution as set forth in Claim 30, including a ratio of
said A/B layer amounts to said perovskite-like AB layer amounts of up to
about 3:10 (layer to layer) when said B and B' are Ta®* and up to about
2:5 when one of said B and B' includes Nb°*.

36. The solution as set forth in Claim 30, said B and B' each
including a valence state having a charge of plus five.

37. The solution as set forth in Claim 30, said B and B' being



provi'ding a plurality of ,ﬂm&(ﬂwmm metal noieti esg_kﬂgl_mm{g\ﬁaSHEET
per ovski t 2008/Re6PCT _ nol@d-y, a perBC Oa/03&2B-sit e

nmet al- noi ety, and a superlattice- generator netal noiety, said
met hod char act edzeselbgted from ecBmuergrogps:andistingpeutainnﬂnntarmmnpirmblam in
effective anounts fo /ieldin upon Z and anneal ng of
sai d precursor sol E‘f {umam “Eﬁ'ﬂ@ﬂi’rtﬂﬂ,t\@f@d'um ixtures,thes

having a plurality of collated |ayers (124, 116, 128) in a sequence
including an A/B | ayer (124) having an A/B i oni ¢ subunit cell (146), a 10
super | attice-generator BgyerThé sblutivh\as setFonRin BiAVS0, daid |A d8d AdBach
subuni t cell, and a perovskite-like AB Iayer (128) having a
perovskite-1ike ABincluding a valencepstatehbaving a charge ofiplusi tWacel | ( 142)
different fromsaid A/B ionic subunit call; and m Xxi ng
said respective netal noieties to substantial honbgeneity in a solvent to
15 provi de said ggl ut TRB solution as set forth in €3aim/86, $&é POSN@A' BBingf ort h
in_d ai m 42, wherein said providing step i ncl udes a step of adding a
s R] P'C cess -geiegtad ﬂs@man A@tetgroup consisting ofrbadum, strontium; leades t o
o iﬂ‘ﬂé rw %ﬂimtﬁaﬁ tal Vol )#wzag%e oss during formation of

materlal a c111_1§1a ERYPEY set forth in O aim 43,
r eOr? $&Pdgapdi step i ncl udes, when one of said netal noieties is
mut h, a step 4f i nt roduci ng an.

— 40. The solution as set forth in Claim 30, said relatlve

S

0w o~

b

%roportlons of metals mcludlng an A/B portion allocated to yielding

respective layers of said perovskite-like AB octahedral ionic subunit cell
_ correqunding to m = 1 and a perovskite-like AB layer portion allocated
5 | to yielding respective layers of said perovskite-like AB octahedral ionic
subunit cell corresponding to n = 2. .

41. A method of making a precursor solution for use in manufac-
tufing thin-film ferroelectric materials, said method comprising the steps
of: = ~
pro(tiéifng a plurality of polyoxyalkylefed metal moieties including an

5 perovskite-like A-site metal moi'ety, a perovskite-like B-site metal
moiety, and a superlattice-generator metal moiety, said method
characterized by |

comblnlng said respective metal moieties in relative proportions
corresponding to a layered superiattice material having a plurality
10 of layers (124, 116, 128) in a sequence including an A/B layer

(124) having an A/B ionic subunit cell (146) formed of oxides of

metals selected from the group consisting of A-site metals, B-site

. metals, and mixtures thereof; a superlattice-generator layer (116)

having a superlattice generator ionic subunit cell, and a

16 perovskite-like AB layer (128) containing both an A-site metal
and a B-site metal, said AB layer having a perovskite-like oxygen
octahedral lattice different from that of the A/B layer lattice; and
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than & stoichiometric amolnt of bi'smuth in said material .

44.  The method asm&ngeardﬂespact@eametaamonmmsutﬂamtuaﬂmmgmtynn aof
bismuth is fromfive to ten percent 45. The nethod as set
forth in daim42, wher8piNeRHOPrEVige; i goltiep. i ncl udes a step of
preparing a pIurallty of prepecursor solutions in a common type of
sol vent. 46. The nethod as set forth in C aim46, wherein
sai d solvent is sel ected2 The rméthodasgsstiforthimCilaitm 41, wherejnh samlspmnuﬂmg
n- oct ane. 47. The nethod as set forth in Caim42, V\/nereln

sai d. provi di ng st eptep includegiastep of eddingw safﬁmpxee%ameynm at Igagteng
al koxyCar boxy At e L BB oo I AR MM DR HRRIFHGY HVkE (Sabitidhore! 2

loss during formatnon_of said material.

43. The method as set forth in Claim 42, wherein said adding
step includes, when one of said metal mmetles is bismuth, a step of
mtroducmg an excess formula amount up-to about fifteen percent more
than a stoichiometric amount of bismuth in said material.

44,  The method as set forth in Claim 43, wherein said excess
amount of bismuth is from five to ten percent.

45. The method as set forth in Claim 41, wherein said
providing step includes a step of preparing a plurality of pre-precursor

solutions in a common type of solvent.

e 46 The method as set forfh in Claim 45, wherein said solvent

is selected from a group consisting of xylenes and n-octane.

REPLACEMENY SHEET

09 SEP 1997 47. The method as set forth in Claim 41, wherein said
groviding step mcludes reacting a metal alkoxide with a metal

—2alkoxycarboxylate to produce a reaction between portlons of said metal
moieties in a pre-precursor solution.
48. The method as set forth in Claim 47, wherein said
providing step further includes a step of distilling said pre-precursor
. solution to eliminate therefrom water and byproducts of said reaction.

49. The method as set forth in Claim 41, wherein said combining
step includes a step of introducing an A/B layer portion of metals
corresponding to an A/B layer empirical formula



48. --The nethod as set 8, wherein said prO\FfLHi Jian)
further .mwceepemelJlmllﬂllmllfﬂlﬂ Hmal d g% precursBCTﬂdSlﬁﬁA%ﬁzgpSHEH
elininate t her ef rotn vlat ér 4nd*®bybr oduct s of said reaction.

49. The nethod as set forth in d ai m42(A )@,al d conbining step

I ncl udes a step of |ntrodu0| ng_an A/ B |

O 52y q L YRR e ke oo :napeﬁéﬁéﬁrﬁféybunﬁ&pﬁuéigta' B8
(Alerr]Blerr] Qerrggghﬁ Bt%%&%ﬁot deil @lsﬁf})@bkﬁ A9y ha nmbtgphéYﬁglé)m c

subunit cell; Bis omin hic su uni

oxygen; mis a nuniamehﬂ\at ﬂ@st onel uds afvaiie selesteddrom a group conisistingwafl ue
sel ected froma group consisti n%]ofw& 3mrl) and (3m s, a trival ent
super | atti Be- gener 3o+ 1 eardd3m) ahis ﬂ\@‘%m SNPBﬂﬁg‘F@rQQﬂ?&?@é elemegt @Y om a

lggf IE)JséeS/ ossggnSI ls &9 A7 idyer charad eleBld om 2 aropp corERIAY R 1E -2

[ il AL OgHEIg step i ncl udes addi ng a perovskite-|i ke AB
}mﬁf"& jﬂhé effective for yi el ding said
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50. The method as set forth in Claim 49, wherein said

introducing step includes adding a perbvékite-like AB layer portion of

metals correspondlng to a perovskite-like'AB layer empirical formula
(A'-1B'03n+1)

5 - wherein A’ is an A-site atom in said perovskite-like AB ionic subunit cell;
B' is a B-site atom in said perovskite-like AB ionic subunit cell; O is
oxygen, n is a number having a value greater than one, and V' isa
second formula ionic charge selected from a group consisting of 1-l?, 1-,

_ 2- and 3-, at least one of A', B', and n being different from the corre-
10 . | sponding elements A, B, and m of said A/B layer empirical formula.

. 51. The method as set forth in Claim 50, wherein said
mtroducmg step includes mixing a superlattuce—generator portion
including metal corresponding to an empirical formula

(8509)%",
5 wherein S is a trivalent superlattice-generator element.

52. The method as set forth in Claim 51, wherein said relative
proportions of metals include an A/B layer portion allocated to yielding
respective layers of said A/B ionic subunit cell corresponding tom = 1
and a perovskite-like AB layer portion allocated to yielding respective

5 ‘layers.of said perovskite-like AB octahedral ionic subunit cell corre-
spondington =2,

53. The method as set forth in Claim 41, wherein said combi-
ning step includes, when said metal moieties include bismuth moieties,
a step of adding said bismuth moieties to the other metal moieties to
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perouskite-1ike AB I a#ﬂll“le"ll"l“"ﬂlll:ﬁﬂnvskl te-1ike AB | ayerBEgLrﬁpltrl cal
fornula 2008/016PCT 66- (Al errpeTAnSIgg/e3533 [err]
5 wherein Ais an Asite atom in sdid perovakite-like AB ionic subunit
cell; B is aB- forma m.ﬁtar@é@mhéreaﬂeﬂm@mm §&id|mikruré Bt iadehfperatrgi t

cell; Ois oxygen, n is a nunber havi ng a val ue greater than one, and
Vis a second for nbelaw ahoul 8936k ge sel ect ed froma group consisting
of 1+, 1-, 2- and 3-, at |least one of A, B, and n being di fferent
fromthe correspondi ng el enents A, B, and mof said A/B | ayer enpirical 10
formil a. 581 The nﬁahaa%sas%tmh frPCIé‘mlss @\éma‘hg %fe' n-
sai d introduci ng step I ncludes mxing a super| atti ce- gerer at

portion effective stonng|seidjsclgtlansmer Badesicoated inert atgospharerr | ayer havi ng
an enpirical formula _
(S[err]qerr])[err] 5 wherein Sis a trivalent superlattice-generator

el enment . 52. The nethod as set forth in Claimb52, wherein
said effective anounts include an A/B |l ayer portion allocated to
yi el ding respective layers of said ABionic subunit cell

corresponding to m= 1 and a perovskite-like A/B | ayer portion allocated

to yielding respective |ayers of said perovskite-like AB octahedral ionic
subunit cell 5 corresponding to n = 2. Sy 53. The nmethod as
set forth in daim42, .wherein said conbining step i ncl udes, when
said metal mieties include bismuth noi eties, a step of adding said

bi snuth noieties to the other netal- noieties to forma m xture and

t hereafter
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.ma}i n~t;rat';f/ni hg said mxture at a tenperature bel ow about 80[er @SEMENT 'SHE_E’T
54. ~The p008/0d6RCTset forth in O aim 54, ir8Tuding a BCAj g said
“solution under a desiccated inert atnosphere.

ABSTRACT
Metal alkoxycarboxylate-based liquid precursor solutions are

used to form electronic devices (100) that include mixed layered
superlattice materials (112) of a type having discrete oxygen octahedral
._ layers (124) and (128) collated with a superlattice-génerator layer (116).

5 The precursor solutions include a plurality of metal moieties in effective
amounts for yielding the layered superlattice materials. These metal
moieties are mixed to include an A/B portion capable of forming an A/B
layer (124), a perovskite-like AB layer portion capable of forming a
perovskite-like-AB octahedral layer (128)‘,'.'.and a superléttice-generator

10 | portidn capable of fo}ming the superlatticé-generator layer (116). The

precursors are depositéd in liquid form updn a substrate and annealed
to provide the layered superlattice materials.
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