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BACKGROUND OF THE | NVENTI ON 5 1. Field of the Invention

The invention perwagsrete the fabrication of integrated circuitspotiukichsng
met al oxi des, such as perovskites and perovskite-like |ayered superlattice
materials, and nore particularly to the use of ultraviolet ("UV') radiation

in the fabricati on WV WMWPH&QESSEQEMAHN&E&&@R&“& DEVICES
10 2. Description of tHAVING LOWFLEAKAGE-CURRENT AND LOMEPOLARIZATION FATIGUE
perovskite-like | ayered superlattice materials are known, and have

been reported as phenonenonol ogi cal cBAUDKGROUND OFSTHE INVENTIONSKi t e-
i ke" usually refers_.to n f igterconnected oxygen octahedra. A
primary - cell ¥s l?ﬁ?@ﬁ{p?%ﬁﬂgﬂ" of an oxygen octahedral positioned
within a cube that Is 15 T investidy pbﬁémg tﬁ-ﬁétfﬂbﬁﬁaﬁgh%fmgmm. glilizing
atons occupy the planar face centers of the cube a small B-site
el ement occupi es the cemetal Qfides;csuchnas perovskites @%Mgmggyeﬁeﬁes“peﬂm
Tha Fepor  ad anneal | ng TEisER, KA chéie pREIAR; €18 use of ulravitt (BV\radRd in the
1100[err] C or even 1300fabrication ofisuch meterialsforuse icintegeated gireuitss many 20
el cotron ¢ menor | es107i# Desoriotiop ot PAGLARLC1 ¥ U2 ana” negative. o
pol ari zation states can be UFsrbelettrict porevskite-iike layered superiattice materials are known, and
have been reported as phenomenonological curiosities. The term "perovskite-
like* usually refers to a number of interconnected oxygen octahedra. A primary
cell Is typically formed of an oxygen octahedral positioned within a cube that is
15 defined by large A-site metals where the oxygen atoms occupy the planar face
centers of the cube and a small B-site element occuples the center of the cube.
In some instances, the oxygen octahedra may be preserved in the absence of
A-site elements. The reported annealing temperatures for these materials often
exceed 1100°C or even 1300°C, which would preclude their use in many
20 integrated circuits.

_ Ferroelectric materials can be used in electronic memories. The
respective positive and negative polarization states can be used to store
information by substituting a ferroelectric material for the dielectric capacitor
material of a conventional DRAM capacitor circuit. Still, ferroelectric memory

25 densities are limited by the magnitude of polarization that may be obtained from
the ferroelectric material, Prior thin4ilm ferroelectric materials typically have high
polarization fatigue rates that make them unreliable in long term use becaus:
the magnitude of polarization decreases with use. Eventually, the control io
that is coupled with known ferroelectric materials will be unable to read &

30 fatigued polarization state of the materials and, therefore, unable to store -
retrieve bits of information. |

Prior layered superlattice materials typically have high dieie.’
‘constants, and can be used as conventional dielectrics. Even so, a ;.
leakage current makes these materials poorly suited for use as a ¢c

35 dielectric memory because the charged or uncharged state of the dislec’-



i nformati on by substituting a ferroelectric material for the dielectric

capaci tor mat erial of wa..conventi onal DRAM capacitor circuit. Still,
ferroelectric nenory 25 densities are limted by the nagnitude of
;pol ari zation that may be obtained from the ferroelectric material.
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PCT/ US96/ 03521 ~ been useddpemaking metal wixides havingsperowskitecafruotures. (Sae-CGMd

currently present - Yesf B Singeram, ;b or WMeraliS-Bioarc Corfpqdiie £r'moo

further densificat Powderds anu Fignst Materals Research Societys Symposium Proceedings, Vol.

Thsul ators for i n B 2008 B SR IEEE, Handactss, O, eSSy, egoeleticn And

al so 10 Frequency Control, Vol 35, No. 6, November 1988, pp. 711 - 717, and
"Metalorganic Deposition (MOD): A Nonvacuum, Spin-on, Liquid-Based, Thin
Film Method", Materials Research Sociely Bullatin, October 1989, pp. 48-563.
Nevertheless, the quality of the thin fims made in these references was too
poor for use in integrated circuits.

15 Ultraviolet radiation has been utiized as an energy source to
disassociate hydroxyl bonds in vapor deposition of thin fiilms. See United States
patent No. 5,119,760 issued to two of the present inventors. There has been
no indication in the art that the use of UV radiation may be useful in solving the
problem of the high leakage current in metal oxide dielectrics such as strontium

20 titanate. Additionally, there has been no indication that UV radiation could be

~useful in increasing fatigue resistance or the magnitude of polarization
obtainable from a metal oxide material having a particular stoichiometric
composition.
3. Summary of the Invention:

25 The present invention overcomes the problems of high fatigue and high
leakage current in electronic memories, such as DRAMs. These improvements
derive from a process that uses UV radiation to orient the crystal grains and
reduce the carbon content of thin-fiilm metal oxides. The process-derived metal
oxides exhibit superior {eakage current and polarization fatigue performance.

30 Broadly speaking, the manufacturing process includes the steps of
providing a substrate and a liquid precursor solution, applying the precursok to
the substrate to form a liquid thin film, and treating the liquid thin film to form
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been used for maki ng netal oxides having perovskite structures. See G M
Vest and-S_Singaram "Synthesiis of "Metallo-organic Conpounds For MOD
Powders and Fil ns" Materials Research Society Synposium Proceedi ngs, Vol.
60, 1986, pp. 35-42, |EEE Transactions On U trasonics, Ferroelectrics, and
10 Frequenc , Vol 35, No. 6, Novenber 1988, pp. 711 _- 717, and
" Met al or gani Zw@pos? ion (MD): A Nonvacuum Spin-on, Uqui d- BELUe35
Fil m Met hod", Materials Research Society Bulletin, Cctober 1989, pp. 48-53.
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15 layers having a thickness of two octahedra.

The liquid precursor that is used to form the thin film contains a
polyoxyalkylated metal complex, such as a metal alkoxide, a metal carboxylate,
or a metal alkoxycarboxylate diluted with a compatible solvent to a desired
viscosity or molarity. The use of a metal alkoxycarboxylate is preferred due to

20 the formation, in solution and prior to the first annealing step, of at least 50%
of the metal-to-oxygen bonds that will exist in the final metal oxide material.
Metal alkoxycarboxylates are also preferred due to their resistance against
hydrolysis.

The preferred general processes for preparing precursor solutions of the

25 invention include reacting a metal, such as barium, strontium, tantalum, or
titanium, with an alcohol (e.g., 2-methoxyethanol) to form a metal alkoxide, and
reacting the metal alkoxide with a carboxylic acid (e.g., 2-ethylhexanoic acid)
to form a metal alkoxycarboxylate or metal alkoxide according to one of the
generalized formulae

) (R'-COO-) M(-O-R),, or |
@ (R™-COO-) M(-0-M'(-0-C-R")p, 1)

-3



-2- WO 96/ 29726 '

PCT/ US96/ 03521 a_solid netal_oxide thin film The treating step
‘includes the application of W radi ati on, which reduces the carbon —
content of the final nmetal oxide and al so serves to orient the

met al  oxi de gygéemergl 0Ny a given axis. - The rrg,ﬁ sgé?d
&4dr sor

materials are preferably formed from correspondi ng 51i
solutions that include a plurality of polyoxyal kyl ated net al
moi eties in ef f ectwhereinRlist 8 nhetal lavinglianmutemvalenceoss @e+nmit &nd M’ is avinetal a

desired stoichiongtr, on .t her nal eat t cur,sor The
netal oxi des mng OHter yRlence rb M@%P&%@% ?‘T‘Qép%‘“ﬁmm
perovskite-1ike | gxteus dcérww mlm e&algiufn, "BismO, aaaéuy&cumy sehndigen
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havi ng sdi fzfr&éﬁﬂ?n Wﬂ{g? OXphaRg an?(&l‘sg"eih%ha col&t, S Meksl ah%nﬁﬁuﬁ\

correspondi ng 'snut l'ayers. For exanpl e,
different types ofm 9§me strontium thanba, Aitarjyey m;incha’daean@ﬁenlsgwun

of tug oct anedra. Préterebl RS S FBethon dtme AU % ATA 0T PEIAEY
the thin fil m conthavimg from 3 to 8 carbon atoms. The praecursor is preferably thinned with a
Xylene solvent prior to use; however, other solvents such as n-butyl acetate or
10 excess 2-ethylhexanocic acid may be utilized. Of course, mixtures of metal
alkoxides, metal carboxylates, and metal alkoxycarboxylates are acceptable for
use as precursor solutions as are the metal alkoxides or metal carboxylates
alone. 1t is preferred that the precursor solutions be distilled at atmospheric
pressure to a plateau exceeding 115°C, more preferably exceeding 120°C, and
15 most preferably exceeding about 123°C. This distillation keeps the precursor
solution fres of water, ethers, light alcohols, and other volatile moieties that can
induce cracking of the metal oxide material as well as unwanted polymerization
of the solutions.

The treating step may comprise exposing the liquid thin film to a vacuum,
20 baking, annealing or a combination of these actions. The treating step most
preferably includes baking the thin fim at a moderate temperature of about 200
°C to 500 °C to dry it, and subsequently annealing the precursor at a
temperature of from about 500 °C to 1000°C. The most preferred process is
one in which the baking or drying step combines UV exposure with steps of

25 baking the substrate and liquid precursor to dry the precursor.
The use of UV radiation stabilizes the ferroelectric properties and
reduces the leakage current. Numerous other features, objects and advantages
of the invention will become apparent from the following description when read

in conjunction with the accompanying drawings.
30 BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 depicts a cross-sectional view of an integrated circuit capacitor
according to the present invention;
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- 3- WO 96/ 297263, 4 depicts a graph like that of FIG. 4, but includes comparative

PCT/ US96/ 03521
leakage current density data for a strontium bismuth tantalate samples having
a different stoichiometric composition from the subject material of FIG. 3;

10 FIG. 5 depicts a graph like that of FIGS. 3 and 4, but includes
comparative data obtained from strontium bismuth tantalate samples of yet
another stoichiometry;

FIG. 6 depicts polarizetion hysteresis curves for a standard process
strontium bismuth tantalate material as polarization versus applied electric field;

15 FIG. 7 depicts a graph of remanent polarization values versus applied
voltage for the standard process strontium bismuth tantalate material of FIG. 6;

FIG. 8 depicts a graph of coercive electric field versus allied voltage for
the standard process strontium bismuth tantalate material of FIG. 6;

FIG. 9 depicts a polarization hysteresis curve like that of FIG. 6, but

20 includes data obtained from a UV oriented strontium bismuth tantalate material
having a the same stoichiometry as that of the FIG. 6 sample;

FIG. 10 depicts a graph of remanent polarization values versus applied
voltage for the UV oriented strontium bismuth tantalate material of FIG. S;

FIG. 11 depicts a graph of coercive electric field versus allied voltage for

25 the UV oriented strontium bismuth tantalate material of FIG. 9;

FIG. 12 depicts a graph of positive up negative down ("PUND") switching
measurements obtained from a standard process strontium bismuth tantalate
material, as current versus time;

FIG. 13 depicts a graph like that of FIG. 12, but includes PUND switching

30 data obtained from a UV oriented strontium bismuth tantalate material having
the same stoichiometry as the sample of FIG. 12;



wherein Mis a netal having an outer valence of (a + n) and M is a netal
having an outer valence of b, with Mand M preferably being selected from
t he group consisting of tantalum calcium bisnuth, lead, yttrium
scandi um ~ lanthanum antinony, chromum thallium hafnium
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preferred process is one in which the baking or drying step conbi nes
UV exposure with sgteighiometryas thaliaf the FIiGs 18.8amplat e and 1§ quid precursor to
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Bragg angle; '

FIG. 19 depicts an X-ray diffraction plot like that of FIG. 18, but includes
data from a strontium bismuth tantalate material of identical stoichiometry that
was subjected to different UV lighting conditions in processing;

20 FIG. 20 depicts an X-ray diffraction plot like that of FIGS. 18 and 19, but
includes data from a strontium bismuth tantalate material of identical
stoichiometry that was subjected to further different UV lighting conditions in
processing;

FIG. 21 depicts an X-ray diffraction plot like that of FIGS. 18, 19, and 20,

25 but includes data from a strontium bismuth tantalate materiat of identical
stoichiometry that was subjected to yet another set of UV lighting conditions in
processing;

FIG. 22 depicts an X-ray diffraction plot like that of FIGS. 18, 19, 20, and
21, but includes data from a strontium bismuth tantalate material of identical

30 stoichiometry that was subjected to yet another set of UV lighting conditions in
processing; |




of the invention will becone apparent fromthe follow ng description when
read ——dn conjunction wth the acconpanying draw ngs. 30

BRI EF DESCRI PTI ON OF THE DRAW NGS FIG 1 depicts a
cross-sectional view of an integrated circuit capacitor according to
the present iyRy6edHorRN: 5 {-

WO 96/ 20726 VORBIE . PCTUSI6i03521

PCT/ US96/ 03521 FIG 2 depicts a flow chart of a process for

f abri cagi ng the netal hcm?dlea deplctsaueerelveceéédﬁcﬁddmbrmel eafy region of two
FIG 3 depicts a gra 0 ea e rrent nsi. t er.sus_ vol.tage.

conparing a stand M@%W@ﬁﬁ@ﬁ%ﬁ#é@ﬁ@gﬁﬁs' PHt Were h
5 the thin film vwasrotassst andér différent BVSighiting @onditiing;adi at i on agai nst

anot her stronti umbi smuth tantal ate caggmtor in which the thin film

was WV baked:; FIG. 24-gdepicts acpipt ot capasitange versus; yeltagey for asstandarg, ¢
i ncl udes conpargt i,y,@oefsegtrﬂn&ﬁﬂlﬁgﬁuﬁ%ﬁ%?g f hd:Yangat a for a strontium

bi snmuth tantal ate 'sanp avl ng ent stoichionetric

conposition fromthe sUf@egd danbts@aapantt_anmloslike thavof FIG. 23, putincludgs siata s
a graph like that Qo Stroth 819 brietd bR Bismuth tantalate sample having an

identical stoichiometry to the sample of FIG. 23.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

10 FIG. 1 depicts a thin film capacitor 10 that is formed on a substrate
including a conventional single crystal silicon wafer 11 having a thick layer 12 of
silicon dioxide formed thereon by a conventional oxidation process. An optional
adhesion layer 13 of titanium is formed atop layer 12, followed by a first electrode
layer 14 of platinum. Layer 13 preferably ranges from 100 A to 200 A in

16 thickness. Layer 14 preferably ranges from 1000 A to 2000 A in thickness. Both
layers 13 and 14 are preferably formed by conventional atomic sputtering
techniques, such as DC magnetron sputtering or radio frequency sputtering.

A thin-film metal oxide layer 15 is formed of a material that is preferably
a metal oxide having dielectric and/or ferroelectric properties. The metal oxide

20 layer 15 is fabricated as described in detail below and is preferably less than
about 4000 A thick, and most preferably about 2000 A thick. Layer 15 may be
a perovskite, such as barium strontium titanate or strontium titanate. Layer 15
is more preferably a layered superlattice material, and is most preferably a mixed
layered superlattice material.

25 The term "perovskite” herein includes a known class of material having the
general form ABO, where A and B are cations and O is an oxygen anion
component. This term is intended to include materials where A and B represent
muitiple elements; for example, it includes materials of the form A'A"BO,,
AB'B"O,, and A’'A"B'B"0,, where A, A", B' and B" are different metal elements.

30 Preferably, A, A, A", are metals selected from the group of metals consisting of
Ba, Bi, Sr, Pb, Ca, and La, and B, B', and B" are metais selected from the group
consisting of Ti, Zr, Ta, Mo, W, and Nb. The terms A-site and B-site refer to
specific positions in the perovskite oxygen octahedral lattice.

-7-



conparati ve data obtained fromstrontiumbisnmuth tantal ate sanpl es of yet

anot her stoichionetry; FIG 6 depicts polarization hysteresis
curves for a standard process - strontiumbismuth tantal ate nateri al
as pol arization versus applied electric field; 15 FIG 7 depicts a

graph of regane ol ari zati on val ues versus applied for the
st andard prg@a’g@&y@ronti um bi smuth tantal ate material of Frgl‘/%%i;sibgﬁl

FIG 8 depicts a graph of coercive electric field versus allied voltage for

the standard process str %{w ﬁ;ﬂ% Atgni p?{.ml! TeRTI,
FIG 9 depicts a polarizati o%% ére@?gé%hﬁe | E@?ﬁ%tﬁ 0 %@ 'g‘,@ %XH en
20 i ncl :Jdes dat a aiotatiedeallaiyersiseparatedhy acoreespendiog nLmbenofhismuth oxide jayees.
materi a hgavi n th i.chi :
Sarpl ¢ Ly oo e Bl WGl fbelete rtneflé, thotiph, ot il
;/al ;JE;S ver sus app:sue]y rg?terials may exhibit fevroelduotric behavierat ecora teroperaturebiThese h
.antalate materjial of \FIG 9: e . FlLG i No | . .
coercive el ectr?c materiais Nopaglly have high q}?}mﬁﬁﬁ?&&%@ﬁééﬁﬂﬂ}%@%c
3t r _Ont i um bi Sﬁﬁt hfdoh@tqﬁt_%hpamw hérforgioﬁthéyareferroelectric. FIG 12
epicts a graph of positive negat,ve wn ("PUND') switching . .
measur enents obt ai ned f%ﬁwg?@%ﬂdaﬁ%@w@ ﬁ‘?%‘ﬁ?ﬁ%f"‘éﬁ%ﬁ%"‘f%'ﬁ’(%{?s
material,. as curresdrovéKifeliikel mEkerials, which have differént typesiaifi oxygen ootalwdtra
like that of- FIG '12, but includes, PUND switchin 30 data obt ai ned froorp a
W oriented strontSitHatueSmicR example, afestRern QF&'?SQTan'QYer having ?ﬁ&%’éﬁ?@
Lo chionetry 3§ tdie efENelrdl'mdy b sparated by a bismuth oxide layer from an oxygen
octahedra layer having a thickness of two octahedra. The mixed materials may
also include a mixture of layers having respective thicknesses of two and three
octahedra, or three and four octahedra.
All types of layered superlattice materials may be generally summarized
15 under the average empirical formula:

+al _+a2 +aj o, +81_,,+s2 +sk . +bl _+bl +bl_ -2

(3)

Note that Formula (3) refers to a stoichiometrically balanced list of superiattice-
20 forming moieties. Formula (3) does not represent a unit cell construction, nor
does it attempt to allocate ingredients to the respective layers. In Formuia (3),
A1, A2...Aj represent A-site elements in a perovskite-like octahedral structure,
which includes elements such as strontium, calcium, barium, bismuth, lead, and
mixtures thereof, as well as others metals of similar ionic radius. $1, $2...Sk
25 represent superlattice generator elements, which preferably include only bismuth,
but can also include trivalent materials such as yttrium, scandium, lanthanum,
antimony, chromium, and thallium. B1, B2...Bl represent B-site elements in the
perovskite-like structure, which may be elements such as titanium, tantalum,
hafnium, tungsten, niobium, vanadium, zirconium, and other elements, and Q
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LALAl ghe oL ori o) g8 ke ydhilds BT s BBEREAHE i FolriaR (R s

t hat of dFI GS. | 14, bﬁmareﬁgaéuvéoatemems The subscriptsindicate tha mumber éfratoms of/d
t Ssa e J1av

S5 £t o 22 © 2 e i, e SRk 1D, B o G

a st {gnt L terSl;:: gglét \t/l'gar subb’érsu nemtbgnimeétehmumbfaﬂommfmqoélemeni onthergvetage, Inthe

igugepl (F:)ts an X-rayn fﬁﬁ?‘g’ﬁuﬁ%?npﬂ %PWT{@‘ 'Sbﬁ?m?%@m%“

data froma stront tmd&sa%kam@wtecamn@éy @brWihrbdgﬁbdtCtHe frigterid)] @Rty

t hat was subjectedto different UV | thln conditions in

processi ng; 20 SrisBa.sBi,E8,00 opdhe average. XMl Bertime St istheyMsite atera and
that of FIGS. I aﬁg‘f"@f&(}gﬁﬁ“cea?a is the A-3fts ‘&, Ifl fiere i GHIY Bnd 1A-S1té blémenit iiliteD

tantal ate materi al _
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 equal zero, and similarly for the superlattice
generator elements. The usual case is that there is one A-site element, one
15 superlattice generator element, and one or two B-site elements, although
Formula (3) is written 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 equation:
(4) (a1w1 +a2W2...+ajwj) + (s1x1 + s2x2...+skxk) + (b1y1 +
20 b2y2...+ bjyj) = 2z.

The layered superlattice materials do not include every material that can
be fit into Formula (3), but only those ingredients which spontaneously form
themselves into a layer of distinct crystalline layers during crystallization. This
spontaneous crystallization is typically assisted by thermally treating or annealing

25 the mixture of ingredients. The enhanced temperature facilitates ordering of the
superiattice-forming moieties into thermodynamically favored structdres, such as
perovskite-like octahedra.

The term "superlattice generator elements” as applied to S1, S$2...Sk,
refers to the fact that these metals are particularly stable in the form of a concen-

30 trated metal oxide layer interposed between two perovskite-like layers, as
opposed to a uniform random distribution of superlattice generator metals
throughout the mixed layered superlattice material. In particutar, bismuth has an
ionic radius that permits it to function as either an A-site material or a superlattice

9.



st ol chi onetry that was subjected to further different UV |lighting

conditions in _ processing; ___ FI G .21 depicts an X-ray
diffraction plot like that of FIGS. 18, 19, and 20, 25 but includes

data froma strontiumbisnuth tantal ate material of identical
st oi chi orret%&n%swas subj ected to yet another set of UV bi-glakdedsai
|

condi tions processi ng; FIG 22 depicts an X-ray
diffraction plot like that of FIGS. 18, 19, 20, and - 21, but

i ncl udes data fr orgeRefitérO Bl Bishiiths fpidsohif ot 1884 A&h 8lthreshdid sididricthetric
30 stoichionetry that was subjected to yet another set of LV ll%htl r{g ,
conditions in proportier, will sparaneously concentrate as a non-perovskite-like bismu oxide

- 6- VO 96/123426
PCT/ US96/ 03521 ] FIG 23 depicts a coercive electric field
curve for the early redheremslayated superlattice meterial hareinalsaincluden dopeddayered

T Perant " |/ DRGPAGER rGAGR! PRELE iy of e il inpuaged RFSRASARY) ey
capaci t ance ver susbesdbpedaifroa variety of materials, such as silicon, germanium, uranium,
zirconium, tin, chromium, dysprosium, or hafnium.
Formula {3) at least includes all three of the Smolenskii-type ferroelectric
. layered superiattice materials, namely, those having the respective empirical
10 formulae:
(5) An1S2BnOsmea:
(6) AneiBnOams: and
7 AuBnOama
wherein A is an A-site metal in the perovskite-like superiattice, B is a B-site metal
15 in the perovskite-like superlattice, S is a trivalent superlattice-generator metal
* such 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: ;féf a plurality of different or mixed perovskite-like layers.
Formula (7) is most preferred. '

20 The most preferred 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 layeréd superlattice materials are hereby defined to include metal oxides
having at least three interconnected layers that respectively have an icnic

25 charge: (1) a first layer ("A/B layer”) that can contain an A-site metal, a B-site
metal, or both an A-site 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 octahedra lattice that

30 isdifferent from the A/B layer lattice. A useful feature of these materials is the
fact that an amorphous solution or a hon-ordered single mixture of superiattice-
forming metals, when heated in the presence of oxygen, will spontaneously
generate a thermodynamically-fairored layered superlattice.

-10-



5 process strontium bisnuth tantal ate sanple; and FIG 25
depicts-a capacitance plot like that of FIG 23, but Includes data
obtained froma W oriented strontium bi snuth tantal ate sanpl e having an

i dentical stoichionetry to the sanple of FIG 23. DETAI LED
DESCRI PTI ON HE PREFERRED EMBODI MENT 10 FIG 1 depi hi n
film capaci t?fz’%;?ﬁat Is formed on a substrate I ncl S’%ﬁ%&é&él

conventional single crystal silicon wafer 11 having a thick |ayer 12 of

silicon dioxide forned TH@E!%M% Wﬂﬂﬁh@ﬁéteﬂélb%u&ﬁ‘a%ﬁﬁoﬂﬁ?ae &iﬁerent

opti onal adhesi on | ayer of titantumis fornmed atop |ayer

fol l oned by a firstypesetionisdayers. WSW)P}@C&SP @foqglawmmrthe[a;seasmlefvaf
preferably ranges Giagnsfith-fenéraidiJafer 8 and fud diffdrgAS fpek B Uxybén octahedra_

preferably ranges hi ckness | ayers
and 14 are pref er alayers, cmamelyby, @delantNBr@nd Aﬁohyeraépu'fmernctaj\edra layers are

A thi et m et A - SoraraERiOR 68 ahBHpt Bl 1P sboriefiteloond ol vere " Mheitingl.

a netal oxi de havi apy dardome sequencecf collated peedvskite-like fayeps maydr obsesved:with

oxi de | ayer cat ed as described in detail below and is
preferabl y | ess th;l;L{'ﬁeW%“mg (?ﬁ? %900 A thi ck, and nost preferably about
2000 A thick. Laye(8)15 may be GLW,G[;G%&.&GI] as barium strontium

titanate or stront i t.anat e, refera

| ayered super|atti Le&r#‘tﬁ &'2 éﬁ%éf‘?‘%g '%‘@Pﬁﬁwis&hgﬁ She Bu?{dmg blocks
| ayered super| aft i a.ema&ésﬁdc&be layersd The L,-strmﬁxré tAB) l&RrOWAKior® a pércehfage of
i ncludes a known cl ass of material having general form ABq err|

where A and B are hetotahsumber of HWK“QI&'SFQ'@M@%f@P percentageJnay alseibe vigwed
termis intended th'é‘%Hé@ntFﬁkﬁHéﬁv%d“ﬁ@bﬁbiﬁtﬁBdof&ﬁ&ﬂq %Sﬁﬂfbn type of L layer

multiple elenents; for exanple, 1t 1 ncludes materi als

A A'BJerr], inteqposed between anyitworGaayers| dhejtotalpts probabilities equals-enez”
di ff
are different netaly, Ehf‘éﬁ?ﬁéb? bilitRs dr ADE%\ﬁpéwgé’%cg&we“for ar“%geﬁbﬁelﬁfgfr.é@egg ,L1 Eé‘f’

selected fromthe group o s consi st
and La, and B, 18 , Lamay Bisodhave aplurality of steuctarally equivalént Assitaimoieties or a plurality

consisting of T, gf eqlitalePp-stte MBI FEPExAMpIE® 1dyerd Loafl T, Hiad/ ihEiubE thb
structurally equivalent B-site metals, B and B', which have similar ionic radii and
valences. Accordingly, the B’ elements constitute a percentage of the total B-site
elements in the average empirical formula for both fayers L, and L,. There will .
20 be a given formula portion a of each metal in the average empirical formula for
each layer. Where L, and L., are identical, the layered superlattice material is of
a non-mixed variety.
More generally, the ionic layers may repeat themselves in an overall
superlattice according to the average repeating-structure fdrmuia
25 () G{ILBNEy Mi)M(L,B ) Emi Mig)] - . .
(LS E Mi]}G . . .,
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 crystalline lattice as
compared to other types of L layers denoted by the corresponding integer
30 subscripts 1, 2, and k; 3 is a mutually exclusive probability of finding a given L
layer formed of a particular lattice_ structure; ai is an empirical formula portion a
given metal Mi in an average empirical formula for a corresponding L layer; and
J is an integer equal to a total number of metals Mi in the corresponding L layer.
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specific positions in the perovskite oxygen octahedral lattice.
-7- WD 96/ 29726

PCT/ US96/ 03521 _ _ Layered superlattice materi al s have a

pl urali tyd_of perovskite-Iike oxygen octahedra | ayers separated by a
correspondi ng n r of bismuth oxide |ayers. Layepegdusssnséhattice
materi al s a?vg’%ségﬁgal ly ferroelectric materials, though, n(i)’t all i

such materials may exhibit ferroel ectric behavior at roomtenperature.

These 5 material SThe bkl Mﬁgg FBiitia $0)aheGbés & pﬁﬁamﬁmﬁﬁferémi layérs,

useful in high dielectric nstant capacitors, er or. not they

are ferroel ectri cwhieh are formed of iopig subuait|cplis, dhe A/R dayes jea dypesefijclayas that o
material s include Fegsféf;agl)} RYSAA /B lagﬁég}lgl%ﬁw}iéﬂﬂﬁﬂiﬁa materials, which

have different tyB oxygen oct structures. For exanple, a
first oxygen octahedra{(1®yer having a thi(ﬂmBs@c)&f 10 one oct ahedral

e w8 IR Al A 67 o0 88 e o 6 w0
alhf gei ncl ude ao ‘r:nt gtheéul(rs;nitéblb &%reuse iﬂntheideB subapitcall; Ods oxygen) aa is8 numbenbavingl
E ypes of |ayered ?Jﬁg’ﬁ dofta? Feéépéﬁgﬁgalv ?%iﬁg‘égg grgrgf %Pf‘i}‘ps‘iﬂﬂ%ﬁ"mgé (é}hh A5
under the average(FiRi0.5)x4nd @Ba)®isa 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
10 . layer can have a perovskite-like octahedral structure; however, it can also include
A-site metals and/or B-site metals arranged in a non-perovskite structure. That
s, the above terms "A-site metal" and “B-site metal” refer to metal cations having
suitable ionic radii for use in a perovskite lattice, but these cations do not
necessarily occupy the A-site and B-site locations of a perovskite-like lattice. For
15 example, (m = 1) materials are not perovskite-like because they have no A-site
element, however, (m = 1) materials are still included in Formula (11).
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 from about 0.5 A to about 0.8 A.

20 The perovskite-like AB layer is a type of L layer that preferably includes
‘an empirical formula
(1 1 ) (A'n-i B'noanﬂ )V’

wherein A’ is an A-site atom in a perovskite-like AB ionic subunit cell, B' is a B-
site atom in the perovskite-like AB ionic subunit cell, O is oxygen, n is a number
25 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 (11), 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 (10) for mixed layered
superlattice materials. Most preferably, n is different from m.
30 The superlattice-generator layer preferably has an empirical formula of
(12) (S0,
wherein S is a trivalent superlattice-generator element such as bismuth or
thallium. The layer according to Formula (11) repeats itself as needed to balance

-12-



[err] - (3) Note that Fornula (3) refers to a
stqichionetrically balanced list of superlattice- 20 form ng noieties.
Formul a (3) does not represent a unit cell construction, nor does
it attenpt to allocate ingredients to the respective layers. In Fornula

(3), Al .. . Al represent A-site elenents in a pe presli ke
oct ahedr al s?’ﬂfé’l’@%@, whi ch i ncl udes el enents such g?‘@tﬁ#on 2'lum
calcium barium bismuth, |ead, and m Xtures thereof, as well as

Chper T art oe” oner PRt et Yoyt Smnste) s 15 il e i oo
but can al so incl ucllﬂQ-rla:yaII mrdiagdpi Formuia {Hl )dfer f@phitypﬂ oﬁd-aéuannpcording to
e et FAET anc SSAT Wlor BRI P02, P2, ey coen
el ements such as titani Uksecandalectrode 16, also preferablynformetdyef platinumobaving a
Ygf‘ad' um  zircongurgy;aindsg to!? Font H65& fobo A1 26b0 A, is formed atop layer 15, again by
conventional atomic sputtering techniques.
In the integrated circuit art, the silicon crystal 11 is often referred to as a
"substrate”. Herein, the term "substrate" is more generally applied to any layer
or combination of layers providing support for yet another layer. For example, the
10 substrate 18 for the dielectric layer 15 is, immediately, the platinum first electrode
14, but also can be broadly interpreted to include the layers 11, 12, and 13 as
well. We shall also refer to the device in various states of completion as a wafer
20 which is intended to include all of the layers completed up to the point of time
in reference.
15 As is known in the art, the capacitor 10 may include other conventional
layers, such as diffusion barrier layers. Many other materials may be used for
any of the layers discussed above, such as silicon nitride for insulating layer 12,
gallium arsenide, indium antimonide, magnesium oxide, strontium titanate,
sapphire or quartz for substrate 11, and many other adhesion layer, barrier layer,
20 and electrode materials. Further, it should be understood that FIG. 1 is not meant
to be an actual cross-sectional view of any particular portion of an actual
electronic device, but is merely an idealized representation which is employed
to more clearly and fully depict the structure and process of the invention than
would otherwise be possible. For example, the relative thicknesses of the
25 individual layers are not depicted proportiohately, since otherwise, some layers,
such as the substrate 11 would be so thick as to make the'drawing unwieldy.
Capacitor 10 preferably forms a portion of an integrated circuit memory
19, which, as known in the art, includes other electronic devices, such as
transistors, other capacitors etc.. These other devices are not depicted. For
30 example, in a DRAM, the memory 19 would in include a memory array
comprising rows and columns of memory cells, each memory cell including a
transistor operably coupled with a capacitor 10. In addition, the dielectric layer
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WD 96/ 29726

PCT/ US96/ 03521 o represents an anion,_which preferably is oxygen but
may al so be ot her el enents, such as fluorine, chlorine and hybrids
of these el enents, such as the oxyfluorid- es, the oxychl ori des,

etc. The supﬁ@%@#’g s in Formula (3) indicate the val ences f t he

respective e The subscripts indicate the nunber of lz;%"rjrss%,g?ﬁg 5
particular elenent in the enpirical forrmula conmpound. In terns of the unit

cell, the S‘rﬁ)ﬁact{ricﬁie%ul#‘ﬁie‘csgﬁoﬁgé’srﬁtﬁgﬁgvéﬂtioﬁtrﬂé? b8fi%%3}ﬁ%|"alté‘d“rﬁn% otHE?

the average, in the Scripts can teger or
fractional. That i sjevicaspsiich gsferiostacinitBETS, as well asieapacitess.where t he unit

cverage, v of 4 he t: mE1Gr2 o8P Mow ctnfior & frocass of atiditbiya SibariEr 10 For
Ba is t get ﬁ\- sit te atthensaké df femr erientingrdiscussion/wsi shallcdorsider the) prduess of FIG. 2
canpoun en | |

s .L.epresent ed LAY el n nd w2...\W | .
S | 151 P B ea S Y rhitBrion in.siBh BFR 8 Becdes a2 wifiiithe
is _rlepr Ies ePt edt Ey tuse of IU\{ itn_ step P28, shalitwréin lﬁtﬁrma? the/'fsttaida{ﬁ(pmdesi'eb&atsad
sSsimil ar or e S ra I Cce L ene.a or e.e S, e usgua C e
L hat There | o ontR e piocess tyestp fahsicble & "giantarg B cxidechpacipL1 0 fo torm
el ement, and one org biéls Bf ebimPaRsEARith capatitdt 10/ Tabricated acEeidify ® thé)prbSent

witten in the nore general_ form becausﬁé the invention is intended

to include the casd8Veian: Bathibe standard procass andsthecdV pracessacersdingforthee
t h . o K 1 f
ire 1 A s, g i, g

+ (blyl + 20 well be discussed imterms of anyjipiegrated circuit component havingha

be 1t i nt o For ml dopapiecisritlacRieapatior CompaRbat [ ' 300 (Bheous v
form t hensel ves A substeateal®is providiedtandpreparnest inl stem #22ayEhis substratg
crystallization. ThBraferably includes silicon crystat 11 on which silicon dioxide layer 12 is grown
15 by conventional methods, e.g., heating crystal 11 under an oxygen atmosphere
in a diffusion fumace to a temperature of about 1100°C. An adhesion layer 13
(F1G. 1) is optionally sputtered onto layer 12, followed by sputtering of a first

platinum electrode 14.

In step P24, a stock metal oxide precursor solution is prepared. This step
20 may be performed just prior to the deposition of metal oxide dielectric 15, but is

generally done well in advance. The solution preparation step is preferably

conducted under an inert argon or nitrogen atmosphere, or at least a dry air
atmosphere. The preferred reaction includes reacting a metal alkoxycarboxylate
with a metal alkoxide or a metal carboxylate to provide a reaction product having

25 a central -O-M-O-M-O- structure, e.9.:

(13) (R-COO-)M(-0-C-R’), + M'(-O-C-R"), —>
(R-COO-)M(-O-M'-(O-C-R"),.,), + @ R'-C-O-C-R"

(14) (R-COO-)M(-O-C-R’), + x M'(-OOC-R"), —>
(R'-C-0-),M(-O-M'(-O-C-R"),,), + x R-COO-C-R"

30 where M and M' are metals; R and R’ are deﬁhed 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 (13)
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spont aneous crystallization is typically assisted by thermally treating or
anneal i ng 25 the mxture of ingredients. The enhanced tenperature
facilTtates ordering-of the superlattice-formng noieties into

t hernodynam cally favored structures, such as perovskite-Ilike

oct ahedr a. The term "superl attice generator Ws‘zlas
appl i ed to JYO%E2IN26 g| refers to the fact that thesé netals are

particularly stable in the formof a concen- 30 trated netal oxide

| ayer interposed betyween, two perpvskite-like |layers. as 0 sed

2’ Ui f or m r andom d 8l PreBGTIGRISo AUy eihPis bFino FN BRilnd Pointy are gerdRalRBimbd
t hroughout the m xethdseyethers boibout of tHe preiprecuiser to leavieca final pduchhaving @
has an i oni ¢ ,radj us that germ’ ?1 it to function gs git tﬁr an A-%lte
material or a superrpglgqq@gamccont nt and the metal-oxygen-metal bonds e final desired
- 9- WO 96/ 2Retéb oxide already partially formed. If the heating is sufficient, some of the
RPCT/ US96/ 03521 2:§{1erator, but bisnuth, if present in anounts |ess

than a threshol P stf8ReliN Wil also occur, ciaatipg metahoxygentmetsh Ropdteand epters.
concentrate as a n%&@@ﬁﬁﬁl&%&bmﬁ&m‘ﬂb poihdGnd re!nuaciﬂais? dog%‘gdn. These h:?h

The term |l ayered superlattice mate herern also 1 nc d layere
5 superlattice mathoiling peintrganics slowngdown thendrying process aftern theinal precurserisa
é 2 na”ﬁ}’ um urani u Pn ApPREEh 4508ktte! Which téndd 10TBHGCE Ghdking Hid'd&ctS! thl€ IR either
case, metal-oxygen-metal bonds are formed and the final precursor performance
10 is improved.

If a metal-carboxylate is added to the metal-alkoxycarboxylate and the

mixture is heated, the following reaction occurs:
(15) (R-COO-)M(-O-C-R'), + x M'{(-OOC-R"), —>
(R'-C-0-),M(-O-M'(-OOC-R"), ), + x R-COOOC-R'

15 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 (13) and
(14) above, and proceeds at a much slower rate. The reaction products of
equations (13) - (15) can be heated with excess carboxylic acid to substitute
carboxylate ligands for alkoxide ligands, thereby reducing the hydrolyzing ability

20 of the carboxylated products and increasing the precursor shelf life. The solution
molarity is preferably adjusted to a value ranging from 0.1 to 0.5 moles of a Bi,
normalized empirical metal oxide formula based on the amount of metals in the
precursor prior to application on a substrate.

In step P26, the precursor solution is applied to substrate 18, preferably

25 while spinning the wafer at 1300 RPM to 2000 RPM from about 20 seconds to
about 60 seconds. Spin-coating normally consumes about 3 ml of precursor
solution, and is most preferably conducted at 1500 rpom. Alternatively, step P26
may include the use of a misted deposition process, such as the technique
described in copending application serial number 07/993,380.

30 Step P28 includes baking the precursor, preferably in air or dry nitrogen,
and preferably at a temperature of from about 120°C to 500°C for a period of
time sufficient to remove substantially all of the organic materiats from the liquid
thin film and produce a solid metal oxide thin film 15. Some minor carbon
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zirconium tin, chromum dysprosium or hafnium For mul a

(3) at least includes_all three of the_Snolenskii-type ferroelectric
| ayered superlattice materials, nanely, those having the respective
enpi ri cal 10 fornmul ae: (5) T[err]
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the perovskite-like superlattice, Sis a trivalent superlattice- generator
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bal ance the overall fornula charge. Wiere mis a fractional
nunber, the over al ProgQiesubstituants thatypmain atter the pgking PEogass., Byavay ¢fexample,

plurality of di ffeé@ﬁ@ﬂcdﬁ%@ﬂeﬁ@rﬁ%ﬁéﬁ'@'b'fﬁt'@d Zsrglqutes inair. Formla

(7) is nost preferred nost prere ayere
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l(o Aﬁ B layer") thatselqmncootﬂeps aslfoﬂews t(e) m@hthzlaswlssateefor one to five miriutds inor
oth an A-site neta -ste | C B.la

not have a perovsk?f@"?g\? P Lfe renging fror ﬁg@é 180°C1'%) baking

super | atti ce- ggoertiei substrate for two k@si&rmmaw@ ift Air oh é hbf ﬂate?w&fné aA&nbmre)

that contains both an  A-s

| ayer has a per ovsigngiNg i Wo%@’g Wc&gﬁeg-r &, (3); gépqtﬂ%g e sglg;trqtg "t"%n
different fromt heelééﬁoh@gﬁéué Fﬁdiatﬁﬂ‘\ so%ré@ got lUV) QR4S eapéble W?ﬂsﬁ@‘a\%drﬁc‘é

is the fact that "an_anorphous sol ution or a non-ordered Single
m xture of super| odempegature of the SUbﬁtiaﬁﬁ tacpt leash ebout #{K Crier a dreferred paximum

presence of oxyge y
”q avorée G&FW%& ltem (3) aby abovel&ifiétbnducted, for example, by

t her nodynami cal | y- super
18 using a tungsten-halogen lamp (V|S|ble spectrum) to achieve a 725°C
temperature over thirty seconds including a 100°C/second ramp from room
temperature to 725°C. In step 'P30, if the resultant dried film is not of the desired
thickness, then steps P26 and P28 are repeated until the desired thickness is
obtained.

20 Step P32 includes annealing the dried precursor to form a crystalline
metal oxide layer 15. The first anneal is preferably performed in oxygen at a
temperature of from 500°C to 1000°C for a time ranging from 30 minutes tc 2
hours. Step P32 is preferably conducted at from 700°C to 850°C for 30 to 90
minutes in an oxygen atmosphere in a push/pull process including 5 minutes for

25 the "push” into a diffusion furnace and 5 minutes for the "pull” out of the furnace.
The most preferred anneal temperature is 800°C for 80 minutes.

In step P34, the device is patterned by conventional methods. Second
electrode 16 is sputtered into place. The device is patterned through the
application of a negative or positive resist followed by ion etching and removal

30 of the resist. '

Step P36 includes annealing the patterned device to remove patterning
defects. It is preferred that this second anneal reach a maximum temperature
within fifty degrees of the maximum temperature of the first anneal, in order to

-16-



-10- WD 96/ 29726

PCT/ US96/ 03521 The m xed | ayered superlattice materials
i nclude at least three differ.ent types of ionic |ayers. The
sinplest case is one in which there is a single type of

superlattic tor layer G and two different types of geraRbs@siahedra
| ayers, nﬁp\%ﬁgﬁgand L2 (A/B and AB | ayers). The octahedra | ayers are

5 separ at ed fromone another by the superlattice-generator |ayers.

Accor dingl y, ﬂu&’\&eﬁﬁ%‘?ﬁ%ﬁ%ﬂ&%@ Oﬁ?FélHn@ﬁ& %@%&Kﬁ‘ﬁnﬁ@aﬂ Z Efefér%ﬁ&r S

may be observed w ervenin
GL1G.1G.2GL1G.2G 2enducted at 8002C tbmhleiysnmutaa after the ﬁnstaaemealacauz;e At 8AR1GC

et ot o el Ao s B o SpABASNEep e

nunber of perovskidgnnehling, dsmesded. Thi s percentage nay al so be viewed

"htor posed betvben any WRGeRBERa of Uit acfasion R BT pda e Hisrpssh™!

equal s one, aboRe.dUitksvictetili gﬁb&hhbsttprﬁfltrﬂﬁlg appliedas paﬂx# btep m fbut ey

tructurally equt SRR SRPUsd wilkipssafec 8 patsf sleps gy and Pe2) O

equival ent B-site ni etRSUVEhectiumiNaS. wé@éi B@hblhanfénba 50 amhwl%um

structurally equivalent B-site netals, B a have sim | ar ionjc

radii and nanometers {"nm"). A particularly preferred band of UV radiation for use in the

10 invention has a wavelength ranging from about 180 to about 300 nm and most
preferably ranges from about 220 to about 260 nm. These wavelengths are
selected to target the C-O bonds in the precursor for dissociation. The UV
radiation is preferably applied in step P28 'through a tunable eximer laser;
however, other acceptable UV sources exist, such as a Danielson UV light
15 source or a deuterium {D,0) lamp.

The UV exposure technique of step P28 preferably includes an exposure
intensity ranging from five to twenty mW/cm? over a period of time ranging up to
about ten minutes. Ultraviolet wavelengths in the most preferred range are
intended to dissociate carbon to oxygen sigma bonds in the precursor solution.

20 The dissociated organic ligands and other substituents can then be removed
from the substrate as vapor. This UV-induced dissociation provides a metal
oxide having a reduced carbon content, as compared to "standard" metal oxides
that formed in the absence of concentrated UV radiation.

The UV radiation also influences the formation of crystal grains in metal

25 oxide materials produced according to this process, as confirmed through c-axis
orientation differences in X-ray diffraction peak intensity values. This UV-
influenced crystal formation is also characterized by significant changes in the
electronic properties of the metal oxides, namely, polarization fatigue and
leakage current improvements.

30 The following non-limiting examples set forth preferred materials and
methods for practicing the present invention. Examples 1-7 serve to describe a
preferred method for providing the stock precursor solutions that may be used

in step P24
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val ences. Accordingly, the B elenents constitute a percentage of the total
B-site elements in the average enpirical forpula for both Layers L1
and L2. There wll 20 be a given fornula portion a of each netal in the
average enpirical formula for each |ayer. Wiere L1 and L2 are

i denti cal, %ﬁl,ﬁ.mred superlattice material is of PCT/VSYS03821€d
variety. More generally, the ionic |ayers nay repeat

t hensel ves in an overall _ superlattice according to the average
repeating-structure formula 25 ( ExAMPEE "]

[err] wherei n G pREPARIAONOF A S TRONTRIM BISHUTH TANTALATE

trivalent netal; L iS a |ayer UIGFNEBI!IRSORASGLUTIGNWW B-site
materials with a different crystal ?ne attice as ared to other

types of L layers denotEae precursordngredioptsof Taple it weferobtaingd ff%ﬁ?dﬂﬂ'ﬁ??dl
2, and Kk [err] gl Sesndites 'ercE%gh&ﬁhﬂ@waé&’i&‘@bthh{the?ortidd&%mna th't Or

Iayer formed of "a partlc I ce structure, an enpirica

portion a n"FWY indicetes f@rmnlm@gatgéo"elngicate@agramr'immgles'bmd&ates
of retals M in l?éﬁ@rnge’és Bt v Gt SRR s Bl sl
PCT/ US96/ 03521 7 The overal | k4 Formula (9) includes a

plurality of diffefer

cells. The_A/B_lloayar is a type of L

eight
Il Ingredient : (g/mol)
tantalum - 546.52
pentabutoxide
Ta(OC, Hy)s
15 2-ethylhexanoic acid 144.21
strontium 87.62

bismuth tri-2-ethylh- | (765.50)
exanoate (in naphtha)
Bi(O,C.H

20
The tantalum pentabutoxide and 2-ethylhexanoic acid were placed in a
250 mi Erlenmeyer flask with 40 ml of xylenes, i.e., about 50 ml xylenes for each
100 mmo! of tantalum. The flask was covered with a 50 ml beaker to assist in
refluxing and to isolate the contents from atmospheric water. The mixture was
25 refluxed with magnetic stirring on a 160°C hot plate for 48 hours to form a
substantially homogenous solution including butanol and tantalum 2-
ethylhexanoate. It should be understood that the butoxide moiety in solution was
almost completely substituted by the 2-ethylhexanoic acid, but full substitution
did not occur within the heating parameters of this example. At the expiration of
30 48 hours, the 50 ml beaker was removed and the hot plate temperature was then
raised to 200°C for distillation of the butanol, water, and ether fractions, in order
to eliminate the same from solution. The flask was removed from the hot plate
when the solution first reached a temperature of 124°C, which indicated that
substantially all butanol, ether, and water had exited the solution. The flask and
35 its contents were cooled to room temperature.
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preferably has an A/B | ayer average enpirical fornula (10) [err] 5

wherein Ais an A-site netal suitable for use in an A/B subunit cell; Bis
a B-site nmetal suitable for use in the A/B subunit cell; 0 is
oxygen; mis a nunber having - a value of at least one; c is a value
selected fro p consisting of (3mtl), (3m + O.P@r,@ggoéi,n); S
Is a trival e@t‘ﬁsﬁ&%@?l attice-generator elenent; and V is an B

| ayer charge selected froma group consi sti ng of 1+ 1-, 2-, and 3-. The
A/B 10 layer can havrﬁe%traﬁmﬁ%hafs@rf\ aﬁou%toi Wefe ali@dEitihe
it can al so include A-site netals and -site netals arranged_in

a non- per ovski t e scegledmigturerinthe flask, as welkas FH@OMIQQQWIOW%ﬂl@%ﬂBP"
and "B-site metal " gegk ahqlif % ?%ﬁ{ﬁﬁtb’]ﬂe hot plate at?bd‘%béﬁd FettixEd for

radii for use in a perovsklt ese ca 1 ONS
necessarily occupy fwabowsavﬂetm@mlbaahenagamlrrplacmforaeaxﬂm\koﬁomaltamielum-

| attice. For 5 I = i al . W e-bhi
because they ha\?é #WFWmoﬂaé%é@QaM@%?@Eﬁlﬂ%@%%%?%&r Hsﬁs Tgre e
still included in beakerwasreijoved and the solution temﬁaiatwblwasﬂalln'weu toaisalte 125°C
typically have an |on| I US fro t
1.3 A and suitabl & lgrmr@qﬁgtojﬂ@e%)ag éﬁh esoé\@qt Hﬁr'bs&&ﬁ?“ sés wéft 38 any
ranlgl ng from about e&?é‘sﬁletbohabo?]ttwﬁteﬁ |r¥\solutlor20After removal fromtheheak sbirch) Ihel
B Lyer TS & tyPe gl ok Bhinbl T odi 5 oG emperafs The bismuth i GRS

an A-site atom{g aRPhvay ﬁadédatdthééoaﬁd' solitionS whichiviasttther &liuted t@266 mi wuh
site atomin the perovskite-like AB ionic subunit cell, 0 is oxyge nis a

nunber 25 havi Meae%mfeen@mmm@obmn that wawcapable ot ioppig 020G moles
charge sel ect ed ogsna.r., @“,sap&*lﬁie_rpin‘iﬂg%b?éf}:g%mlsrﬁmg v]:latnh%am?rf"”d 3 but

I's nost preferably st one
and n are di fferent f r offhetprecaispe fnsowiation was designeddpaommensate for asticipatess

the A/B | ayer enpi
superlattice nater |b<i;1'él}';im"I\Eram'%odr?i oé'er aBég %g%&!’r@ﬂer eﬂ{nqg Soid metal oxides from

15 the liquid precursor. Specifically, the Bi, ,, moiety mcluded an approxlmate five
percent excess (0.10) bismuth portion with respect to Formula (5). After
accounting for the anticipated bismuth volatilization during the forthcoming -
annealing steps, the pre-precursor solution would be expected to yield a stoichio-
metric n = 2 material according to Formula (3), i.e., 0.2 moles of SrBi,Ta,0, per

20 liter of solution.

EXAMPLE 2
PREPARATION OF A PRE-PRECURSOR SOLUTION CONTAINING
TANTALUM 2-ETHYLHEXANOATE IN XYLENES

The ingredients of Table 2 were purchased from commercial sources and
25 subdivided to obtain the portions shown.

TABLE 2
fr— m
Formula
Weight
30 | Ingredient (g/mol) Grams | mmole | Vendor
tantalum 546.52 22.886 | 48.040 | Vnipim
pentabutoxide .
1 Ta(OC Ha)s

2-ethylhexanoic acid 144.21 36.373 | 252.22 | Aldrich
35 :



30 The superlattice-generator |ayer preferably has an enpirical

formul a of (12) lLerr] wherein S ___

is a trivalent superl attice-generator el enent such as bisnuth or
thallium The | ayer according to Fornmula (11) repeats itself as needed to

gg} s WosenIme - 12- pernusssinss2fO
PCT/ US96/ 03521 t he charges of |ayers according to Formul ae (9)

and (10). Typically, tHRgeqaiahlm ?Sntgbutoxide afi'S:-eii5dxaPbcH Gt Werd Plabed a2
(11) for each type of L layer "‘acCtording to Forrmula (9) and each L
| ayer according t 250umiErienmeyer flask with 30 mi of xylenes.AThe Jasitiwas severgdwitha 50

Shos B Ehhono BB 48 AL NG o el 'S T alcUprap
atoni c sputteri ng watehriThpumixture was refluxed with stirting oha 169 St piate forr4faurs
L e orl, B30T ekl BB Bl g bl prdpRIGA R
or conbination of dtayihexanoate;i dTing butgxide tmbiety jretsohstionwas |almest completely
B 1% (o bRt hE 2 e S A ki AR gt
\% Oaﬁ| lyl i nlt erpr e]E Qﬁeh@aﬁrﬁhy?éaﬁdﬂ_empﬂ thisexample. AtZhe expirationaf 48 hours, the 80 Inl.
waf Zr al alsore et;eatkgr \Efase reOrInGO\Gecci eanld rt]hev ﬁcr)tl p?gtg tesr'}\getrgt?.areo \fNaSC mlrgfts'eg %o 3804C for
10 distillation to eliminate the butanol from solution. Accordingly, the flask was
removed from the hot plate when the solution first reached a temperature of
124°C. The flask and its contents were cooled to room temperature. Xylenes
were added to the hot solution to dilute the same to a normality of 0.4 mmol
tantalum per gram of solution, and the solution was removed from the heat for
15 cooling to room temperature.

EXAMPLE 3
PREPARATION OF A PRE-PRECURSOR SOLUTION CONTAINING
BISMUTH 2-ETHYLHEXANOATE IN XYLENES AND NAPHTHA

The ingredients of Table 3 were purchased from commercial sources and
20 subdivided to obtain the portions shown.

TABLE 3
Formula r—
Weight
Ingredient {g/mol) Grams | mmole | Vendor
25 | bismuth tri-2-ethylhexa- | (765.50) 66.752 | 87.201 | Strem
noate (in naphtha)
Bi{O,CeH

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

30 Erlenmeyer 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

disrupting bonds between the bismuth atoms and their corresponding
carboxylate ligands.
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20 which is intended to include all of the layers conpleted up to the point

of time in reference. 15 _As is known in the art, the—.
capacitor 10 may i nclude ot her conventi onal | ayers, such as

di ffusion barrier |ayers. Many other materials nmay be used for _ any
of the Iayer@ogﬁgg yssed above, such as silicon nitride for Pewossswdszy | ayer
12, I'um ar seni de, indium antinoni de, nagnesi um oxi de,
strontiumtitanate, sapphire or quartz for substrate 11, and many
ot her adhesion |layer, barrier |ayer, XAMBLEEyECt rode material s.
Further, it should bepgggsg ?@Ntdﬁh IFﬁE‘PﬁEﬁﬁR%R wkﬁ«ee an
actual cross-secti ona:l Vi ew 0 g‘umw gﬁ%‘

el ectronic device, but is nerely an ideallz represen a ch is

enpl oyed to nore clearly and fully depict the structure and
process of the |51vent|on t han woul G'ABLEetvm se be p055| bI e. For

exanpl e, the relat (:' e

depi cted proportio Fmub
the substrate 11 wpuld be so thick as |tyweip

Capaci tor 10 prefe : ﬁédfé?ft”s a port| q 3
19, which, as kno '
transi stors, other|
For 30 exdfpl § exanoate[QWlemése)

array conmpiNb n 01
cell including a FansT St or oper ab
In addition, the dielectric |ayer

-13- The niobium penta-2-ethylhexanoate in xylenes was poured into a 250 ml
' Erlenmeyer flask and mixed with additional xylenes to a normality of 0.4 mmoles
15 per gram of solution. The mixture was swirled in the flask to substantial

homogeneity without heating.

EXAMPLE 5
PREPARATION OF A STRONTIUM BISMUTH TANTALATE
LIQUID PRECURSOR SOLUTION DESIGNED TO FORM
20 ' MIXED COLLATED L,andL,
LAYERED SUPERLATTICE MATERIALS
A strontium bismuth tantalate precursor solution including relative

proportions of ingredients capable of forming 83% strontium tantalate L, and
17% tantalate L, metal oxide portions was prepared using the pre-precursor
25 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., a sufficient volume
of precursor to yield 0.4 mmoles of SrBi,Ta,0,. A 0.210 g aliquot of the bismuth
2-ethylhexanoate solution from Example 3 (0.4 mmol Bi®*/g) was also added to
the flask, as was a 0.100 g aliquot of the tantalum 2-ethylhexanoate solution of
30 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 examples was facilitated by the use of a
common xylenes solvent. The resultant mixture included a 5% excess bismuth
moiety to account for bismuth volatilization during subsequent high-temperature
35 annealing processes that would yield a solid metal oxide.
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W 96/ 29726

.PCT/ US96/ 03521 15 fabricated by the process of the invention may
be incorporated into other devi ces, such as ferroelectric FETs, as
wel | as capacitors. FIG 2 depicts a flow chart for a
process of fald.eRki Ng a capacitor 10. For t he salper@kosis2i
orienting discussion, we shall consider the process of FIG 2 5

wi t hout the use of UV radiation in step P28. The process of FIG 2 w thout
the use of W TRe yoREivEPopaitiohs of ighédiems i ehépredutsor’ suiativthewere
process" because ) it is the dprocess, ‘Esed to fahri ca{t efﬁi "stﬁgdar d&'
metal oxide capaci 68%igned, uponappealing of the drjed pracurser residue, to ¥igid g;sofid mixe

capacitors 10 fabr g@ﬁgﬁ%ﬁgﬂﬁd\% Riatdrial h&nd s 8APirical formula of SANABLTAkLT3Q},D

the standard proce ) he UV process according to the I nvent | on
are discussed in t dhiss matenialdnekidediarphwally ofle Lz and, eoliated jlauars.namely,
pell be discussed \ilO™BupsHaffté-deePatbriapérsacchiding OFBIHLAR [12)°83%4Sa,
ferroelectric or dre tri ¢ capacitor conpoOnent. A

sub;stra; Ie 18 iIS gr O/ dgdaysnsiapsosging taiF ormula @p).m@ﬁf%(&% sk lgyers according
refera i nc r ]

o V15" by cBemBii XBb olul8 ghihot acshuit NG dAtbgEbisUE mbler) <
ong[en a} rcr:os g\her Shin _solutilon becaéséi tl'feje'xcessz bismﬂe‘)mc_lieta campensates forobisamitut
11 err]C. An adhes I . ti (RN
onto | ayer 12, fol P’B(ﬁgﬁzﬂmﬁﬁ%@eﬁ"i’rw %17 Og 6#&?{’& C aiincdl. %#%edwths 5%
el FCE rode 14. 10 excesTshpismL;thImoietyeimoﬂilatiombthecamq:iﬂmlefbnpul'admmqmaedsbrbe
solution is prepared, .S ste Jray be [ DI A
deposi £10n of ot adleddindfe Suent el Mo bisH N FalBiZatbR BEolyy Hhyl 8 fifhation
wel | in advance. TigpthHeQolillinfelalitiied I Tie remaiiingexcasp bismuthlcbuld function as an A-
conducted under an inert argon or ,nltrov%gg at m)s$)here or. aig%l east a dry

air at nos gite materigldn combingtion Withhiheiexgesstantaie B-sia #lomp- o et al

al koxycar boxyl at e Additiona! mixed layered superlattice precursor solutions can be
15 developed according to the following relationship:
(16) ABi,B,0g + X Bi,B'Ogs —> ABiz;xB:B'xOgssx
L, + L, —> mixedmaterial
The subscripts are normalized to a value of Bi, by muitiplying each subscript by
the quantity {2/(2+2X)} for comparative purposes.

20 EXAMPLE 6
STRONTIUM BISMUTH NIOBIUM TANTALATE
LIQUID PRECURSOR SOLUTION FOR USEIN
FORMING MIXED CRYSTAL L, and L,
LAYERED SUPERLATTICE MATERIALS

25 A strontium bismuth niobium tantalate precursor solution including relative
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 of previous examples. A 2 ml aliquot of the 0.200M precursor solution
from Example 1 was placed in a 250 mi Erlenmeyer flask. A 0.200 g aliquot of
30 the bismuth 2-ethylhexanoate solution (0.4 mmol Bi**/g) from Example 3 was
added to the flask, as was a 0.100 g aliquét of the niobium 2-ethylhexanoate
solution (0.4 mmo! Nb>/g) of Example 4. The combined ingredients were swirled
in the flask to a homogenous state. Mixing of the combined precursor solutions

22~



with a metal al koxide or a netal carboxylate to provide a reaction product
havi ng 25 a central -0-MO-MO-_structure, e.g.: —(13)
(RRCOO)Terr[M-OCR)[err] + M (- OC—R’)[err] >
(RCOO)[err]M-OM-(OCR')[err])[err] +a R-CGO0-CR

(14) (R W’ OCR)[err] + X M(-OOC-R")[err] -> pcr/usesn3s2zl
(R - C-O)[e)ﬁf %‘M( OCR)[err])[err] + X RRCOOCR' 30 where M and
M are netals; R and R are defined above; R' is an al kyl group

preferabl y having foppimieafiodcsrisies wHSRRIIRABE BySthealké 6f alconknch xylanes
i ntegers denoting refHT%| ve quantltlﬁe]s of correspondi ng substituents txyhat

satisfy the solveplespecti ve val ence states of Mand M. Generally the

reaction of Equation (
“14- O 96/ 2972‘@3 relative proportions of ingredients in the precursor solution were

PCT/ US96/ 03521 designed, wpbn pnaenling ohthe drips precusserdesidye, o ield 8 mixed leyergd
points are geney I%ﬁ@%ﬁh@ nalh ngﬁﬁﬁ'ﬁ)lﬁédqférﬁtﬁé’beP“tBPﬁ ?j,,,qa 26108417

pre- precursor t ani ¢
content and the netl’hls—mat;gaimdndm cdﬂetadlslanérsmfemlkem ki anid b; mederials according to

The! O 8%, Suac Ko G i BB ool AHSH e lbpcr e
and esters. penﬁvﬁlehsagmaeztah‘s ratoionibrasties 01661 A} angt Nb(ioniradiue88n
' A) tﬁroughout the L, and L, materials. With respect to the stoichiometrically

10 balanced 17:83 mixture of L, and L, strontium bismuth tantalum niobate

materials, G is (Bi,0,)** according to Formula (12). L, presents 17% of L layers

having the empirical formulae (Nby e, T8.90s035)> according to Formula (10). L,

includes a thickness of dual octahedra metal groups and has the empirical

formula (SrNbg e, T34 21s07)> @ccording to Formula (11). 8, is 0.17 based upon

15 the amount of L, (niobium) materials added {0.2/(1 + 0.2) = 0.17). &, is 0.83 for

the L, layers. For the L, layer portion, M1,, is 0.091 based upon the amount of

niobium added and M2, is 0.909 based upon the amount of tantalum added. For

the L, layer portion, M1, is 1.0 for the strontium A-site metal, M2a2 is 0.182 for

the niobium B-site metal; and M2,, is 1.818 for the tantalum B-site metal.

20

EXAMPLE 7
PREPARATION OF A STRONTIUM TITANATE
LIQUID PRECURSOR SOLUTION
A precursor solution for use in making an ABO, perovskite strontium

25 titanate was prepared using the ingredients of Table 5, which were purchased
from the commercial sources. The strontium was placed in the 2-ethylhexanoic
acid together with 50 mi 2-methoxyethanol. The solution was stirred and heated
to a maximum temperature of 115°C, in order to distill off all light hydrocarbon
fractions and water and to produce a strontium-alkoxycarboxylate. The titanium

30 isopropoxide was dissolved in 50 ml of methoxyethanol, stirred, and heated to
a maximum of 115°C, in order to distill off the isopropanol and water. The
strontium and titanium solutions were combined and stirred and heated to a
maximum temperature of 125°C to distill down to a volume of 60.0 mi.
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bai l i ng point organics sl ow down the drying process after the final

precursor is applied to a substrate, which tends to reduce
cracki ng and defects; thus, in either case, netal-oxygen-netal
bonds are formed and the fi nal precursor perfornmance 10 is inproved.
If a netal - 65@99‘3% ate is added to the netal -al koxycar boxypeEgngsogtstai he
mxture is , the follow ng reaction occurs: (15)
(RRCOO)[err]M-OGCR)[err] + x M(-OOC-R")[err]-->
(R-CGO)[err]M-OM(-OCOCR")[err])[err] tapcem COOCC- R 15 where

R-COOOC-R i s an acid anhydride, and the terns are as defined above.

This reaction requires consiREAGENTSIGOR PRECURGORFORMATIQN ! i ons (13)

and (14 i on
products of e@m usdhs (13) FW15) [canghe h atmnholdt S
carboxylic acid e

| i gands, thereby reduStmgtlume hydir ol8782 g $bi2.8323 JPBB2f | t 10000

ol ar1ty 15 prbi §r el (o d4duc| - HEPR, {1BReRS {2000 32'8?

a Bi[err] nor n#! irical netdal oxide

anount of netalsfin thﬁtamu pr ngBor prg 8914 o | apgl egAt i| o gubo2
substrate. 0 ;Td"é st p the precurser soluti¢gn is applied
to substrate 18, FTrH PM to

2000 RPM T rom@bogg c%?uoé@?ﬂ&ﬂ%rf% resultant precal%vwaéﬂ sssQﬁélds of §r=vnnr3 ﬁéﬂﬁtbﬂg

normal | y consurres abou recur sor ,
preferably conducsluatjpml’tgm Apdrens exshange wawerfg'tr@qsi P?Qéddmg 25 mi OfH‘Mk?"e

i ncl ude the use "W&ttﬁ?. s,tf,@ sB lﬁ]Sﬁ?’g,drﬁggdaga@d g.%stédeﬁhé”n%ﬂnum

described in copen I ng applicatlon ser
Step P28 incl udedeinperatuyre of mséeaosbst;u wte?f oWl 40 pjoducesa fingt selutiornpt 23 gein,

perioa o Y *vohahE ARG aficBoftetior 8RIE Hoibg Bl SriOspRERy T

organic materq®ls fromthe liquid EXAMPLE 8i | m and produce a solid
metal oxide thin film 15EXEMPLARYOLAYERED'SUPERLATTICE MATERIALS

The methodology of Exémples 1-6 may be followed to produce precursors

that are capable of yielding the layered superlattice materials that are set forth

in Table 6 below. Note that it is preferred for the precursors to contain 5%

20 excess bismuth, but the excess bismuth amount is not reflected in Table 6. In
Table 6, the term "X Value" refers to the variable X as used in Formula (18).
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PCT/ US96/ 03521
product due to t

met al
organi ¢ substituents that

resi due may be expected in_the final
he cal ci ni ng of

oxi de
remai n

after the baking process. By way of exanple, step P28 can be
performed at r at least 2 mnutes in air. £28
can be subdivided into sequential heating steps each having a | gher

t enperat ure than
reduces ther nmal
cracki ng

its predecessor. This stepped baki ng procedure
shock to the precursor that could result in bubbling or
of the precursor film A stepped baking pr ocedure

preferably |ncludes 2 ,fo epce LLous L1) baking the
substrate for one t ¢ ol on aohak pl §t e having a
t enper at ur e ranglng 203 )8 E%H bakgneg 10 the
amﬂrmefm wmtu |naw m Je mwnnatmmaaUue
angi ng from 240[ e ap =) .ﬂll < 1|ustrate to an
electronagnetlc radl.t 0 g%» rge gngt g __tg.t?l u%b e & fraising a
surface te n'-rk ‘u-ggf;_“; p:f’ Bt iyt aBodlt 700[err]C
for a preferred maxiggupa 5 [= 1= tiants o= 380fH (EO y cnnd Item(3) above
can be conducted, f@ Bx@EPEe, by ® MISEngsap u bn- Raljogen | anp
(visible spectrur’r) 1o eHPeye P 125ri9 @ P |° tbr’rEe at@q over thirty
seconds incl udi ng aflOp[ & r BC/ Bedqon@ r®mg f Fong r ¢on s lenperature to
725[err] C In step|P3p, [|if]thEe reSJItbnﬁ dfidd ‘iIT]ﬁs not :f t he desired
t hi ckness, then steps P26 ahd P2d ale regeal ed umti gh desifr ed t hi ckness
i's obt ai ned. - | 2
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20
crystalline

net al

oxi de | ayer

performed in oxygen at a

15. The first anneal

Step P32 includes annealing the dried precursor to forma
is preferably
tenperature of from500[err] Cto

1000[err] Cfor a tine ranging from30 mnutes to 2 hours. Step P32
I's preferabl ted at from700[err]C to 850C for 30 top ‘?ﬁ"
m nutes in an oxygen atnosphere in a push/pull process including m nut es

for 25 the "push" into a diffusion furnace and 5 mnutes for the "pul
out of the furnace. The nost preferred anneal tenperature is
800[err] C for 80 m nutes. In step P34 t he device S
patterned by convesi--akel-—ani-bad acong. =aala- =foutt er ed
into place. The dg qdis patt 9 2 oat?o of |a
negative or posit{PvEriesi s ot ¢S e ns. 30 {of
t he resist. Ste- |n no t e -attern-d devi ce
to remove patter LN o e ~.p ‘rﬁo S SECH
anneal reach a nmgxig ";ﬁnb ag 2 {I fy Aek ? Lhe
nmaxi num t enper at Jme[wf|&He] f {s_- g:p x o @ &[G ‘6; O
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Step P 38 includes conpleting the device by adding additional |ayers and

further anneal i ng, as needed. 5 The application of UV
radi ati on has been omtted fromthe discussion above. U traviol et
light is nost preferably applied as part of step P28, but may al so

be applied W@%ﬂv%§§s effect as part of steps P24 and P32.

The UV spect wavel engt hs that range from about 4 to Pﬂbusmsszl
nanoneters ("nm'). A particularly preferred band of UV radiation for use in
t he 10 invention has a wavel ength rangi ng from aboutg t80 to about 300
nm and nost preferably ranges from about 220 to about 260 nm
These wavel engths are selected to target the C 0, bpods—imt-ilh.
precursor for dissociation. The W radi ati on i sgpkt clied
in step P28 through a tunabl e eximer |aser; ho va

acceptabl e UV sources exist, such as a Danlelson W ligh ce or
a deuterium (Dferr]0) |anp. The WV expos %;, pf
step P28 preferably includes an exposure i ntensigl yig oM

five to twenty mWcnierr] over a period of tine ranging ‘]
about ten mnutes. U traviol et wavel engths in the nost prgefg

Zel are
i ntended to dissociate carbon to oxygen signa bonds in t

sol ution. 20 The dissociated organic |igands and ot [#er [ S
can then be renoved fromthe substrate as vapor § T ced
di ssoci ation provides a netal oxi de having a reduc@d. E ‘
content, as conpared to "standard" netal oxides h§ ih the
absence of concentrated UV radi ation. Th al so

i nfluences the formation of crystal grains in netal
produced according to this process, as confirnmed through

i als

orientation differences in X-ray diffraction peak intensigyj S
UV- i nfluenced crystal formation is al so charactger i
significant changes in the el ectronic propertiesg o
oxi des, nanely, polarization fatigue and | eakages:
i nprovenents. 30 The following non-limting ex h

preferred materials and
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met hods for practicing the present invention. Exanples 1-7 serve to

descri be a —preferred nethod for providing the stock precursor
solutions that may be used in step P24

-17- WO 96/ 29726

PCT/ US96/ 03 EXANELE

PREPARATI m%’ﬂ”s’?ﬁoxm UM Bl SMUTH TANTALATE “bthrosbemasn

LI QU D PRECURSOR SOLUTI ON The precursor ingredients of Table

1 were obtained fromthe indicated . écd' al sources and subdi vi ded
to obtain the portions t "k Bdi Cat es
formula weight, "g" mdi@@ydﬂg FT R E%P 1 1inol es,
-?JR%LEE?UI v." indicat esTﬁg ?gﬁgalti\cl:%l method o %}Mgs condy ea %lstl"r%gl 81% strontium

Vi ght 5 bismulfvtanitalate of Examplérgr edi ent (g/mol)  Gans

mol e  Equiv. Vendo tant al um - 546. 52 43. 722
80. 001 290000 Vi pié]conventional foggnwpglgrﬁmgtpagolycrystalline wafer was prepared to

receive the SrBi,Ta,0, solution of Example 1. The preparation process included
diffusion fumace baking at 1100°C in oxygen according to conventional protocols
for yielding a thick coating of silicon oxide 12 (see FIG. 1). The substrate
10 including oxide 12 was cooled to room temperature, and inserted into a vacuum
chamber for conventional DC magnetron sputtering. A discharge voltage of 95
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 oxids layer 12. A
discharge voltage of 130 volts and a current of 0.53 amperes was then used to
15 sputter a 2200 A thickness of platinum atop the titanium metal.
The substrate {including titanium and platinum metals) was annealed in
a diffusion furnace 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 furnace. The resuitant structure included layers 13 and 14 as
20 depicted in FIG. 1.
In step P24, a 2 ml volume of the 0.2M SrBi,Ta,0, precursor from
Example 1 was adjusted to a 0.13M concentration by the addition of 1.08 mi n-
butyl acetate, and passed through a 0.2 um filter. The substrate was spun at
1500 rprﬁ in a conventional spin-coater machine. An eyedropper was used to
25 apply precursor 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 minutes on a second hot plate at 260°C. The substrate was dried
for an additional thirty seconds in oxygen at 725°C using a HEATPULSE 410
30 tungsten-halogen lamp apparatus that was purchased form AG Associates Inc.
as the heat source. The tungsten halogen bulbs included eight J208V bulbs
(purchased from Ushio of Japan) for a total of 1200 W. The lamp heating profile
included a 100°C/second ramp up to 725°C from room temperature. The spin-
coating and drying procedure was repeated a second time to increase the overall
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Ta(OC[err]Herr])[err] 15 2- et hyl hexanoi ¢ acid 144. 21 72.684

504. 01 —12-600 Al deich strontium 87.62 3.5048
40. 000 1.0000 Strem bi smuth tri-2-ethylh- (765.50) 64. 302
84.000 2.1000 Strem exanoat e (in naphtha)

Bi (Jerr]d enydddmnggl ) [err] 20 The tantal

pent abut oxi de and 2-et hyl hexanoic acid were placed in a #eis ﬁg[; ln1

Erl enmeyer flask with 40 m of -xylenes, i.e., about 50 m xylenes for each
100 mol of tantal f J bathal # '
in refl uxt !'l%n%—%got ica)??'l;z)?\'ﬁ?'egﬁ E;‘?ggttyé?ﬁbsa* ro mma‘t"}rarg?p?ﬁg ?‘P@sﬁftﬂe@
The mixture was radiafon irany eae ofithehreasuscessive bakinggtaps. a 160[ err] C hot
plate for 48 hours to e b : W&Phhﬁrj 50| Lt 1

i ncl udi ng but anol and ?Zi%{?gﬁﬁt{natg_mcludmgs ethy eﬁ%ﬁ@%ﬁ@&ﬁﬁ&é@ﬁt&é@gﬁ
under st oad t hat t lwasanmnesledander an pxygen{OL)Latmasphere for eighty minutesat 800°C in
conpletely substituted.: -af. | Ld.. hut I, s f i

di d not occur tﬁ%@ﬁ@ﬁ?‘faﬁgﬁhgﬁh{%giﬁglpgé(gFq’@h?@ng%aﬂ#e’ht%%g?ﬂ@ta% and
expiration of Sfive rhihute pull out ofthé furacéeaker was renoved and the hot
pl ate tenperature was

. i tg 200 f distillati f
t he butanol, water, any@ﬂw&' rwtg[:t\qar&ﬁlg,g&t?q\'egrt&ep[gdd A “%'5'69'% i’ﬁ'ﬂﬁa"ﬁg‘g?ﬁe
same from sol uti ormagietrdr askbeiore. ' THeVSUbstratewascpdtiirned aising a conventisfhain

the solution first reached a tenperature of 124C, whjch indi cated that
substantial |y al | Negalivgresist magk agdArgen ion alehingy; A W?gpt eoresistbe

f |1§S k and 0 ideviceias BhiedlBd Bnde b8 deh at BOGYT FtTBRY MiMit8s including a five
minute push into the diffusion furnace and a five minute pull out of the furmnace.
This process may be repeated with alternative precursors to form any of the
metal oxide materials listed in Table 6.

EXAMPLE 10
15 PRODUCTION OF AN ORIENTED METAL OXIDE SAMPLE
WITH UV PROCESSING

The manufacturing technique of Example 9 was repeated in an identical
manner again using the precursor of Example 1, except step P28 further included
exposing the substrate to UV radiation during the entire time that it was baking

20 on the hot plate at 150°C and again while it was baking at 270°C. The UV
source that was utilized was a Danielson lamp that yielded a spectrum ranging
from 180 nm to about 300 nm with an intensity of about 9 mW/cm? at 220 nm and
15 mWi/cm? at 260 nm. The substrate was not exposed to UV radiation while it
was being exposed to light from the tungsten-halogen lamp. This process may

25 be repeated with aitemative precursors to form any of the metal oxide materials
listed in Table 6.

EXAMPLE 11
COMPARATIVE LEAKAGE CURRENT MEASUREMENTS

A capacitor 10 that contained a standard process SrpgpeBis T8y 00603 652

30 sample produced according to Example 9 was operably connected to a Hewilit
Packard 4145A semiconductor analyzer (picoampmeter) for purposes of
conducting leakage current measurements. A capacitor 10 that included a UV
oriented Srq0eBisT8; 9003622 Sample produced according to Example 10 was
subjected to identical measurements. FIG. 3 depicts a plot of the data obtained,
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WD 96/ 29726

PCT/ US96/ 03521 — - The straontiumand.50 m of 2-methoxyethanol

sol vent were added to the cooled mxture in the flask, as well as a
100 m portion of xylenes solvent. The flask and its contents were
returned to Wb@mﬁpl ate at 200C and refluxed for Pé smbng W th

the 50 m beaker again in place for reaction to forma tantalum
strontium al koxycar boxyl at e conpl ex according to equations (13) and (14)

The beakeanmmea@a%tambéaage%ghum mmﬁg@e S%ﬁano ﬁHl@@?éie%O

rise to 125C for elimnation of the 2- vent
sol ution, as wel | Vesug¥oltage on th%ﬂ'@!ﬁgte alThendats, PQiﬂtste{@@r Obhlﬂﬁﬂ in OOSV

After rem)val fro cH}ﬁ
to roomt enper at UIE‘He %@gglhsémj 1 I‘ I -2- et%fr‘ﬁe1xoe¥rl- %E I’ﬁ%ﬁhl at e \Agsqgéga#)
t he cool ed sol uti curentidensityfes both samlea vatied betweenotd rand i @ Hover the interval

ol aa O B ColReR REUATEY, el i bR (icalt MR8 ale

vol atilization. charge transfer megianism pmdomatédmt thiei 228V intervaik s The standard

of manufact ur i ng. SHTPI CNEtcaiedfy the s8pgtind) Susitady Bl BiplGhedndlf e

Speci fically, theofde?dOmapnittide greaterttian tivat of tive UM arlented sample. Accordimglydent

aecounti ng 1 ér bi 15 S e LR asenl 88 g Arocae stolig oA (end better

forthcom ng teaka?aeaheﬁguéﬂsﬂpm strértiupd asmmwmaéte&ﬁhmam woul d be
expected to yle|da82RIChIO- ege ric.n = mat eri al accordlng
Formula (3), i. napdagst prpagsp rn@ﬂ%'@@m}aﬂww r§ample that was) Pﬁﬂa"ﬁ
sol uti on. coording fo Example 9 was subjected fo Ieakagmﬁtlﬁ\é’esurements as was
PREPARATI ON OF A PRE- Al'NI' N

auv orlented Sru Jl,,;,Bl,Ta, ,,,0,,.1,. sample of Example 10. FIG. 4 depicts the
results as a plot of leakage current density in log (amps/cm?) versus applied
15 voltage. Again, the UV oriented sample had a lower leakage current, which
ranged from about 0.5 to 0.25 of an order of magnitude less than the standard
sample over the voltage interval between one and ten vols.
A standard process SrBi,Ta,0, sample prepared according to Example
8 was subjected to leakage current measurements in comparison against those
20 froma UV oriented sample. FIG. 5 depicts the results. Again, the UV oriented
sample had a leakage current density of about 0.2 to 0.5 of an order of
magnitude less than the standard process sample.

EXAMPLE 12
COMPARATIVE POLARIZATION MEASUREMENTS

25 . A capacitor 10 that included a 1600 A thickness of standard process
SrosBiaTa, 50608 ss Material was subjected to polarization hysteresis measure-
‘ments 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

30 having a frequency of 10,000 Hz and voltage amplitudes of 0.25, 0.5, 1.0, 1.5,
20,2.5,3.0,4.0,5.0, and 7.0V. FIG. 6 depicts a plot of the data obtained as a
polarization hysteresis curve for each of the voltage amplitudes. The X-axis is
an electric field in KV/cm, and the Y-axis is an observed remanent polarization
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TANTALUM 2- ETHYLHEXANOATE | N XYLENES The ingredients of Table
2 wer e—purchased fraom commercial sources _and 25 subdivided to obtain the

portions shown. TABLE 2

Formul a Wi ght 30 I ngr edi ent

(g/ nmol) G a8 o |l e Vendor tant al um 46. 52
22.886 48. 040 nrpim pent abut oxi de rcrmsmoasz?
Ta(OCJerr]H err])[err] 2- et hyl hexanoi ¢ aci d 144. 21 36. 373
252.22 Aldrich - . -19-,
V\?) 96/ 29726d“ " in p'@u'n’. The steeply rising, quasi-rectangular, boxy nature of the hyste?esns

PCT/ US96/ 03521  curve indicates an SzeliémtTorbeleckiciherhonSwithing performance with a
2- et hyl hexanoi ¢ aci d 'Wergg‘ﬁ Erl epneyer flask with

| aced in_ a 250
30-m of xylenes. PARNENLRYIaRZAN0R (2R) xalugiupio gbaid 21 LC/cm® at voltages greater than
: about 5V. -

5 FIG. 7 is a plot of remanent polarization versus applied voltage for each
of the hysteresis loops in FIG. 6, and indicates that the standard process
SroenBizTa, 0005 ss2 SaMple was fully switched at applied voitages greater than
about 2V. FIG. 8 is a plot of coercive electric field versus applied voltage for
each of the polarization loops of FIG. 6, and indicates that a coercive electric

10 field of about 54.4 KVV/cm was required to switch the standard process sample.
A UV oriented Sryg0,Bi; T2, 90630ses2 Sample was subjected to identical
hysteresis measurements for comparative purposes. FIG. 9 is a polarization
hysteresis plot like that of FIG. 8, and indicates that 2Pr polarization dropped to
11.5 pClem? at voltages exceeding about 5V for the UV oriented sample. FIG.
15 10 is a plot of remanent polarization versus applied voitage for each of the
hysteresis loops in FIG. 9, and indicates that the standard process
Sro90sBi2 T84 90606 652 SAMPlE was fully switched at applied voltages greater than
about 2V. FIG. 11 is a plot of coercive electric field versus applied voltage for
each of the polarization loops of FIG. 9, and indicates that a coercive electric
20 field of about 70 KV/cm was required to switch the standard process sample.
Polarization measurements on the standard process and UV oriented
samples of the SryeBiyTa, 5060620 Materials were repeated using a smaller
voltage increment step of 0.13V. FIG. 23 depicts the resuits for both samples,
and serves to compare the early region of the polarization curves. The UV
25 oriented sample has a steeper rise in the early applied voltage range from 0.3 to
1.0V. The steeper rise in this region of the curve is a performance improvement
relative to the standard process sample because the more gradual rise of the
standard process material makes this material more susceptible to noise-induced
partial polarization switching. The UV criented sample is more restant to the
30 effects of electric noise.
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m beaker to assist in refluxing and to isolate the contents from

at nospheric —water The mxture was refluxed with stirring on a
160[err] C hot plate for 48 hours 5 to forma substant ially honmbgenous
sol ution including butanol and tantal um 2- eth he@noat e. The

but oxi de nDiIwhYemdra& 0! Ut i ON was al nost corrpﬂ—g ’Tgrrf é’%’ﬁﬁld by
the 2-et hyl hexanoic acid, but full substitut ot occur

the heating paranmeters of this exanple. At the expiration of 48 hours, the
50 m beaker was renpoved and tm Ee e tenperature was then
raised to 200[err]C for 5 t he butanol from
sokution. Accordingly, the fl aM@&w nﬁliﬁ\ the hot plate
when the solution firg sfmhf@rébdssrmg a%,gof,, sample waaﬂ&o%ékt& tohe

flask and its contents were led to roomte ur e. | enes

were added to t hdiewit Pagkard ﬁéﬂﬁﬁgl’ﬂ'i ‘Fh?ﬂée&%s%ﬁ?&?f@@ﬂaﬂ H@Wh?ﬁwféﬁ“ﬁom
I f d

from the heat 3?’@*'*‘“9“ﬂsg%w@taﬁ)%ﬁhw%é??%‘?im%b% 8 Cordictly

EXAVPLE 3 sm@mmmaasmma - Fike- RUNR switthingsaIrves &1 givieaia termes

Bl SMJUTH 2- ETHYLH

i ngredients of Table vverdé §§%e%%€18§g%r}t&‘ gppgoﬁp%gsl}l%qgﬁwesa%

subdi vi ded t o obtgeneratedinEywell-lsnawrsmanner by first initializing the sample with a pulse in
TABLE 3

Véi ght th? Hag%tye g,i{PCUON then measuring elbé: Wﬁhmu@ g?% resismsfg |I%d for

Vendor 2510 ka serlsbffauvaltagdpdlmxbat ive( {6 meadlirementits narfe: Hpositive (P)

ST o1 U SohahBRR e A B9 W b
negatwe or down (D) pulse. All pulses have the same absolute amplitude. The
initial negative pulse makes sure the material starts with a negative polarization.
The first positive, "P", pulse therefore switches the material to a positive polariza-
15 tion. Since the sample is already polarized positively, the second, or "U", pulse
measures the change between the residual polarization and the saturated
polarization in the positive direction. Likewise the "N" pulse measures the
negative switching current, and the “D" pulse measures the change between the

residual polarization and the saturated polarization in the negative direction.
20 For a standard architecture of a memory cell {but not for all architectures)
the PUND curves indicate the suitability of the material for a non-volatile
ferroelectric switching memory application. Generally, it is desirable that the "P"
and "N" curves are well-separated from the "U" and "D" curves, respectively,
which provides a large signal in the standard architecture. It is also desirable that
25 all the curves fall quickly to a low value; a curve that falls quickly indicates that
the 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

30 circuit. |

FIG. 12 includes PUND switching curves for the standard process
Sroo00BiaT24 0050ssz Ly and L, mixed sample, as a plot of current in amps versus
an ordinate of time in nanoseconds. Measurements were obtained with a square
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30 Erlenneyer flask and m xed with xylenes to a nornmality of 0.4 nmol es of

bi snmut.h per_gramof solution. _The mxture was swirled in the flask

to substanti al honogeneity. No suppl enental heating was provided"

due to the potential for di srupti'ng bonds between the bisnuth

atons and t hegd ohiespondi ng carboxylate ligands. permsosnasat

-20-

PCT/ US96/ 03521 WD 96/ 29726 EXAMPLE

4 PREPARATI PRE- P SQLUT G

NI OBl UM 2- ETHYL HEWENB 08¢ Qﬁl O:rf §F %J Wz ug’ngavoltage amp Ill{\ILngOf5V. These

J@BL Et 4 curves indicate that the ferroelectric mdtérialHad a very quick memory switching
g

time, with virtually complete memory switching being obtained in less than about
60 nanoseconds, even for the negative switching curves.

5 A UV oriented Sr,,,Bi,Ta, 0, Sample was subjected to comparative
PUND switching measurements. FIG. 13 depicts these PUND results. The
memory switching time was extremely quick, with switching being obtained in
less than about 62 nanoseconds aven for the negative switching cycles. The
observed switching times for both samples fell well within acceptable limits for

10 use in integrated circuit memories.

EXAMPLE 14
COMPARATIVE FATIGUE ENDURANCE MEASUREMENTS

PUND switching measurements identical to those of Example 13 were
repeated for 10° cycles on respective standard process and UV oriented samples

15 of SrBi,Ta,0, and Srméi,Ta, 2000ses2 Materials. FIG. 14 is a plot of saturation
polarization in uC/em? versus a logarithmic scale of switching cycles, and depicts
data that was obtained from the standard process SrBi,Ta,0, sample. The four
curves are labeled with p, u, n, or d to denote the corresponding portion of the
PUND switching cycle from which the respective curves derive. The p and n

20 curves exhibit substantial declines of 12% and 7%, respectively, over 10° cycles.
This level of fatigue indicates that the polarization of the standard process
sample is extremely unstable under the switching conditions, and would be
unsuitable for use as a memory material if these conditions would prevail in the
intended environment of use.

25 FIG. 15 is a fatigue endurance plot like that of FIG. 14, but depicts results
that were obtained form the UV oriented SrBi,Ta,0, sample. FIG. 15 indicates
that essentially no fatigue occurred in the UV oriented sample over 10° cycles.
Accordingly, the UV oriented sample would be suitable for use as é memory
material under the prevailing conditions.

30 FI1G. 16 is a plot like that of FIGS. 14 and 15, but depicts results that were
obtained from a standard process SrogpBi;T8,000scs; SaMple. The curve
exhibited an approximate 11% decline and the n curve a 14% decline over 10°
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| ngr edi ent (g/ nol) G ans mmol e Vendor

ni obi um penta-2-ethylh-_(1_105.3) 39.739  .87.201 Vni pi m 10

exanoate (in xylenes) No(Qerr]Cerr]Herr])[err]

The ni obi um pent a- 2- et hyl hexanoate in xyl enes was poured into a 250 ml

Erl enneyer fapdgneng M xed wth additional xylenes to a norge.ﬁ,g% 0.4
t he

nmol es 15 per gramof solution. The mxture was swirled I'n ask to
subst ant i al honogenei ty wi t hout heati ng.

EXAVPLE 5 es. This RRRBAR LB WA bR OF LI 0 AnfikFo

LI QU D PRECURSOR SOLUTI ON. DESI GNED TO %"5 2 behduita H,; é i

M XED COLLATED L, mategial under the prevailing conditions. LAYERED SUPERLATTI CE
MATERI ALS ' ' nial bbial

i ncluding relative F'G’A\ﬁfos:%gyr*@otﬁg 0 dlgﬁté'?égh&e%thgegapa gﬂo?éﬁor mr%g_

83% st ront i um t arfremane UV ofiented St 0eBi,Ta, :0sQeie 3amplal Jihe p ard nicurves @xhibiti de
portions was pgep ' Dect | LA LQUS
xanpl oo, A 2 51 - Syesirtahio faGub Wi i bt experimertél sdklifiey oler oL
Exanpl e 1 was pl dotarvahstudizis) Accendinglyycthisr materiat would be suitable foriusetas a
vol une of nr leld O |les of SrBi[err]Ta[err](err].
A 0.210 g ali quotmgw%méagérs%#&'l%g céh%hyl hexanoate solution from
Exanple 3- (0.4 nmmol Bi[err] /g) was al scEXAMPLE 15 the flask, as was

Ex 0. 1|00 g ?Bi guot ngefwgcvbmmwﬁemwcgogwmwss STEPS
anpl e . o aerr . e COonpl hed | ngredl ents were swr
a ?\’Iﬂ#‘%ﬁﬁb’[ﬂz

ed in
t he fMsk to gamples, wergimade acrording do E#ﬂ@?'q#ﬂxﬁgpfof

the conbined the dijirRf Hhd UV 84PAsUre Bonditions b Step FIP(FIGE 2R WRI £ Elterea as
facilitated by the usé of a common Xyl enes solvent. The resultant

m xture included desssipedcalewy Ehere,procedures prgducsd difesentotamples thal; were: h
Cre oLt a yr o o SRS ML S ARASEL BN, ST ML Mg i
These samples were all produced from a single precursor solution having
15 sufficient metal fractions to produce a metal oxide material having the average
formula SrBi, s Ta, 40,2, in the absence of bismuth volatilization. The process
conditions of step P28 are described below in Table 7. For exampls, the MS1-N
and MS1-L samples were each subject to UV lighting for five minutes while
drying at 150°C andfor 270°C. The MS2-N and MS2-L were subjected to UV
20 lighting during drying for 5 minutes at a temperature of 270°C. The MS1-L
sample was also subjected to UV lighting before the first annealing step, as were
the remainder of the MS*-L samples. These process conditions were substituted

for the step P28 conditions of Example 9.



-21- WD 96/ 29726

PCT/ US96/,03521 The rel ative proportions of ingredients in
t he precursor solution were desi gned, upon annealing of the dried
precursor residue, to yield a solid m xed | ayered superlattice
mat eri al havi - irical fornmula of Sr[err]Bi[err]Ta[err r

9
Thi s nateriafW?nc uded a plurality of L[err], L[err], and C;%épﬁéyb 21
| ayers, nanely, 5 (Bi[err]Jerr])[err] superlattice-generator |ayers

according to Fornula (12), 83%(SrTa[err]-T Jerr])[err] L[err]
| ayers according to Fornmula (11), and 17%(%%?r])[err] L[err] layers

according t6 Formula (10). STERPPZBWARIAKONSI not account for the
excess bisnmuth noiety WRRCE =Y o IR RV o U S V=V-Lo TR TN W o V-V =N r=F=V=3 S~V ~X a2 k0 g g :
noi ety conpensates for vol atiliggtion |osses d |
700[err] C to 850C anned . ohting 10 excess bi dinuth
noi ety in solution, the ' :
adjusted in the event t
formation of he solid
could function as an A-f

imint h he

excess tantalum B-site fptons. =~ m| mxed 1aydr ed
superl attice precursor fol MSNs dan beY Y

MS1-L Y Y

MS1-N - Y

MS2-L - Y

MS3-N . .
10 MS3-L - ]
MS4-N* . .
MS4-L* Y

15 * UV lighting was applied fo the precursor (§ min., 150°C) before spin-on.

The final samples were each subjected to measurements for the
determination of thickness, dielectric constant of the thin-layer, 2Pr polarization
at about 3 volts, and 2Ec at about 3 volts. These results are presented in Table

20 3below. '
TABLE 3

Dielectric 2Pr@3v 2Ec @3V
Sample # (A) Constant* (uClcm?2) ~(kV/em)

MS1-N 1750 193 85 132

25 MS1-L 1750 192 8.4 132

MS2-N 1800 360 19.3 95.4
MS2-L 1800 364 © - -

MS3-N 1890 381 18.0 88.3

MS3-L 1890 379 18.3 87.6

30 367 17.0 90.8
375 - -
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15 devel oped according to the follow ng rel ationshi p: (16)
ABi[err]Blerr]Jer—=XBilerr]Blerr]Jerr] > ABi[err]B[err]Blerr]Jerr]
L2 + L[ err] --> m xed materi al . The subscripts are
normali zed to a value of Bi[err] by nultiplying each subscript by

the quantity ywélokmesee) } for conparative purposes.
EXAMPLE 6 STRONTI UM Bl SMUTH NI OB| uV FLRPRPRE

LI QU D PRECURSOR SOLUTI ON FOR USE | N FCRM NG

M XED CRYSTAL L[err] argelty Il\] and MS1-L sam les had a di
SUPERLATTI CE MATERI ALS §£ (?n Tl uam %I 'serIr?J cﬁ?%%l um t ant a?at e

precursor sol uti orhalfritlevmpgrtuds of ﬂ‘\ﬂel'BsPeCflve MSaoMﬁﬁxrand)MS%samp@sea‘hoaes
capabl o of T orm gt i Ak el ldPio Sl g a v AL iR

(n =2) netal oxi ayer por repare pre-pr curso
sol utions of pr ev|dw%:emtm;shmlesAMdmgly.qumseeﬁ thatd)\Wagplivation bas agreater

A0 200 g al i qufbt FPCE e Gl dhug Wbised ot eia!chicp. somhorn e i B Siaged of

mol Bi[err]/g) frstep P28nple 3 was added to the flask, as was a

0.100 g aliquot of the niobium 2-ethylhe 8 solution (0.4
LN R IR PR .o SR
sol utions The respective SrBi,,sT2,,0,,; "MS" samples of Examiple 15 were
10 subjected to conventional X-ray diffraction analysis, with FIGS. 18 through 22
depicting these results. Each of the FIGS. 18-22 is a plot of X-ray intensity as
determined by a photodiode count of impinging radiation in counts per second
("CPS") versus twice the Bragg angle. The X-axis represents a circumferencial
distance of the Bragg X-ray spectrometer, which has been converted to a value
15 of two times the Bragg angle ("20"). Each peak has been labeled with a
distance corresponding to the 20 value, intensity count in counts per second and
lattice point determination (in parentheses), which have been determined
according to conventional techniques as will be understood by those skilled in the
art. FIGS. 18 and 19 depict the results for the MS1-N and MS1-L samples, and
20 are substantially identical with one another. This similarity indicates that the act
of applying ultraviolet radiation prior to annealing the sample fails to produce

substantial crystalline reorientation in superlattice materials when the uv
application before anneal is conducted subsequent to having applied ultraviolet
radiation during the drying step.

.25 FIGS. 20 (MS2-N), 21 (MS3-N) and 22 (MS4-N) depict substantial
differences as compared with the MS1 samples.  More specifically, the MS2-N,
MS3-N and MS4-N samples, while very similar to each other, have marked
differences in terms of peak intensity values as compared with the MS1-N
sample. By way of example, the (008), (008), and (0010) lattice point peaks

30 have a greater intensity in MS1-N (FIG. 18) than in MS3-N (FIG. 21); e.g., peak
(006) has an intensity value of 887 in MS1-N and a peak intensity value of 170
in MS3-N. FIG. 18 also shows peak (020) having an intensity of 207, while FIG.
21 shows peak (020) having an intensity of 1087. The quantity 887/207 (FIG.
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WD 96/ 29726 PCT/ US96/ 03521
fromthe various exanples was facilitated by the use of a common Xyl enes

sol vent . The relative proportions of ingredients in theé
precursor solution were desi gned, upon annealing of the dried
precursor regygl o yield a m xed | ayered 5 superl atg/l 9{ial

having an enpirical formula of Sr[err]Bi[err]No[err]Ta[err]err
This material included collated |ayers of mxed L[err] and L[err] materials

cqui val ont  subst i 1hvpEye RS thefhehy 1701687 (IGTAdtons'd ok Rk Ebenpancy
E Ih(r) (r; iuch (r) 3_?i ;Jﬁ eOLFm latlicenpoint\{(06) with(respeat to laiimespéln:ﬁ@ZO) in FIG. 18. Accordingly,
st oi C%I onetri cal I@V rLd%E!g Il'%gl 'éh'd@ %&%@H"\ﬁ% "ﬁ%’%’é‘?%'éﬂﬁgwﬂ?é?ﬂma'
stB ronti um bi snmut rstolehtoaiemgfu smuwFrela#meaabundm dgtrdrrence@ are ?pspalrerg} aoc;rois
ayers | o181 Hegei08) and iy dhepe Falips inieip o haisT sambles ave

according to For gy b&éb@xlsgfﬁﬁbhentatton mtheédb?ﬂnhﬂ(é%y%tén@'(é%)ess of dual

oct ahedra netal groups and errpl rical

(SrNb[err] Ta[er r] o[ er A Mathema sl'ﬁj-’fttbﬁmmeafaﬂfﬁdﬂﬁs ]13'81 indicates

based 1

a0y 2% 17y, & 1hat MY ahd%suegdf&puéﬁheﬁ High ﬁé?ﬁﬁéxyeﬂaﬁ@qféeﬁeﬁ@ ugrﬁér ]

| ayer portion, M@aﬂwﬁw@ds@nﬁbemﬂmw&mnsm&ble because ﬂ':ennfonmm
dded and M2

f?heeL[ gpr] I gﬁ%;]ﬁltﬁ Qgﬁg [ergj‘laﬂmfttgﬂ? #ﬁénts ﬂr{g-ﬁflT)ﬂimé*?i Sl F@ﬂ}mé:rgfa,er

M[err]2 is 0.187Briagg angle may be taleulatedtin mvehnmairmamer asdhe/Bfjaare]of the
EXAVPLE 7 iR Fackbr. °THIE oBsarvation.of S Msodoed erirpietien faveriua e o
LI QUI D PRECURSCR 43 igidodfirmed by the fact that peak intensities for Miller Index values {111),
(113), (020), and (135) are less abundant in sample MS1-N than in MS3-N,

15 which received no UV radiation.

The combination of large differences in dielectric constant values,
polarizability values, and field intensity values for these ferroelectric materials,
in combination with evidence of crystalline reorientation along the c-axis,'
indicates that the ferroelectric domains within the crystalline grains have

20 reoriented with the crystalline structure, thereby providing a UV-processed
ferroelectric material having substantially different electrical properties as
compared to a non-UV-processed or "standard” sample of the same average
formulation. |

EXAMPLE 17
25 ELIMINATION OF CARBON IMPURITIES
Samples MS1-N and MS3-N of Example 15 were subjected to X-ray

photoelectric spectroscopy ("XPS") analysis for purpoées of determining whether

any residual carbon impurities existed in the final sample materials. It should be

understood that the XPS technique is only accurate within about £ 20 %. The

30 results indicated that sample MS1 had an average formula of C,SrBi,;Ta; ;0443
and the MS3-N sample had an average formula of C, (SrBi, ,Ta, ,04,7.

The MS1-N and MS3-N materials, respectively, were used as targets for

light DC magnetron sputter deposition on a substrate. After sputtering, the MS1-
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A precursor solution for use in making an ABJ err] perovskite strontium
25 titanate was .prepared using the ingredients of Table 5 which were

pur chased fromthe conmercial sources. The strontium was pl aced
in the 2-ethyl hexanoic acid together with 50 m 2- et hoxyet hanol .
The sol uti oRyYGEse ' red and heat ed to a maxi mumgdameraiyre of
115[err]C, in order to distill off all |ight hydrocarbon 2

fractions and water and to produce a strontium al koxycarboxyl ate. The

AT ke PR R TR S Saey g R SR

distill off the ianeverageformalzofCy. SrBizg'lfag,,o,, strontiumand titanium
sol utions were conbi n and st Q. naxi, mu
tenperature of 125[er Esgore&p |'T' ca@%nthag 'g'evﬁ\'tlﬁiesaé‘?plﬁﬁ.@qw."ed carbon
-23- WO $ifipuaritiesd which derived from the calcining of organic substituents during the

PCT/ US96/ 0352

REAGENTS FOR BREG0/iB8;ENsa0AsRing process steps. The, il teehinicue wag,gapable of g

ol Equi v analyzing only the surface of the materials, so sputtering was necessary to
. determine the interior carbon content of the initial samples. Sputtering was able
to eliminate the carbon content in the MS1-N sample, which was the UV-dried
" starting material. Conversely, sputtering failed to remove carbon from the MS3-
10 N sample, which was not exposed to UV radiation processing. Therefore, the
high carbon content of the MS3-N sample pervaded the entire structure of the
 sample, as reflected in the carbon content of the sputtered material. Conversely,

the MS1-N sampie was relati\)ely carbon free.
The extent to which the enhanced carbon content of the MS3-N sample
15 is responsible for the increased polarization of the MS3-N sample is unknown,
however, large concentrations of contaminants such as carbon in the superiattice
induce point defects that accelerate irreversible fatigue damage as the
polarization state is repeatedly switched. The fatigue measurements of Example
13 confirm these findings because the carbon contaminated samples exhibited
20 poor fatigue endurance. Additionally, it is seen that the application of UV
radiation was successful in eliminating carbon contaminants from the

superiattice.
EXAMPLE 18
CAPACITANCE MEASUREMENTS
25 A standard process SfeBi,Ta,.90s05.8s2 SaMple was operably connected

to a Hewlet Packard 4275A LLCR meter for purposes of conducting capacitance
versus voltage measurements at 20°C. A sine wave function at a frequency of
100,000 Hz and an oscillation amplitude of 0.026V was modulated against a bias
voltage ranging from -5 to 5V in stepped 0.200V increments. FIG. 24 depicts the

30 results as a plot of capacitance in F/um? versus bias voltage. Peak capacitance
exceedad about 1.25 X 10™"* F/um? in the range around 0 V, and fell to about 7.5
X 10" F/lum®in the 5V range. These results indicate a very high capacitance for
a thin-film material.
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Strontium 87.62 2. 8023 31. 982 1. 0000 5 2- et hyl hexanoi c

144, 21 9.2283 __63.992 2.0009 L acid

Ti t ani um 284. 26 9.0912 31.982 1.°0000 ) i sopr opoxi de
10 The concentration of the resultant precursor was 0.533 noles of SrTi O3
per liter. Just prior to use, a xylene exchange was perfornmed by
addi ng 25 m V6?2843 %8ne to 5 m of the above SrTi O er rBCHE%PISh" and
stirred and heated to a maxi num tenperature of 128[err]Cto distill
out 7 mM to produce a final solution of 23 n vol une and a

concentration of 0.116AK edented SripeBlTirdOpnes SaMple was subjected for comparative

EXAMPLES sses i e }@%P
The net hodol ogy ofougarr?)} es %@ﬁ%&s@e 0 f?\gve to-ﬁérbod %%;g{%éhﬁseér':sls' 25
that are capabl e @epigtsthgi reguits: cPpaly caparitanpe exeeaded-about 3 X 409° Frum® imrthe

set forth i inf sl 43y 1P
precursors to contrg?%égk}?‘&zggé%gs@ﬁgﬁ%@L?‘%ﬁtﬁ h&ﬁ@@%ﬂ%ﬁ%’agg&m
is not reflectdd irelatiely lower capacitance of thanbUVeoriantedisamplerhas)spagificcaidvantages

to the variable X;ape5d%irklitd 8hd Helike! OFor example, a DRAM sense amplifier can be
used to drive a bit line that serves as a common drain to several DRAM circuits.
A capacitor is used to connect the bit line to ground, and other instances of
parasitic capacitance exist in the associated circuitry. These capacitances
10 require that the DRAM circuit must operate at a relatively greater voltage (and
corresponding operating temperature), in order to overcome these capacitances.
Use of the lower capacitance UV oriented sampie could have advantages in
reducing the required level of operating voltages.
~ There has been described a novel process utilizing ultraviolet radiation for
1§ fabricating metal oxide integrated circuit capacitors for use in digital memories,
such as DRAMs. It should be understood that the particular embodiments shown
in the drawings and described within this specification are for purposes of
example and should not be construed to limit the invention. Further, it is evident
that those skilled in the art may now make numerous uses and modifications of
20 the specific embodiments described, without departing from the inventive
concepts. The structures and processes may be combined with a wide variety
of other structures and processes. Equivalent materials, different material
thicknesses, and other methods of depbsiting the substrate and electrode layers
may be used. It is also evident that the process steps recited may in some
25 instances be performed in a different order, or equivalent structures and
processes may be substituted for the various structures and processes
described.
Those skifled in the art will understand that the preferred embodiments,
as described hereinabove, may be subjected to apparent modifications without
30 departing from the true scope and spirit of the invention. Accordingly, the
inventors hereby declare their intention to rely upon the Doctrine of Equivalents,
in order to protect their full rights in the invention.
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CLAIMS

1. A method of fabricating a low leakage current, thin-film metal oxide
electrical component (20), said method comprising the steps of:

providing a substrate (11, 12, 13, 14) and a liquid precursor containing a

plurality of metal moieties in effective amounts for yielding a sotid
metal oxide (15) upon annealing of said precursor;

applying said liquid precursor onto said substrate to form a liquid thin film

on said substrate; and

drying said liquid thin film on said substrate under conditions sufficient to

form a dried metal oxide thin film;

said method characterized by the steps of

exposing at least one of said precursor, said liquid thin film, and said dried

metal oxide thin film to an ultraviolet radiation source having an
intensity sufficient to alter electrical properties in said metal oxide
thin film; and thereafter

annealing said dried metal oxide thin-film.

2 The method as in Claim 1 wherein said ultraviolet radiation is of a
wavelength from about 180 nm to about 300 nm.

3. The method as in Claim 2, wherein said ultraviolet radiation has an
intensity of at least about @ mW/cm? at 220 nm and 15 mW/cm? at 260 nm.

4. The method as in Ciaim 1 wherein said exposing step is performed
simultaneously with a step of baking said substrate and said liquid thin film at a
temperature ranging from about 120°C to about 500°C.

S. The method as in Claim 1 wherein said providing step includes a
step of supplying said precursor as a polyoxyalkylated metal complex.

6. The method as in Claim 5, wherein said polyoxyalkylated metal
complex has a molecular formula

(R-COO-),M(-O-M'(-O-C-R"}y. ),
wherein M is a metal having an outer valence of (a + n) and M’ is a metal having
an outer valence of b, with M and M’ preferably being independently selected
from a group consisting of tantalum, calcium, bismuth, lead, yttrium, scandium,
lanthanum, antimony, chromium, thallium, hafnium, tungsten, niobium, zirconium,
vanadium, manganese, iron, cobalt, nickel, magnesium, molybdenum, strontium,

. This Sheet Has Been Re -40-
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barium, titanium, and zinc; R' is an alkyl group preferably having from 4 to 9
carbon atoms; and R is an alkyl group preferably having from 3 to 8 carbon
atoms.

7. The method as in Claim 1, wherein said providing step includes a
step of mixing said metal moieties in said effective amounts fo form a layered
superlattice material as said metal oxide.

8. The method as in Claim 7, wherein said layered superiattice
material is a mixed iayered superlattice material.

9. The method as in Claim 7, wherein said layered superlattice
material includes strontium bismuth tantalate.

10. The method as in Claim 7, wherein said layered superiattice
material is strontium bismuth niobium tantalate.

11. The method as in Claim 1 wherein said exposing step includes
applying ultraviolet radiation to said liquid precursor. .

12. The method as in Claim 1 wherein said exposing step includes a
step of baking said liquid thin film at a temperature ranging from about 120 °C
to 500 °C. _

13. The method as in Claim 8 wherein said step of exposing comprises
baking at about 400 °C for at least about 2 minutes in air. '

14. The method as in Claim 1 wherein said exposing step includes a
first baking of said liquid thin film at a temperature ranging from 120°C to 500°C,
and thereafter a step of applying UV radiation to said solid thin film.

15.  The method as in Claim 14 wherein said first baking is conducted
at a temperature ranging from 120°C to 160°C in dry nitrogen or air.

16. The method as in Claim 14 wherein said exposing step further
comprises a second baking step at a temperature ranging from about 240°C to
280°C after said applying step.

17. The method as in Claim 8 wherein said exposing step further
includes a second step of applying said ultraviolet radiation after said second
baking step. _

18. A metal oxide crystalline material for use in thin-film capacitors,
integrated circuits and the like, comprising:

B




[err] WD 96/ 29726

PCT/ US96/ 03521 UMMUHIMW u_m " ,"’ " EXAMPLE 9
PRODUCTI ON OF A STANDARD METAL
W THOUT UV PROCESSI NG The fabr| cafion nethod of FIG 2 was

conducted ushaagrbsetontium o0l yerystai | e vator POyl o

receive the SrBi[err] Ta[err] Jerr] solution of Exanple 1. The preparation

ggggfgfn'gnfgugggvem 3 ol 1t bapi ok ride RV
ﬁrst formula, said radiation-processed metal oxide forming a first
crystalline material having a first polarizability and a first crystalline
orientation along a crystalline axis,

5 said first polarizability and said first crystalline orientation being different
in comparison to a second polarizability and a second crystalline
orientation determined from a comparative metal oxide sample
having a second formula identical to said first formula, but
processed in the absence of sufficient ultraviolet light to affect

10 electrical and crystalline properties in said comparative sample.
19. The material as set forth in Claim 18, said first crystalline material
having a reduced carbon content as compared to said second cryétalline
material.
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for yielding a thick coating of silicon oxide 12 (see FIG 1). The
substrate 10 including oxide 12 was cooled tgo,roomtenperature, and

inserted into a vacuum chanber for conventional DC magnetron
sputtering. A discharge voltage of 95 volts and a current of 0.53
anperes was iljzed at a sputter pressure of 0.0081 T utter
a 160 A thi c‘ﬁh@é‘é’z’g‘f titanium netal on oxide |ayer 12. A P&%%F@FE rge
vol tage of 130 volts and a current of 0.53 anperes was then used to 15
sputter a 2200 A thickness of platinum atd-pfl?he titanirum netal .

The substrate (including titaniumand platinum netal syl®as annealed in

a di ffusion furnace under a nitrogen ém) 45}[err] 2 two hours
and ten m nutes. This 18 inclg nute pushlinto the
furnace and a five mnute p 0 nace. The resultant
structure included layers 13 and 14 as N GNEd igy FI G 148

In step P24, a 2 m volu raer pr ecur sor
from Exanple 1 wa IS N8N i ' he

addition of 1.08 ml n- 47/ 7 7 h 0
[errfmfilter. The substr iy /) un;a,t? // /'d /§ A pr}‘lﬁ/”\Té?#i onal
spi n-coater machi ne. An or
solution to the substratg for thirty seconds vvhi_i_g spi nni ng. The
precursor-coat ed substratg was renoved fromthe i n-coating nmacfli ne and
dried in air for two mnu : ate was
dried for an addi tional four m nut Gn 1 second hot plate at

260[ err] C. The substrate was dried for an additional thirty seconds
in oxygen at 725[err] C using a HEATPULSE 410 30 tungsten-hal ogen | anp
apparatus that was purchased form AG Associ ates Inc. as the heat
source. The tungsten hal ogen bul bs included ei ght J208V bul bs

(purchased fromUshio of Japan). far a total of 1200 W The lanp heating
profile inclu 00[ epPRBPAREEecongdl ranp jup t @REPARE fro.r
tenperature. The spi gﬂ}r SUBSTRAJE andj dryi nd pr @REQURSER was %"S‘geég

?ed a

second tine to i ncrease theoveratt
- 28_
v
SPIN PRECURSOR
P26~ onsuestRatE [* I
1 |
pog—"] APPLYUVAND I
BAKE THIN FILM I
l
P30 '
DESIRED N __!
THICKNESS
?
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s of

substrate was not exposed to W
successi ve baki ng steps.

precursor nma
oxygen (Ofer

| ayer 15.

In_this exanple, -
radi ation in any one of the three

t he

The substrate including dried

hah LN the position of layer 15 was a
b?? a %%gphere for eighty mnutes at 800[err]C

Pﬂ@ﬁ$£gm§59er an

di ffusion furnace. This time included a fivg;i§ nute push into the furnace

and a five mnute pull out of the furnace. Pl ati num
metal was sputtered to a 2200 A thickness usgng. gj 1 - magnetron as
before. The substrate was patterned using a c BEL NT negative
resi st mask and argon ion etchin After renoval g resist th 10
devi ce was anneal ed under ox¥83n at [8OO0[lerrJC fpr flrty ni@utes in;luding a
five m nute push into'Yhe[arffusion ffurngce pand ja Tuve mof e pul
out of the furnace. Thi s process |Jmay |be [epeated with a ter1atﬂve
precursors to form any of thqo4 metlal @xi de net-es+al STANDARBd | n Tlabl e
6. : EXAVPLE 10——1S yv ORIENTEBH, | ON
OF AN ORI ENTED METAL OXI DE SAMPLE W TH UV
PROCESSI NG The sgaufactjuridg tdchnlquel of |Exagpl el9 whs
repeated in an identical
10®
10-7 /-—\\____ ;__‘//
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FIG. 3
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manner agai n using the precursor of Exanple 1, except step P28 further

i ncl uded exposing the substrate to WY [ad|at|on during the_entire

time that it was baking 20 on the hot plate at 150[err]C and again while

it was baking at 270[err]C. The W source that was utilized was a

?E)g(r)li el son | ag}%)&ﬁ?,;ezﬁyi el ded a spectrum rangi ng from ;,%ngggmgglabout
nmw th sity of about 9 mWcnierr] at 220 nm and

mVcnferr] at 260 nm The substrate was not exposed to UV radiation mhlle _

it was bei ng exposed to light fromthe tungsten-hal ogen | anp. This

process may 25 be repeated with alternatd¥2 precursors to form any of

the metal oxide materials listed in Table 6.

EXAMPLE 11 COVPARATI VE LEAKAGE CURRENT MEASUREMENTS

A capacitor 10 that contained a standard process
Sr[err]Bi[err]Ta[err](err] 30 sanpl e produced according to Exanple 9 was

operably connected to a Hewl it Packard 4145A sem conductor anal yzer
(pi coanprreter) for purposes of conducti ng | eakage current
measurenents. A capacitor 10 that included a U/ oriented

Sr[err]Bi[err]Ta[err]O[err] sanple produced according to Exanple 10 was
subjected to identical neasurenents. FIG 3 depicts a plot of the data

obt ai ned, SrBi.Ta, 0 -29- WO
96/ 29726 LEAKAGzE cuznn!éur PCT/ US96/ 03521
1073
10 ——— STANDARD —
——— UV ORIENTED
105
10°%
//
7 /—-.\‘\‘ 4/{;/
10 I(('-WM%‘_______./
108
109
o {1 2 3 4 5 6 7 8 9 10

VOLTAGE

FIG. 5



and includes a plot of |eakage current in anperes per cnferr] (logarithmc

scal e) versus voltage on the ordinate. The data points were obtained
in O 05V increnents in a range between 0 and 10V. The magnitude of

t he | eakage current density for both sanples varied between 10[err]
and 10[err] ooy Wﬁhe i nterval 5 between 1V and 8V. The rp@irRisbé/dsi
straight interva ines indicate that a single charge transfer
mechani sm predom nat ed over the 2-8V interval. The standard sanpl e

(indicated by the dashed line) consistently;4enained about one-half of an
order of magnitude greater than that of the UV or| ented sanple.

Accor di ngl it is see tr n the dryin rocess

provi desgayl ower (and better) QTAfil@tanUg “Hen5| tg i g gt rontium

bi smuth tantal ate materi al s. PDI.AR!ZATION WSJE&ESl&r d process

E;[ er:’] B'g[ err] TaLet&?mcia AA Sr " ST Ouargt slusme: dCﬁ QFIEL[UV
anpl e 9 was subjecte 0 a@ Qurren rreasureme S WAS

oriented Sr[err]Bijespbdé eﬁF‘] sanpl e of Begfble 10. FIG J ﬂ@’ﬂi@ts

t he results as a g o Ieakage cur pf5
(anps/cnferr]) Vgr voItag.
had a | ower Ieak{q@qiﬁ'ﬁﬁ) nif%z ange
an order of nagngtude | egs than the standgrd
interval betweenzoH&0ERBE en volts.

ensity in |log = +
fin, the W oried e c 'S'ZE.,.:

/
gl fromabout 0.5 0 QEE_,,
sanpl e over hze v%ﬁ agEe2

A standard pr oGESREMNANT

SrBi[err] Ta[ err]%[ err] sgmle prepared acgordifjg to Exanple POLARIZATION
subjected to Ieeﬁagem.lml ent neasurenentsf in gbnpari son agai nst h(mycmz)'zo
froma UV orient@d sanpl & FIG 5 depl ct ¢ resul ts. Again, th§ 35E+
oriented aﬁ)ég_oh Ed a | eakage C LB density of about 0o Lt =p+]15

an order of magni gude | ess_ie8 he standard process Sand €opp = 4 06E+1
EXAMPLE 12 “.. A-i H .. Ai l\ lil. .II‘L!: gP 2%

A capacitor 10 t hal84680 Gged a 1600 7 Fckness o s andar d process

Sr[err]Bi[err] Ta[ err]4BtBED m% all43,650 0000E0 t+143.560 p267:35+3 443 108E+9
hysteresi s neasure- ELECTRIC FIELD (KV/cm)
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ments on an unconpensated Sawyer-Tower circuit including a Hewit Packard
3314A function generator and a Hew it Packard_54502A digitizing

osci | | oscope. Measurenents were obtained fromthe filmat 20C using
a sine wave function 30 having a frequency of 10,000 Hz and vol tage
anplitudes o 0.5, 1.0, 1.5, 2.0, 2.5,3.0,4.0, 7. OVv.
FIG 6 depi ctké&g&gpgt of the data obtained as q pol aF?gg??%dr%&l
hysteresis curve for each of the voltage an‘SIﬁt&les. The X-axis is

an electric field in KV cm and the Y-axis is an observed renmanent

pol ari zati on STANDARD Srogog Bl 2 Ta1.900048%- WO
96/ 29726 POLARIZATION HYSTERESIS
PCT/ US96/ 03521 +18.4ER 00 e :
quasi - rect angul ar oxy natuge of the hyste 35+ urve indicges an -
excel l ent ferroel eg 68 | 0 | =L manent
pol ari zation (2Pr)&al ue up A7 [err]C/crr[err] at vol tages  eaker+
t han about : EO I'G 7 is a plot of remanent pol arizat-E@ne
versus applied vol ggﬁs}ﬁ Lh of the hysteresis | oops in Fl 6,
and | ndicates thatd he standBrd fprocess Sr[err]Bi[err]Ta[err]P[err]
sanpl e was fully sf t cHOE+G0 i atiput 2V.
FIG 8 is a plot 05 coercive ctric field versus applied voltage fr

w 14601 10,000 Hz
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each of the polarization |oops of FIG 6, and indicates that a coercive
electric 10 field of about 54_4_M£mwas_.ﬁgg__glr dtoswitchthe
standard process sanpl e. A WV oriented
Sr[err]Bi[err]Ta[err](Jerr] sanple was subjected to identi cal

hysteresis W?;,Egnts for conparative purposes. FIG 9 isparpedsiidagation
hyst eresi s pl ot e that of FIG 6, and indicates that 2Pr pol ar?gatl on

dropped to 11.5 [err]C/cnferr] at voltages exceedi ng about 5V for
the UV oriented sample. FIG 15 10 is aspipt of remanent polarization
versus applied voltage for each of the ysteresis loops in FIG 9,
and indicates that the standard procB5QRIENTED s’ﬁn{ﬂ:ﬂﬂfh{“&m} Ta[err]derr]
sanmpl e was fully switched at applied vopnmm‘rmqmmssmn about 2V.
FIG 11 is a plot of +5768B8E2vere , , ronyireehTrottreoen f or
each of the polarigeation |odpg Fentes 3i ve
electric 20 fi e§d He3bou andard
process sanpl e. i /;‘ i fariPr: +
process and W or| e@o 2 sarrpls of the Sr[err]Bi[err]Ta[err]3 esrl s
materials were repﬁate 1§§' g a sngf | er vol tage increnment st®p of

0.13V. FIG 23 depicts the rBsultsffor both sanpl es,
conpare the early g?3(3§15-2 Ehe ppl arization curves.
sanpl e has a stee rise i

i r‘rpr oven”ent l—l’ el atl Ve ¢

gradual rise of t :
nore susceptible t n+J|1g‘gE'2 :

The UV oriented s le is E g
noi se. +000.0E+0 = als]
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WD 96/ 29726

PCT/ US96/ 03521 | i EXAMPLE 13
PUND SW TCHI NG MEASURENMENTS A standard process
Sr[err]Bi[err]Ta[err](Jerr] sanple was connected to a Hew it Packard

8115A dual channel Eul se .generator, a Hew it Packard 54502Actus3cnss2i
digitizing ope, and 50 ohm | oadnétra(si séor for purposes of

conduct i ng PUND swi t chi ng neasure 43 The PUND swi t chi ng curves
are given in terns of nanoseconds versus an ordinate of current in
anps. The PUND curves are STANDARD Srggle BN, Tay\45d0geknown manner by first
initializing the sagple with a puI SPukb Emc“‘mcg negat I ve direction, then

measuri ng the current t%h Lesl's Eve or 10 a series of four
vol tage pul ses that giv &é rerren %fiwe‘ (P) .
pul se, a second pog# Lﬂ!?"\sU) puI S pwﬁ gat Hﬁ‘"?ﬁﬁs @% and then
anot her nedatifve or. ave 't he |SRASFIVE SWITCH
absol ute anplitude. The negat i ve puI se makes sur|ePpeth@5.73 1C/cm?
material starts with tion. The first p'é'ypf'ﬁﬁésec

"P", pulse therefore to a positive polaryz
tion. Since the sanpl p05| tively, the seq &Qﬁ"Nﬁ'UNsW”c“

pul se _ maaﬁres pol ari zam%ﬂ‘*ﬁﬁﬁl‘icmn
sat ur at ed 2ol 4 Li kewi|stéwy r186.4meec
I t
pul se easures %e 0 NEGATIVE SWITCH
& Py=-26.66 Cfcm 2
o tswn = 60 nsec
NEGATIVE UNSWITCH
Pg=-7.59 uCfcm?
tswd = 36.4 nsec
03265 165 265
TIME (nsec) -
FIG. 12
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1
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negative switching current and the "D' pul se neasures the change between

t he resi dual polarization and the saturated polarization in the
negative direction. 20 For a standard architecture of a nenory cell
(but not for all architectures) the PUND curves indicate the

suitability of the material for a non-volatile ferr&_,ngj:s%{‘;Ef1
swi t chi ng m’&ppl ication. Generally, it is desirable ti 5
and "N' curves are well-separated fromthe "U' and "D' curves,

respectively, whi ch provi des a Iarge signal in the standard
architecture. It is also desirable that A3 all the curves fall quickly
to a |l ow value; a curve that falls quickly indicates that t he
mat eri al conpl etes the current fl ow, which produces the signal quickly.
That I's, it is a "fast sw tchSTANDARD 8rBkiTa,@perally, in the tests
herein, the sw tching ti rrem ﬁIZK'HDNtPATmﬂEtéHBURhNBEtO fall to a
val ue of 10% of~t.oesa B PR ‘ gyvel Wi | |
general ly be nghlnthe poi s€ | evel oL -ar al 1 teg at ed 30 cH rCU|t
FIG 12 includes PUND swEt chirmcarvel "‘9""‘3:""# e goess
Sr[err]Bi[err] B grgoldgdleEr] ®lerr] and L[err] "mxed 2% na PH otpgp‘ p
current in anpgeversus g an ordinate of time in nandsecopgs. Psti: u
Measur enrent s vvée obtai ngd with a square Psn: n
- 32- E :
PCT/ US96/ 0352\{\% 4@(422%]5?165_ Ped: d

£ +956.56-2 F-

= 3

S z |

= w3262 F W
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+000.0E+0 & ‘ . : ‘ : ‘

0 1 2 3 4 5 8 7 8 9 10
NUMBER OF CYCLES (10")

FIG. 14

- UV -ORIENTED SrBi,Ta,0,
PDLAHIZATION FA'I'IGUE ENDURANGE

e H1241E1E
o, t993.0E2 F I;sp: p
s = Su: u
E - Psn: n
N tT448E2F Psd: d
3
8- +4965E-2 F
-— =
S =
= E
5 +2483E2F %

+000.0E+0 = ‘ ' ' ;

0 1 2 3 4 5 86 7 8 98 10

NUMBER OF CYCLES (10")

FIG. 15



wave oscillation frequency of 10,000 Hz using a voltage anplitude of 5V.

These curves indicate that the ferroelectric material had a very
qui ck menory switching time, with virtually conplete nenory
swi tching being obtained in |ess than about 60 nanoseconds, even for

the negati Vew'in‘{yc{zﬁ'ﬂkng curves. A W oriented
Sr[err]Bi[err] rr]derr] sanple vvas su? gd to corrpara?ﬂ?é’sg‘m’ PUND
swi tching neasurenments. FIG 13 depicts these PUND results. The

nmenory switching time was extrenmely quick, with sw tchi ng being obtained in

| ess than about 62 nanoseconds evesﬂrm negpt v tching cycles. The
observed switching tines for both % kﬁé accept abl e
limts for 10 uselnk_qteratedp(q ¥ E

EXAVPLE 14 +218.15-1 EORATT VA u.-%mwww TVERSUREERT S

PUND swi t chi ng asur ementfs i denti Rpl.e 13 were

repeated for cgcl 45 OF espec "VETP DL Of aQd UV orjented
sanpl es 15 of“S ElETa[err] g err] and Sr[err]l[e r] iy -“IJ-
materials. FIG J4 is apIE)t of saturation polarlzatlonl m:p

[err]C/cnferr] wersus a Id:_garlthmc scal e of switching cycles, and dgdrats u
data that .was olari8b4Eddm t he standard process SrBi[err]Ta[err] efrRm: n

sanpl e. The f oure CLE’VGS are labeled with p, u, n, or d to deriptiydt:hai
correspondi ng pgg&tion of the PUND swi tching cycle from which 3 he
respective curvel§ d8¥88E2Ffhe p and n 20 curves exhibit substant izl
declines of 12%gnd 7% respectl vely, over 10[err] cycles. Thy s

| evel of fatigua=indicateg that the polarization of the standard progess
sanple is ext r er@l y-43m$E-ata-e under the switching conditions, and woefd be
unsui t abl e for e as a nEE*rDry mat erial if these conditi ons woul d pr#gvai l

in the i idended en::ro of use 'af it | gue
endurance plot |'i kepgolEd MCE -+l A et TR =-Q-hn nais wer e
obtai ned formthe UV ori eot ed 1Sr Blierri;Ta[q,rr] Qerrﬁ saprpl eg FIQ@ 1510 '

i ndi cat es that essentially no fatlgﬁe occurred in the W oriented
sanmpl e over 10[err] cycles. R OF CYCLES (10")

FIG. 16
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Accordingly, the UV oriented sanple would be suitable for use as a nmenory
mat eri al under the prevailing conditions. 30 FIG 16 is a plaot_Llike
that of FIGS. 14 and 15, but depicts results that were obtai ned from
a standard process Sr[err]Bi[err]Ta[err]Jerr] sanple. The curve

exhi bited an_approxi mate 11% decline and the n curve a 14% ' er
10[err] WO sB25726 Lo, PR o

96/ 29726 10/ 183 PCT/ US96/ 03521

cycles: T mmiert oy oo sl YO G0l SN G4 9 o

is-a plot |ike tH&B0SFTTFIGS 17, 15, ;and 16, but depicts data obtai ned
fromthe UV oriented S'[err]Bi[err]il’a[err]g{err] sanple. The p and n - 00
curves exhibit 185@Qpgtantially ndfatig® within the linmts of
experinental accuracy pver the 1= ginterval studied. Accordingl ya
this material wodR@0.8& gli t abl e Sotguse aPa menory under the 0
prevailing conditions.| S+ & EXAMPLE 15 |
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THE EFFECT OF UV ANNEALI NG AT VARI QUS PROCESS STEPS 10 Vari ous
SrBi[err]Ta[err]Jerr] sanples were nade according to Exanple 9, except
the drying and UV exposure conditions of step P28 (FIG 2) were altered as
descri bed bel ow. These procedures produced different sanples that were
designated MS1-N, MS1-L, MsS2-N, MsS2-L, MS3-N, MS3-L, Ms4-N, =l
These sanpl eg'q/?é’?gzﬁll produced fromq4synpl3e precursor solﬂﬂﬁ%ﬁi_ng 15
sufficient metal fractions tq.produce a netal oxide material having the

average formula a8 [ e3s50Tal 2976 2563 | 21252he EhZenasea’ bigesut h.541
vol atilization. Trmog.rom%e“ — - 100
bel ow in Table 7. For ekanple, tH2}VS1-N and MS1-L sanpl es were edch
subject to UV |ighigopg4or five fEfut 8 whil e drying at 150C and/ ¢+ gg
270C. The Ms2-N and MS2iL were s@ ect®d to W 20 lighting during dryilng
for 5 mnutes at agpggegr at ure of= 70[8rr]C. The Msl1-L sanpl e was |-gg
al so subjected to UV 1i §hting befafle t®e first anneali ng step, as were
the remai nder of tyagosi-L sanpl Thgse process conditions were - 70
substituted P for the step PZB|lcord€itions of Exanple 9. '
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PCT/ US96/ 03521 TABLE 7 —-
STEP PZ8 VARIATI ONS WV Sanpl e# Li ghti ng
Duri ng Dryi ng Bef ore 150[ err]
270 Anneal i ng 5 m nutes 5 m nutes ) S
5 mnutes VD 9629726 MB1- N Y ¢ rinbdbsh
MB1- L Y Y 127 13 MB1- N
- Y - MB2- L -
Y Y 4436 3.559 A9F6N 2562 2252 2013 1.B|23 J.BIEB 1.541
- 10 2098.0- —=T" : = : -y - 100
1800.0 =4 - 90
1600.0 - “| = - 80
8 3
1400.0 ps ; - 70
[ Te)
8:1200.0 - N - 60
> . — E3
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g ? —~ 8 s = &
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M54- N*

M54- L*

Y 15 * W Lighting was applied to the precursor (5 mn., 150[err]C

bef ore spin-on.

neasurenents for the

of the thin-la

er
about 3 vol t W! 9?’%7%

2

The final sanples were each subjected to
determ nation of thickness, dielectric constant

Pr pol ari zation at about 3 vol ts,lé@gvsggﬁgsﬁt

results are presented in Table 20 3 b

TABLE 3 Thi cknds8/ 1®i el ectric 2Pr[err] 3V
2Ec [err] 3V Sampl e # (A Const ant * (uC/ cn2)
(kV/ cm) VB1- N 1750 - 193 8.5
132 25 MB1- L 1750 STAND&&pZ?rm, Bl T2y 333 0g.417
132 M52- N 1800 CAPRGITANCE PERFORMANCE
95._ 4 M52- L +1.316-14 © S0 4 -
- MB3- N 31814 g4 31 18.°0 8833
VB3- L 1890 3100,000 Hz 18. 3nc e 87.6 30 3
MB4- N 1870 € 0026V  17.0 y 90. 8 5
MB4- L* 1870y F118E14 1620A  « uv ligft\fg\nas applied to theJ
precursor (5 min., gl50C) bef g 283K n-on. 3
- 35- - 0.55 DWELL 3
w +1.06E-14 =
= 3
: /
S +943E-15 =
o 3
+8.22E-15 3
+7.01E-15 B =

CAPACITANCE (F ju n? )

500 333 -167 - +0.00 +1.67 +3.33 +5.00

F’G- 24 BIAS VOLTAGE (V)

UV - ORIENTED Sty 5, Bl , T2, 53305 417
CAPACITANCE PERFORMANCE
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PCT/ US96/ 03521 ”"l"l l"l"“ﬂ“ﬂllﬂﬁﬂlN and M51-L sanples had a dielectric

constant of about ones magni tude of the respective M52, NMS3,

and M54 2@ogi0bespPcThese sanpl es algp had signifi F@,& é@@
dielectric constants and a | arger 2Ec than did he,‘b‘t&ner §%I es.

Accor di ngbajmist is seen that UV application has a grea’ter 5 effect in the
early drying stages of netal oxide formation than in other stages of
step P28. . A method of fabrmtlng a low leakagEW Hin-film metal oxide

)S(r gﬁ?eﬂ{?%\gl %ﬁ?&% g%ﬁﬁ}q;gogpo %Pfﬁtﬁgg g ! \1/8 subj ected to
oyt o o G2 AR acaps (14! 12, PSS 4] Sl Frscursor

intensity as cafdaining a@urlajttyaofp‘hetabmmdeesoueﬂedfve amoagisfor yieftdiagi on
i n count per second

represerts a circufPelitmatal (e (%S}éwpa$éqg§ an%llﬁher;nesaﬁam s
spectronmeter, whi C:hetmso)dw& SRR fent the be;?'%gn%\ﬁ,ﬂgfoftwo% Lhe

Bragg angl e ( 2[err] ). Each peak has been I'stance
corresponding to t IgpeEdesugeriatiictematerials;s ty count in counts per second and

accor di gt o T I Al il PERRER ST opict Sk tee 38 St B TR 1 e
in the on said substrate; and
10 drying (P28) said liquid thiri film on said subsirate under conditions sufficient to
form a dried metal oxide thin film; )
said method characterized by the steps of _
exposing (P28) at least one of said precursor, said liquid thin film, and said dried |
metal oxide thin film to an ultraviolet radiation source to enhance c-axis .

16 orientation of crystalline material resulting fom a subsequent anneal; and
thereafter

annealing (P32) said dried metal oxide thin-film top form said crystalline material.

2. The method as in Claim 1 wherein said ultraviolet radiation is of a
wavelength from about 180 nm to about 300 nm. _

3. The method as in Claim 2, wherein said ultraviolet radiation has an
intensity of at least about 8 mW/cm? at 220 nm and 15 mWicm? at 260 nm.

4.  The method as in Claim 1 wherein said exposing step is performed
simultaneously with a step of baking said subsirate and said liquid thin film at a
temperature ranging from about 120°C to about 500°C.

5. The method as in Claim 1 wherein said providing step includes a step of
supplying said precursor as a polyoxyalkylated metal complex.

6. The method as in Claim 5, wherein said polyoxyalkylated metal oomplex '
has a molecular formula

(R-CO0-) M(-O-M(-0-CRYp1 )y,
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art FIGS. 18 and 19 depict the results for the MS1-N and MB1-L sanpl es, and
20 are substantiall mﬁ m ln ”mllﬂmone another. This simlarity indicates
t hat the act ’ iolet radiation prior to anneal i ng the
sanpl e fmemoepcproduce substantjggl crystallin nin
superlattice materials when the W : applicati one%ef ore@aigrj\'?\éeé S

Che dr yi e eroamiegmetal RaWhg Goiet flee A3 fhand I is 236Gl dflbig "

depi C]E @H?ﬁt\f@lﬁncélofb with MmﬁM@nﬁeammmgpm@mndehﬂysbﬁdﬁfmg@ ??‘rﬁ :\/g; e
| \

tS gegiaclh%b%erné ﬁ@@g@iﬂﬁk@mum b's“&fﬁﬁ'fl%?‘gﬁa%gm' ﬁ‘? @“‘B@Eﬂ"’i’ An mnw

val ues ahreraiupa @&k, hhafRinSndsten, nmﬁéﬁ@'ﬁ'ooﬁu.hnwa\yar?é Eﬁﬁat erﬁqant €1y

(006), (008), andﬁ(OOlO) lattice poi nt peaks ave a grea
in MB1- Nelrfaba 'hmﬁswgBleNe:aum,lstrorngn,, bamﬂh titanium,(4&r6bxinbpR' an

vea e 18 et R o Bl o Bopt kot ebon sloms Ay 1875 20 alkvharaw i o
21 showprafardbly aaomgwmrmma@ chifciStong, Of 1087 The quantity 887/207 (FIG
- 36- WO 96/ 29726
PCT/ US96/ 03571  The method as in Claim 1, wherein said liquid precursor in said providing

is selected to yield a layered superiattice material,

8. The method as in Claim 7, wherein said layered superlattice material is
a mixed layered superiattice material. .

8. The method as in Claim 7, wherein said layered superlattice material
includes strontium bismuth tantalate.

10.  The methed as in Claim 7, wherein said layered superlattice material is
strontium bismuth niobium tantaiate. -

11,  The method as in Claim 1 wherein said exposing step inciudes applying
ultraviolet radiation to said liquid thin film.

12.  The method as in Claim 1 wherein sald exposing step includes & step of
baking said liquid thin film at a temperature ranging from about 120 °C to 500 °C
simultaneously with exposure fo ultraviclet radiation. '

13. The method as in Claim 12 wherein said step of exposing comprises
baking at about 400 °C for at least about 2 minutes in air.

14. The method as in Claim 1 wherein said exposing step includes a first
baking of said liquid thin film at a temperature ranging from 120°C to 500°C, and
thereafter a step of applying UV radiation to said solid thin film.

158. The method as in Claim 14 wherein said first baking i is conducted at a
temperature ranging from 120°C to 160°C in dry nitrogen or air.

16. The method as in Claim 14 wherein said exposing step further comprises
a second baking step at a temperature ranging from about 240°C to 280°C after said

applying step. S
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18) versus the qua |G 21) shows a greater relative
abundance m" 06) with respect to lattice point (020)
in FIG 18. Accordl mgly, =tadiation has induced lattice changes in

t hese maPEOBAICBHWWI ng | dent [ cal 4poi chionetri esp g._% %Q%at ive
an

abundance differences are apparent across 5 peaks (0

These val ues 1mdi cathe hbihbdidsen MRains 8rarerairhaai E é(posmg sﬁb%ﬂﬁ%‘ Pefides 2

grain orientation i n t he coordi nate system (abc
mat henat SEEPNG AR/ apRlyingseid titiayiale (o] aﬁelf satd@coméhakmm;:at es

eor i ontationd® A i 208 Ghraife Pain) (R Yol LR i fim capgaitors: <

possi bl eirftegratee cirbgits ahé s like, ctnprifing:he diffracted radiation due to that
i ncident on (HPL) Ianes with the proper Bragg angl e may be

cal cul ated i n98 gt radiationrraersseg diquickdenpsited mgtat exdde (15) hating atfirse

f This ob _ f h
bt s 1 s contirmed S fid FortiohIEE Rl Bl e rtRG mlfst claateiting yes
(111), (113) mdtai’élhavmgth ﬁéﬁﬁ&laﬁml@w@ﬁ%ﬂa@'mllmes@@i@n%ﬁdﬂd han

in M53-N, 15 which recejved_no UV radiation. he conbi nat’l on
of large differenc@STy$tallin®®4és.,ri ¢ constant val ues, poI arizability

I d f t
val oo and, | St S bING R oA e R G S iR,
i ndi cates t hat thewmpmmmammma&wumyammmwmneo@fsﬂt&ﬁmhave
20 reoriented vm'tgFthe .crystalline structure, thereby pI’OVI ding a

UV- pr ocessed @ remegrativenmetalxide sample havngliar sescns
el ectrical pr Ope”ftﬁﬁuﬁé ldentrcal TQEB n@%?&nﬁ:lﬂoﬂutlﬂ'o%gggéﬁ?ﬂ\é)ébsé{&ngﬁr d”

sanpl e of the sane ave t

EXAMPLE 17 25 suff' cxent ultrawclet hglﬁll.tbl\dmemtﬂ&l GcBihistallifidpicperties in

Sanpl es - M51- N and N of e were subjected to X-ray _

phot oel ectric spec??' r%ﬁy@,nga alysis for purposes of determ ning

whet her | ki Ddleds i i i pfe’r& Alkiteg Hde

materials. It shorl?lé(;ﬁbe béig B8 trdrh 8 g‘?&uﬁbﬁﬂsﬂsﬂn@'ﬂf kites
layered superlattice materials.

19.  The material as set forth in Claim 18, said first crystalline material having
a reduced carbon content as oompared fo said second crysfalline material.

Pt 1 'r= el OO LAttty oy
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understood that the XPS technique is only accurate within about 20 % The
30 results indicated that sanple M1 haf l, @n average formul a of
C[err]SrBl[err]Ta[err]qerr] and T'Hé Ms3- N sanEée had an average
formul a of C[err]SrBl[err]Ta[err]Qerr] I\b%cd M53- N

materials, respectively, were used W magnet ron
sputter dep05|t|on on a s ﬂs‘l\r{tﬁ iét Ang, the - :
- 37- WO 96/ 29726 N N\ \N

PCT/ US96/ 03521 N sanpl e had ‘a’fh‘\@\@f\ r}‘u,l.'a
SrBi[err]Ta[err]qerr]Wﬁmﬂw an*{erage forml a
of CJerr]SrBi[err] Ta[efx e(N\\\\_\&\\\\ ndj cat ed t hat
the initial sanples co ' Y 0 |v§1from
t he cal ci ning of organi _ i ﬁ eal i ng
process steps. The XPSpeechttue~—was—eapak gjonly the -
surface of the materialls, so sputterl‘ng was n

the interior carbon coftent of the i nitial sa ) Sputterl ng Wwas abte

to elimnate the carbo o ;

starting material . Conversely, sputterl Il d to renove carbon fromthe
o FIG #d
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struct ¢ saffplfe, as reflectgedjiin the carbdn eontent of '
sputtered material. Converlsdl y19 SEP 19§ he 1 -N sanple was rel ativel y
carbon free.2008/006PCT The extent 1o whigh the enhanc@CTRIDO6/0352ent

of the M53-N sanple 15 ils responS| ble for|the increased polarization of

t he M53-N saép_h 'ss unkno hewever—— |-ar ge concentrations of

contam nants such as carbon in the superlattice i nduce poi nt defects

that accel erate irreversi bAmetinid eifabrisating@ law lebkage currentoltamfdmtmetal okidee
is repeatedly sw tched. The fa tlﬂue nmeasur enent s of Exanpl e 13

confirmthese fielectigal eermporent(#e), saidmethasheamprising dhe &iapsed: exhi bi t ed

20" poor..1 a1 e end gt g 189 02854 kool 1477814 ARE REIA B or

fromthe seoiftalnihd | & netals content corresmdmg to a solid metal oxide H¥péfdcE
18 CAPACI TANCE SUREMENTS 25 A

st andar d pr o%esssuperiattiqeampterial T‘EQ)dOrb]quQfNe}i feamsiid ﬁm‘dcnmlasogz connect ed
to a Hew et Packard A L ter.fo ses of pRagi t.ance
versus vol tage rreasur%qum'g@éyef@[@fq‘f‘if ﬁ@ Wa??é F'B‘?fltf't% %R%gfﬂaaaﬁdé'a%
frequency of film SY SaldsUbrafi &r@n OSCi I | ation anplitude of 0.026V vvas
nodul at ed agai nst a bi as vol tage ranging from-5 to 5V in stepped

0.200V increnents. FIdryirg (B28) said titpaid tB\(h filrasom tsaldisshbsb'atﬁ upter conditions
capacitance in F/ r.r e ver s I.as, vol ta Peak capacitance
exceeded about 18 'RJ‘{RS{{QF'JPP&) ‘gﬂe? hF"hHI!The range around 0 V, and
fell to abogy 7.5  gaig ragtﬁaaena}a&u.séa;,guﬁarslewoﬁ he 5V range. These

resultsmdlcateavery hi capacl tan athin-filmmterial.
- 38- exposing (P28) at least one of said liquid thin film and said dried metal

. oxide thin film to an ultraviolet radiation source to enhance c-axis orientation of
crystalline material resulting from a subsequent anneal; and
annealing (P32) said dried metal oxide thin-film to yield said metal oxide
15 layered superlattice material having a c-axis orientation demonstrated by X-ray
diffraction analysis wherein peak interisities at each of lattice points {006) and -
(0010) exceed twenty percent of the intensity at lattice point (115).
2. The method as in Claim 1 wherein said ultraviolet radiation consists
of a wavelength from about 180 nm to about 300 nm.
' 3. The method as in Claim 2, wherem said ultrawolet radiation has an
intensity of at least about 9 mW/cm? at 220 nm and 15 mWIcm at 260 nm.
4,  The method as in Claim 1 wherein said exposing step is performed
) simultaneously with a step of baking said substrate and said liquid thin film at a
- temperéture ranging from about 120°C to about 500°C.
5.  The method as in Claim 1 wherein said providing step includes a
step of SUpplying said precursor as a polyoxyalkylated metal complex.
6. The method as in Claim 5, wherein said polyoxyalkylated metal
complex has a molecular formula ' o
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sanpl e was subj ected tf om cenparative : pur poses to the same
measurenents as the standard process sanpl e. FI G 25 picts
results. Pe2R08/0PBPCTance exceeded about 7 1:0[err] F/[E’QT]IH§995/?35211the
range around O V, and fell to about 5.3 X 10[err] F/[err] rgerr in the 5V
range. The 5wherdinM isad meta’bhamngaamouﬂealvabmé aflfa -HM and Mhisa nﬁtaﬁnawngs
speci fic adyanta

DRAM sense &npl ?3 jobfervaiense O?b W'th M@ M tG?Qfgﬁag’!yt Qfgﬁg !”qeepﬁﬂg?m& ?@ggr o

a common drain Lo r Qﬁegl ﬁﬁfﬂ?c friunsed
connect the bi t5 (g'%‘d?oun éé“élpﬁ"ércallﬁ's{nances Iéé?{ yt par asﬁﬁ:‘um
capaci t.ance exi Hnthéhudilfarmmnyl airemumnrthumuwhafﬁmetmm niohies), znr&@wlum
require that the DRAM circuit nust operate at a rel atlvelyquieater ,qglu

(and cor VaRaduan MEnaarRese, irag, eehalk nickel,anagnesiyngaiol

t hese capacitan e he, L ower I
coul d have advaﬁ%ﬁ&@@ tftﬂn'u anqo?'g% g ?‘Fga[‘tﬂﬁﬁ&?ﬁi"}" ?&%%\%Beiyq%%era ?%
voltages. .40  carbon atoms’ é’ndl‘?-?@éﬁrhlﬁbqsg?bu qﬁeﬁarﬁﬁlyerha\mg)mw 3uto BicErben
ultraviolet radiation for fabrlcatlng .oxide integrated circuit

capacitors for atams.n digi taI menori es, such as DRAMs. It should be

oser T beacut vt 1 B e e e RS TEMS, B eaid fpverdh ber i el

her thoce o {3 e yerkd sbordic pugeRAEr. TLL IS L1 ety T one

of 8. The method as in Claim 1, wherein said layered superlattice material
is strontium bismuth tantalate.

9. The method as in Claim 1 wherein said layered superlattice material
is strontium bismuth niobium tantalate.

10. The method as in Claim 1 wherein said exposing step includes
applying ultraviolet radiation to said liquid thin film.

11.  The method as in Claim 4 wherein said exposing step includes a
step of baking said liquid thin film at a temperature ranging from about 120 °C to
500 °C simultaneously with exposure to ultraviolet radiation.

12.  The method as in Claim 11 wherein said step of exposing comprises

baking at about 400 °C for at least about 2 minutes in air. .

13.  The method as in Claim 1 wherein said exposing step includes a
first baking of said liquid thin film at a témperature ranging from 120°C to 500°C,
and thereafter a step of applying UV radiation to said solid thin film.

14.  The method as in Claim 13 wherein said first baking is conducted
at a temperature ranging from 120°C to 160°C in dry nitrogen or air.

15. The method as in Claim 13 wherein said exposing step further
comprises a second baking step at a temperaturé ranging from about 240°C to

280°C after said applying step. P ————
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20 ‘the speci fic enbodi i bed, without departing fr | |
i nventive’ concepmﬂHm;wﬂEﬂmg and processes nay meENJOSHEET
%* Qf t

with a wide variety ures and processes. Equival ent

materials, different materi al t hi cknesses, and ot :
depositing 2068KOERCTHt e and el ectrode | ayed2- nayggé'lqsgé?g??ﬁ s
al so evident that the process steps recited nmay in sone, i nstanceges, be

25
perforned in a differdént Theemethad aguinv@laimt15wheeeinrsaid sxgosing step further

processes may be substituted for the various, structur

descri bed. includes a sseand siep (of appiying ﬁ@'d;‘r'l':raqutei%ﬂ@grgrs]%f% tﬂat% e?%%d
preferred enbodi %ﬁr}{ﬂi te as described herei nabove, may be subjected to
appar ent m)difip INGEeBy ¢ hout 30 departing fromthe true scope and

spirit of the inventign. Acmetalbxideyrystdline material (15) fortusedn tindip capaciiees,

their intention to rely upon the Doctrine of Equivalents, i n order
to protect thei integratedicimuits pnd thelikencharaeterized by:

-39 - datt | & Bldxiorehtatio
| eakage current, thi RPelaPYde laversd ﬁ'é'gerlam"'é rhEtERAr(18) nldifig & 8lexio n

demonstrated by X-ray diffraction analysis wherein peak intensities at each of
5 lattice points (006) and (0010) exceed twenty percent of the infensity at lattice
point {(115). '

18. The material as set forth in Claim 17 wherein said layered
superlattice material contains bismuth and is further characterized by a surface
carbon content less than half the concentration of bismuth in said layered
superlattice material. i

19. The material as set forth in Claim 18 wherein said layered

superlattice material contains essentially no carbon.
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el ectri cal CO@@@% % HEELY @éﬁ fomrising the steps EEPLAGEMEHNT SHEET
g

Eéﬁtv;?h[‘ﬁc(gﬁg‘ rf“ 1 bg to a bl RAPLACEM ﬂHEE'F/ered

5 tsuperl at - £¢ Lerial tb‘"gg Herj ved from JaifaTrooro—precyr bor ;
appl yi ng (Pg6). sai " "'d pr‘e‘c‘Eﬂ” ronto said sulpsqr f h {iquid
t hin BINELE £ Faton o8 ¥Rl bst rlad®;  and a]ﬁ §€P 1‘%3

ying (P28 Sald|IQUIdthIan}m0n ai d substr @t | ohs
sufficien O REOHRIEE . l:ret'ﬂﬂ..bxl de fthin film sai d
met hod characteri zed by the sSteps ' exposTy (P28)
saidaliquid thin fitkm tcﬁmﬂmdeféabmg@mmbaggwneat thindiimamelal oxidei s

el - and CHEHERGRRRAR IS, Bhid ARl QAR B MR o i1 o

said metal oxide rovidin 4, IFPD9 izeSulsstite (1,112 137849 'and a liquid precursor
2. The netrhod aspl n d z%ﬁ? "wherein said EI travi ol et radi atﬂon F(,:onS| sts

of a wavel engtCRNt3igiNgaBometaisocomtent capespondiognta a solid metal oxide layered 3.

Mtensi ty o PeHalictmaeblfiie bR 4ol St iddi ebdot ot o) at 260
nm applying (PEG) sait liquidpreetrsor onto $didisObétrateds firrh & iquid thin

exposing step _is per sinmultaneously with a step of

baki ng sai d smmgmgﬁedaﬂﬂqw dthinfilmat a

t enperature rangin u 2

S. ™ The net hodgasq%r%h%lngi m 1%\,ée€é‘|ﬂé %'gl @}Br ov:%uﬁ%%&gﬁtﬁ H((,‘Fﬁr é:gngmons
step of suppl wufficientitd forme aldrisd metal oxide thinia;ky! ated netal conpl ex

6. The nmethod as in Caimb5, wherein said poly °fyal kyl at ed net al

conpl ex H a nol esaihmethpdigharacterized by the steps

ot al having an ourEPoSn AR daid Balid 4 i tp an.utrayicie radlffsblete' ©
Sy, an outer ¢nh@nee créxis orintdtiod eneryltaliie® hidterdlreBaitig fromoP S08seqhent

%l ected from
anneal; and

e il ' annealing (P32) said dried metal oxide thin-film to yneld said metal oxide
15  layered superiattice material. .
2. The methed as in Claim 1 wherein said ultraviolet radlatton consists
of a wavelength from about 180 nm to about 300 nm. :
3. The method as in Claim 2, wherein said ultraviolet radiation has an
intensity of at least about 9 mW/cm? at 220 nm and 15 mW/cm? at 260 nm.
4, The method as in Claim 1 wherein said exposing step is performed
simultaneously wrth a step- of baking said substrate and said liquid thin film at a
temperature ranging from about 120°C to about 500°C.
S.  The method as in Claim 1 wherein said providing step includes a
step of supplying said precursor as a polyoxyalkylated metal complex.
- : 6.  The method as in Claim 5, wherein said polyoxyalkylated metal
complex has a molecular formula |
(R-COO-),M(-O-M'(-0-C-R"),.1)n,
wherein M is a metal having an outer valence of (a + n) and M' is a metal having
| 5 anoutervalence of b, with M and M’ preferably being independently selected from
a group consisting of tantalum, calcium, bismuth, lead, yttrium, scandium,

A




a gr-oup consi BEE%ACEMEMnSHEHR calcium bisnuth, lead, yttrium scandium

-41- fapt hahum *antinpnly, chromium thallium hafnium REPRAGEMENT SHEET
ni obi um zir¢ofi upy-SEP 1998vapadi um manganese, iron, cobalt, nickel,
magnesi um npl ybdenum st rongijum barium titanium and zinc; R is

an al kyl groyp ihg from4 to 9 10 carbon atons; and Ris an
al kyl group preferably having from3 to 8 -44r bon at ons.
7. The nmethod as in Claim I wherein said |ayered superlattice material

is a mxed | aylanmmmammwcdwmaumm thillium, hafnium, tungsten, niobiwmzitdomilms

in Cdaim1l, whereip said aered su tti,ce material S st ontium
bl smuth |t ant a1 SArEdkuR: angBHESE, ek BoE rigiteF, siBdrdsiiin molyhdehtipe HESRbl
| ayer ed super | BddrfCtiERih) ahd d zing; R'iS &t &Ryl GHIOP pRetEEdbly lrﬁbmgmrbﬁm%ay e.
10. The method as in Gaim1 wherein said exposi step includes

appl yi ng 101 r asArbbetatoms; andoR isansalikyl graup nrefnr ly |hamng from 3 to 8 cartin

The nmethod as jn Claim1l wherein said exposing step includes a step
of baking sai da‘PF!ﬁm dthin filmat a tenperature ranging from about 120

[egr1C to 5007 er ri'ﬁeﬁiéméa ﬁ@ﬁ%irﬂ%ﬁe?eﬁ&ﬁﬁﬂb!éré@sdﬁ&l&&i&e%ﬂhﬁal
radi ati on. The method as in Caim1l wherein said step of
ex pos ing co rrprlS@B‘llxed layered superiattice material.

1 8.  ThemethodasinClaim 1, wherein said layered superiattice material

is strontium bismuth tantalate.
8. Themethod as in Claim 1 wherein said layered superlattice material
is strontium bismuth niobium tantalate.
10. The method as in Claim 1 wherein said exposing step includes
applying ultraviolet radiation to said liquid thin film.
11. The method as in Claim 1 wherein said exposing step includes a
step of baking said liquid thin film at a temperature ranging from about 120 °C to
500 °C simultaneausly with exposure to uitraviolet radiation.
12.  Themethodasin Claim 11 wherein said step of exposing comprises
baking at about 400 °C for at least about 2 minutes in air.
il _ 13. © The method as in Claim 1 wherein said exposing step includes a
 firstbaking of said liquid thin film at a temperature ranging from 120°C 0 500°C,
and thereafter a step of applying UV radiation to said solid thin film.

14. The method as in Claim 13 wherein said first baking is conducted
at a temperature ranging from 120°C to 160°C in dry nitrogen or air.

156. The method as in Claim 13 wherein said exposing step further
comprises a second baking step at a temperature ranging from about 240°C to |
280°C after said applying step. '

- 16.  The method as in Claim 15 wherein said exposing step further
includes a second step of applying said ultraviolet radiation after said second
baking step.

B 17.  Ametal oxide crystalline material (15) for use inthin-film capacitors,

mtegrated circuits and the like, characterized by:
— e

K (A



| REPLACEMENT 5%}:1 |
baki-ng at about 40 TE€rrTCTor aj feast. about 2 mnutes in air.

13. The nethod gs'ji n,ﬁl SFE\ W rein said exposing step includes a

first baking of daijd I i‘q 1 | mat a tenperature rangi BEPHACBMENT SHEET

120[err]C to 500[jerH hereafter a step of applying W
lation to sai SO|IdthIan|m _42'_ 14. The method as in Caim

13 wherein said fiTst Bakimg—Tsctohduct ed at a tenperature rangi ng

f d '
s hou-as 1 G o md8etl akite Byt shissiafiEs riftefal15) faying a c-axis gligntathy”
second baki ng dahistiated b NP4 Hiff Sctioh Shaysis' WHerdR0 ok ieASHeS dteach of

280[err] C after said applying step he nethod as in

d ai m 15 @her attice paints{(POS) agds(oejm‘ excaeledrtwenty pemeul oﬁ&se intensitynat lattine of
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(57) Abstract

A precursor solution (P22) formed of a liquid poly-
'oxyalkylated metal complex in a solvent is applied to a substrate
in the formation of a metal oxide thin film (P26). The liquid thin
film is baked (P28) in air to a temperature up to 500 °C while
UV radiation having a wavelength ranging from 180 nm to 300
nm is applied. The thin film can be twice-baked at increasing
temperatures while UV radiation is applied at one or both bak-
ings. The film is then annealed (P32) at temperature ranging
from about 700 °C to 850 °C to produce a thin-film solid metal
oxide product. Altemnatively, the UV radiation may be applied
to the liquid precursor, the thin film may be anncaled with UV
radiation, or combinations of such applications of UV radiation
to the precursor, to the thin film before or after baking, and/or
UV anncaling may be used.
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