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| NTEGRATED CI RCU T COWPRI SI NG A SUBSTRATE AND A W RI NG LAYER W TH A BUFFER
LAYER BETWEEN THE SUBSTRATE AND THE W RI NG LAYER 5

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

i nvention pert ayBeeh@74 he field of wiring layers for integrat ®CTAEN100
devices and, nore particularly, electrodes including buffer |ayers that
conpensate interlayer inconpatibility problens, as well as nethods of
makKing 10 these buffer |ayers. Mire specifically, the buffer |ayers are
preferably used in the el ectrodes of ferroelectric capacitors. 2.
Description of the Prior Art Int egrat ed circuit devices can

fail or_suffe
per f or mance degr adMTEGRATERUEIRCHITEOMARISING EAND; A WIRINGOIAYER WIEE, A QH{EER
irregul arity problLAYRR BEIWEEN,JHE SUBS MEEMG{%%W%%@VM y stacked
| ayers. Thin-filmlayers can be contam nated by diffusion from adj acent

| ayers. Cracking, peeling, and surface irregularity problens can derive

fromdifferent thermal coeffici ent BACKGROUNIS OF THE INVENRTION oW h in the
respective layers, as it_is often necessary to heat the devices in

manuf act ure. These pr obl Bl afitee invealiodi fi ed by the nicro-thin nature of the

circuit layers 20 becaupge predeht inVBRtoN pirRirsQolRhé fiblil of VAfing IHy6rEbr integrated
per formance of a given | S’yer wi t hout al so considering the substrate on
e &ge

whi ch the layer is Fisewibdlevises@ndi morg pagiculedy elgstrodpneinsiuding: bufter dayers yhat
sel ect the material golighsatkivtefifePihdinpafBiRGProbRmish S Welll 48 maihBas of Making

comon circuit failure mec%%nl smincludes shorting that 1s i nduced by the
25 cracking or Heelthesg bufferdayers.nMare snegificallyeth r layerh R preferablyased inthe
to poor bondi ng bet \%ﬂcaggoﬁ@}rag@eﬁ-iclcgyﬁtgr& In silicon technol ogy devi ces,
a platinum 2. Description of the Prior Art | |
Integrated circuit devices can fail or suffer performance degradation due to
materials incompatibility problems. - Surface irregularity problems can induce
15 defects in successively stacked layers. Thin-film layers can be contaminated by
diffusion from adjacent layers. Cracking, peeling, and surface irregularity problems
~ can derive from different thermal coefficients of expansion or other growth in the
respective layers, as it is often necessary to heat the devices in manufacture.
These problems are intensified by the micro-thin nature of the circuit layers
20 because it is impossible to predict the thermal performance of a given layer without
also considering the substrate on which the layer is formed. Accordingly, circuit
designers must carefully select the materials that will form the respective thin-film
layers.
A common circuit failure mechanism includes shorting that is induced by the
25 cracking or peeling of one thin-fiim layer away from another layer due to poor
bonding between the adjacent layers. In silicon technology devices, a platinum
wiring layer or-electrode can bond poorly with a silicon dioxide or titanium dioxide
isolation layer that separates the platinum electrode from the silicon wafer.
. Researchers have successfully reduced the incidence of cracking by applying a
30 titanium metal adhesion layer to the isolation layer prior to sputtering the platinum
electrode; however, the application of titanium metal proved to be prablematic. The
additional titanium served io contaminate other layers through titanium diffusion.
Diffused titanium contamination is particularly problematic in integrated circuits
because the titanium cations typically present a variety of valence states, i.e., +2,



wiring |layer or electrode can bond poorly with a silicon dioxide or
titani um di oxide isolation |ayer that separates the pl ati num el e

the silicon wafer. Researchers have successful |y reduced the incidence of
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shortlng of dielectric or ferroelectric capacitors nitude o

pol arization that iSr&acaimegyeaties; 8. Sillpesy 'FWéhP@éQ@EfﬂgﬁPerm

is alimting factoeaﬂam,;rscontrols the nmenory density for a given voltage.
Larger polarizations can be used to make denser nenpries. Nevertheless, it

i s al so necessary for t Hbemagniudeefnalarization hatisavailable from aéhwﬁ@tf?ﬁ?%“%d

reduced 10 material is a limiting factor that controls the memory density for a given voltage.

Larger polarizations can be used to make denser membries. Nevertheless, it is
also necessary for the ferroelectrics to adhere well to a substrate, and reduced
. polarization can derive from the necessity of adding diffusible materials that
promote adhesion between the proximal faces of two separate layers. Hence, a

15 materials selection conflict arises between the need for adherance and the need -

for high polarization.

There remains a need for an effective bottom electrode structure that
adheres well, does not have short-inducing surface irregularities, and has a high
polarization.

20 SOLUTION TO THE PROBLEM

The present invention overcomes the problems that are outlined above by
providing a buffer layer and an adhesion metal-containing electrode which is
substantially free of surfacs irregularities. The addition of a buffer layer provides
substantial improvements of up to 100% or more in the polarization performance

25 of ferroelectric capacitors, as compared with similarly processed ferroelectric
capacitors that lack the buffer layer.

The electrode structure broadly pertains to an integrated circuit device that '

includes a substrate, a metal electrode or wiring 'layer, and a layer sequence
consisting of material interposed between the substrate and the wiring layer. The

30 layer sequence includes at least one buffer layer made of a layered superlattice '

material, and is essentially free of additional wiring layers.
Particularly preferred forms of the electrode structure include the layered
superiattice material being strontium bismuth tantalate. Other preferred layered.
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pol ari zation can derive fromthe necessity of adding diffusible materials
t hat pronote adhesi on between the proxi mal faces of two separate | ayers.
Hence, a 15 nmmterials selection conflict arises between the need for
adherance and the need for high polarization. There remains a need for an
ef fective bottapposays ode structure that adheres well, does rot/uBss#09100
short-inducing surface irregularities, and has a high polarization. 20
SCLUTI ON TO THE PROBLEM The present invention overcones the problens that
are outlined above by providing a buffer |ayer and an adhesi on

met al - cont ai ni ng_el ﬁiﬁe’r@ﬁﬁ.e"iﬁﬁtéﬁhlé ﬁc?l&sétnﬁiﬁlhlﬁ Bismith Gfobafe, %H?fs?r?ﬁtitrm bismuth

irregularities. The addition of

mbs)r ovi des su
i mprovenents of up 'P‘Bb'%d%tﬂﬁim subsirate Pﬁ%f? vincludes arevpparmestsilicob-baséd

ferroel ectric capacialey, ®.g.28ilicodehds piblithabidthbdaver s Sqfle ost preferred
ferroel ectric capacr?ors E%‘nal | ack the'*%ufferd?‘a e)}r %e electro preferre

structure broadly pBfstiate incudes 8 silisgp wafer. chhemvmuéeyeceorembly rmlmihssam

substrate, a netgl @dl’%‘sidrpﬂﬁta‘l)ﬁ'ndm% $Uih! Y Gtaniufl Br BantehdiR! ﬂﬂﬁﬁﬂ&ﬁm metal is
consisting of material int er&)sed etween the substrate an

|l ayer. The 30 | ayetretasgRly ptilizad ip| combination| vathsa nehle metel, arhichisemo epabiy
| ayered superlattigslafifingri al, and is essentially free of additional wring
| ayers. Particularly preferred forms of the el ectrode structure include the

| ayered superlattice natAferaslesds eapasitar mayiberopsteuatechby farming aferroaiettsc layer
preferred |ayered. atop i eléthrédedructure. This ferroelectric layer preferably includes a layered

PCT/ US96/ 09100 superlattice material, such as strontium bismuth tantalate, strontium bismuth
nicbate, or combinations thereof. The capacitor is preferably compieted by forming
a second electrode over the ferroelectric layer.
- A preferred method is: used to make integrated circuit devices having the
- above-described electrode structure. The method comprises the steps of providing
15 . a substrate having a nonmetaliic uppenmost surface, forming a layered ‘superiattice
material atop the substrate and depositing an electrode over the layered
superlattice material.
Particularly preferred methods are those wherein the forming step inciudes
a step of applying a liquid precursor on the substrate to form a thin precursor film.
20 The precursor preferably includes polyoxyalkylated metal moieties in effective
amounts for yielcifng the layered superlattice material upon thermal treatment of
said precursor. The precursor film is thermally treating said film to yield the layered
superlattice material.
The treating step preferably includes annealing the precursor at a tempera-
25 ture of at least 450°C, and more preferably a temperature of at least about 600°C.
Additionally, the treating step may include drying the precursor at a temperature
up to about 450°C for a period of time sufficient to remove substantially all volatile
organic components from the thin precursor film.
The method is used to form a capacitor device by the further step of
30 constructing a second layered superlattice material atop the electrode. Again, a
liquid deposition technique is preferably used to deposit the layer. The layered
superlattice material spontaneously generates from a liquid precursor solution of
superlattice-forming moieties upon heating of the precursor solution.
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superlattice materials include strontium bi snuth ni obate, and strontium
bi smut h niobiumtantal ate. The substrate preferably includes an _uppernn

silicon-based | ayer, e.g., silicon dioxide, proximal to the |ayer sequence;"w;
The nost preferred substrate includes a silicon wafer. The wiring | ayer

preferably in%b'gbzﬁsﬁn 5 adhesion netal noiety, such as ti tpeuse0s100
tantalum Thi s adhesion netal is preferably utilized in conbination with a -

nobl e nmetal, which is nost preferably platinum A ferroelectric capacitor
may be-constructed by formng a ferroelectric |ayer atop the el ectrode

tructure. This f LG Dl
Super | atti ce mater] ar . Aidibded 856, Fb BriSeRRrk MAGILIIE broforaB Biovilte-ike
bi snut h ni obat e, Oryeredisuperatticasmatedale cfhe et "parpeskite-dke'i refeps tofeclattichthat is

| eted by f ' f I '
oreferrad ot hod | CAnEd SPABHRs T od Gortheiha lars ied s Bharkied ty priatice -
above-descri bed el generatoeiayars including. a frikalentonétabisuchrgsitiismight Rbese rapterials are .
i di 15 ' ' t f )
yerad super | aft i FerouRsa s Bibsd SRR rirod SeiP BRI, pbt baify pidiballly °
el terc]t (rj ode ov;a[] t hebéayspecbsziuﬂfylabpﬁad indntegtated lain(:jui%vﬁdesdmrt?;dqvmlsfl_aliamw
met hods are ose e e Yol es . 0 Al a
| i qui d precursor o%@ﬁuﬁﬁﬁ%@%%i’%°?ﬁﬁx%ﬁféﬁéﬁ“ﬁ 'F‘gﬁgﬁi%s %%ﬁ'gd
precur so][ pr ef elr gbliy d{scnétleldhyerq)sépacatgdi?y?isunﬂﬁ_ omt lelyerspi el movsh' laitealﬁli;elayérse
nt or yieldin e re rlattic r upon T :
roatmont ot said R 8 Ritenf EaiHebig dbaveen FRpECcrALnHiRRs MREEA apednt,
fil ][n toblyi el d ]thg lisdefinatl by farge Atditeanstalsiat theatorndrise Theasdygerg atohmsoccupy the
preferably includes

| east 450C, and no rpég%r’liﬁ%@:pgaﬁe%shéf ﬁ%%% g&'ﬁﬁlaéﬁ?tg% eﬁém égﬁ?ﬁe%ﬁ gentaetr of
the cube. In some instances, the oxygen octahedral structure may be preserved
in the absence of A-site elements. |
The most preferred layered superlattice material is ‘strontium bismuth
15 tantalate material having an average empirical formula of SrBi,Ta,0,. The superi-
attice-generator layers are most preferably formed of (Bi,0,)** materials, but may
also contain thallium ({l{) as the metal. The most preferred oxygen octahedra
structure layers, accordingly, have an average empirical formuia of (SrTa,0,)%.
The respective layers spontaneously generate a layered superlattice upon v :
20 annealing of a2 metal organic precursor solution. The oxygen octahedra layers are
5 ferroeleciric and have an average empirical formula with an ionic charge that is
offset by the superlattice generator layers to balance the overall crystal charge.
The buffer layer serves to keep the layered superiattice material essentially free
of point defects, which can degrade polarization.
25 Other features, objects, and advantages will be apparent to those skilied in
the art upon reading of the following description and drawings.
BRIEF DESCRIPTION OF THE DRAWINGS
FIGURE 1 depicts a thin-film ferroelectric capacitor device including a buffer
layer formed of a layered superlattice material interposed between a bottom
30 electrode and an underlying substrate;

FIG. 2 depicts a flow chart process diagram for use in making the capacitor &
of FIG. 1; )



Additionally, the treating step may include drying the precursor at a
tenperature up to about 450C for a period of tine sufficient to renove
substantially all volatile organic conponents fromthe thin precursor film
The nethod is used to forma capacitor device by the further step of 30

constructing a ﬁg;%,kayered superl attice material- atop the etcUseop200
Again, a liquid deposition technique is preferably used to deposit the

| ayer. The |ayered superlattice material spontaneously generates froma

| i quid precursor solution of superlattice-form ng noieties upon heating of

t he precursor solution. e : ; : s i
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The perovskite-Iike qapatitorsthat wereeprloagseseddindendifiératt condlitions.er i al is forned
| ayers fnclude a primary SETMCRR A TIONG: 1K PREFERIESRMHOIMERT, (1 |
a cube that 10 s defi n&S.bydépictscapaditor 20 inchudling substrate 22) bulterdayet 24, bo_ttom
O o e el 28 bRt 0%, 8l Vet 1 Subil o bty
oct ahedr al st ructiOr einciagied copvantionalesllicon layer 32, which is capped by isolation layer 34.
' - Silicon layer 32 may be a single crystal or polycrystalline silicon, and is commer-

cially available from a variety of sources as a silicon wafer. Layer 32 may also be

. formed of other known substrate materials, such as gallium arsenide, indium

antimonide, magnesium oxide, strontium titanate, sapphire, quartz and combina-

15 tions of the forgoing as well as other materials. Isolation layer 34 is preferably

made of thick silicon dioxide, which is formed on layer 32 by well-known processes,

e.g., spin-on glass ("SOG") deposition or baking of layer 32 under oxygen in a

diffusion fumace. As used herein, the term "substrate” specifically means a layer

that provides support for any other layer. Substrate 22 serves to support all other

20 Ilayers, but the term substrate can also mean substrate 22 in combination with other

layers. Accdi‘diﬂgly, the combination of substrate 22, buffer layer 24, and bottom

electrode 26 provides a substrate or support for metal oxide layer 28, which, in

turn, provides support for top electrode 30.

Buffer layer 24 overlies substrate 22. Layer 24 is preferably a perovskite-

25 like layered superlattice material. Particularly preferred layered superlattice

materials include strontium bismuth tantalate, strontium bismuth niobate, and

strontium bismuth niobium tantalate. The most preferred strontium bismuth

tantalate has an average empirical formula of SrBi,Ta,0,. Many perovskite-like

’ layered superlattice ferroelectrics are also high dielectrics.

30 " The use of buffer layer 24 provides significant polarization improvements for
ferroelectric capacitors and, particularly, for capacitors thét utilize layered
superlattice ferroelectrics. Layered superlattice materials at least include all three



in the absence of A-site elenments. The nost preferred | ayered superlattice
material is strontiumbismuth 15 tantalate material having an_average

enpirical forrmula of SrBi[err]Ta[err](err]. The superl- attice-generator
layers are nost preferably forned of (Bi[err](err])[err] materials,. but
may al so contain thallium(ll1l) as the nmetal. The nost prefer oy

oct ahedr a _stru&%?@‘“ﬂfyers, accordi ngly, have an average enpirica ormul a

of (SrTa[err]err])[err]. The respective |layers spontaneously generate a

| ayered superlattice upon 20 annealing of a netal organic precursor
sol uti on.

empi rical fornul a vRfithe Smalenskii-typr Jergeelesirs laveregrsupeniatiice materigispasmely. these

generator |ayers tondghgdiheGelptRifyflcthde enptaliomiiidee. The buffer |ayer
serves to keep the |l ayered superlattice material essentially free of point

defects, which can degrddt pbns®Basiesn. 25 Cther features, objects,

and advantages w || be gppar@ntgt@,thapg skilled in the art upon readi ng of
the follow ng description and draw ngs. BRI EF DESCRI PTI ON OF THE DRAW NGS
FI GURE 1 depi ctsSa thin-® mPmBePeehectric capacitor device including a

buffer |ayer fornedyhbreth AR Aditd Matd irithbigefoveRitelie?Supbithéd) B8 B3t Afdtal 2

bottom 30 electrode and an underl yi n% sSubstrate; FIG 2 depicts a flow :
chart process diagr MFGPW'WW tice. fis atrivalant sypegiattice-generator metal gych
96/ 41375 as bismuth or thallium, and m is a number sufficient t5'6a(are8 e \Erall formula
charge. Where m is a fractional number in the overall formula, the formula typically
provides for a plurality of different or mixed perovskite-like layers each having a
different integer vaiue. The A-site metals and B-site metals may include mixtures

of cations having similar ionic radii.

10

In layered superiattice materials according to Formula (1), thermodynamics
favor the formation of oxygen octahedra structures in layers having a thickness of
16 m octahedra according to the formula
4) (Am1BuOsmen),
wherein m is an integer greater than one and the other variables are defined
above. These layers are separated by bismuth oxide layers having the formula
®) (Bi,0,), '
20 wherein Bi is S of Formuia (1). ,
The superlattice-generator layers, S, preferably include oxides of bismuth
(i1}, and may also include other similarly sized trivalent metal cations such as
thallium (lit). Bismuth also functions as an A-site metal in the perovskite-like lattice
if it is present in excess of the stoichiometrically required amount for generating the
25 layered superiattice material according to Formuta (l). '
Bottom electrode 26 inciudes adhesion metal portion 36 and noble metal
portion 38. Adhesion metal portion 36 is preferably made of titanium or tantaium
sputtered, and is most preferably titanium. Portion 36 is preferably sputteredto a
thickness that preferably ranges from about 50 A to 250 A, and is most preferably
30 200 A thick. -First noble metal portion 38 is preferably platinum, but may also be
other noble metals such as gold, silver, palladium, iﬁdium, rhenium, ruthenium, and
osmium, as well as conductive oxides of these metals. First noble metal portion 38
is preferably deposited' by sputtering platinum atop adhesion metal portion 36 to

6
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FIG 3 depicts a flow chart process diagramfor use in making a |liquid
precursor solution that may be used in the FIG 2 process; FIG 4 depicts a
faulty bottom el ectrode structure having large hillock structures on its
uppernost surface; and 5 FIG 5 is a bar graph conparing average

pol ari zati on vawgsu4mdrsai ned from capacitors that viere process‘@ﬂ"‘!ﬁﬁﬂ@ﬁ""

di fferent conditions. DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENT FI G
1 depicts capacitor 20 including substrate 22, buffer |ayer 24, bottom

el ectrode 26, netal oxide layer 28, and top el ectrode 30. Substrate 22
preferably 10 i ncl acicknesy/ engingfeom thrée tofiftéerythness the thivkndiss of azihpgiod nistal

bolycryaral [t ne o | PESEn Y e erenpd ekl being(alBet4o0BA when aghesigp

~ sources as a silicometal portioh dg from3t00kyo 206 A thickf GFhiciaiessesadutside ¥veopreferred
oxide “strontiumt; fenanel veled e ptiLERA Bl Soundphibfhalls wpbll pBgin BHRGHes "
0 ol e ettt i
grocesses, e.g., sp%ﬂgﬁ’pgwn@s%b(ismﬂs'wgbﬂg??ﬁﬂ{%?" g‘éﬁ@aw&?ﬂ%r 32

under oxygen in a diffusiLayerf2® isqreferably afetodlectit peroviikitetiikenayered stpariattice

Shbstrate 25 Serves ReSedAlp ERReUPTY Bifarecivernd supeiatfia melesale ndhide antume
can al so mean subst ibérmutR2tantalfte,"StrdtiumObisiut niobBR, andydfontiuriasisthathng@iblyium
brovi des. & subs T dErgalet, T Hoet BPtee SFogm st Ginialas hah et Arerpgs pRpPRca
provi des support foffoffila 6f SMHIJTAYE,. 30. Buffer layer 24 overlies substrate
22. Layer 24 is preferably aégie_r ovskite- | i ke .| ayered superlattice

25 . .
material. Particularly [y loPaViFing ipxeyrceleciinse, £Q ¢ jAxgferably a noble metal that is
sputtered over metal oxide layer 30. ‘The thickness of top electrode 28 will typically

range from about 1000 A to about 2000 A, but the thickness can be a value outside
16 of this range. Electrode 30 is most preferably made of platinum.

FIG. 2 depicts a fiow chart of a process for making capacitor 20. The
process shall be discussed in terms of the embodiment of FIG. 1, but those skilled
in the art will understand its applicability to other embodiments.

In step P40, a silicon wafer is prepared as substrate 22 having silicon layer

20 32 and silicon dioxide layer 34. Silibon layer 32 can be baked under oxygen ina

' diffusion furnace at a temperature ranging from about 500°C to about 1100°C.

This baking serves to eliminate surface impurities and water, and form oxide

coating 34. Wafer or layer 32 can aiso be coated with a conventional spin-on glass

to form oxide layer 34. Generally, depending upon the nature of the device sought

25 to be constructed, step P40 may also include conventional procedures such as the

etching of contact holes (not depicted) and the doping of layer 32 (generally,
substrate 22) for transistor or memory circuits.

Step P42 inciudes the preparation of one or more liquid precursor solutions

. having a plurality of metal moieties in effective amounts for yielding buffer layer 24

30 and/or ferroelectric layer 28 upon drying and annealing of the precursor solution.
Additional details pertaining to the preparation of the precursor solution will be
provided below. |



materials include strontiumbisnmuth tantal ate, strontium bisnmuth ni obate,
and strontium bi snuth niobiumtantal ate. The nost preferred strontjum

bi smuth tantal ate has an average enpirical fornula of
SrBi[err]Ta[err](err]. Mny perovskite-like |ayered superlattice

ferroelectrics are also high dielectrics. 30 . The use of ,[.gs;%ldoayer
24 provides s@’ﬁ!*ﬂ‘@éﬁt pol ari zation inprovenents for ferroel ectric

capacitors and, particularly, for capacitors that utilize |ayered

superlattice ferroel ectrics. Layered superlattice materials at |east’
include all three 5 WO 96
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a trivalent superlatt] ceegenerator net al such bi smut h or [ um and m_ -

is a nunber suff Pci BHtCR ST BXIES ‘Ryer B4 foenprally; ?“Wzﬁ“ﬁ%ﬁﬂy@‘“mrs& $ifate aly

fractional nunber 'ﬁoﬁl%oﬂt\/ﬂoﬂ RPM% 2006 RPM'Rr E%&@O%ebdﬁhﬂ%‘réﬁo@any excess
provides for a plurality o ferent or m xed perovskite-like |ayers each

havi ng a different MM@%P&@W@W@M‘@@@FHP% E‘FijBs"é?’?fé"ﬁﬂtsﬂ‘F‘é’eWEW
i ncl ude m xtures of |sC1’$GODRPWa\Altaﬂ1aﬁvay| he lioQid &e&@‘%ﬁ mayrbel éwaaect:y a misted

super | attice materigls according to Forula (1) aonelmtVig £3 645, The most
10 preferred precursor solutions are those capable of yielding layered superiattice
materials, such as strontium bismuth tantaiate. _
In step P46, the liquid precursor film from step P44 is preferably driedona | )
hot plate in a dry air atmosphere and at a temperature of from about 200°C to
500°C. The drying tirhe and temperature should be -sufficient to remove
15 substantially all of the organic materials from the liquid thin film and leave a dried
metal oxide residue. The drying time preferably ranges from about one minute to
about thirty minutes. For single-stage drying, a 400°C drying temperature over a
duration of about two to ten minutes in air is most preferred. It is more preferred,
however, to dry the liquid film in stepped intervals. For exampie, the film can be
20 dried for five minutes at 260°C and for five minutes at 400°C. Additionally, it is
preferred to conclude the drying cycle with a brief rapid processing interval at a
temperature exceeding 700°C, e.g., using a tungsten-nickel lamp to heat the
substrate to 725°C for thirty seconds. The drying step P46 is essential in obtaining
predictable or repeatable electronic properties in the final metal oxide crystal
25 compositions. '

Steps P44 and P46 can be repeated if it is desirable to increase the overall
thickness of buffer layer 24, however, it will not normally be necessary or desirable
to increase the thickness of layer 24 beyond that obtainable from a single coat of
precursor liquid.

30°  Optional step P48 includes sputtering titanium adhesion metal layer 36 atop
buffer layer 24 to a preferred thickness ranging from about 50 A to 250 A according
to conventional protocols as are known in the art. Sputtering layer 36 is preferably
conducted for purposés of providing better adhesion to layer 24. This sputtering

. . T

L T LR P o
SR TPRTT Y Joh X S oL P AR L A SR

8



favor the formati on of oxygen octahedra structures in |ayers having a

t hi ckness of 15 m octahedra according to the formula (4)
(Alerr]Blerr]derr])[err] wherein mis an integer greater than one and the
ot her vari abl es are defined above. These | ayers are separated by bismuth
oxi'de | ayers hgwo ssgnsfse fornmula (5) ' ‘ PCT/US96/09100
(Biferr]err])][err], 20 wherein Bi is S of Formula (1). The

superl attice-generator layers, S, preferably include oxides of bismth
(r1r1), and may also include other simlarly sized trivalent netal cations

such as thallium (I i gﬁp@ t4 - 84 [ e,

pgr ovskite-like | gt‘{réi!%ee? i Tp%i t gﬁ%rqgas%%ﬁgi_drf] e c%gtsggfét ﬁigi Q?aﬂqﬁauod Qhﬂr& n

st oi chi onmet ri cal | y capaeitor 28, Rowayet, the adhasian metah(prefarablyditaniym) cah contaminate
erlattice materi Ffelrs ' F {nlchud r .

?ﬁgl udes adhesi on r?gilearl portg*_ggm%%né%éwnt%?e netegﬁﬁ%@bgbﬁsggﬁ Icfﬁcgts'?no%uo

netal portion 36 | # prefeed thicknessdanging ifiorm abeut 000 sk te 2000 #etopepartion 36.d

! ! : . : | r il
hi ckhess Chat pt ofenbias Bl préfbinpd atchic Spaing BiooffitelFedd fhgency
preferably 30 200 SRuttgfing@and Igﬁimaaneﬂgbseutteém portion 38 is preferably

platinum but may also Rsieh b?g,[lﬁtgl%thtPﬂi& %?roﬂ@tgﬁ]@%ggé’%\ﬂ'ﬁa?éd 5%6rm the metal

pal l adium iridium. rhenium enium_and osmu ' as conductive
oxi des of these netoxide of puffesiayerBf.cStep PSR iptaferediozs the "fisstanneal) ko distinguish

ggﬁnﬁgt? gd by sputt qf frg% dthét ém %99 RoWRet WsHiRlidbe gﬁéﬁrﬂ%ggﬁgaétlo%é annedC
10 steps can occur prior to this "first anneal." In step P52, the substrate including
layers 36 and 38 is preferably heated in a diffusion furnace under an oxygen
atmosphere to a temperature ranging from 450°C to 1000°C for a time ranging
from 30 minutes to 2 hours. Step P52 is more preferably ‘conducted at a
temperature ranging from 600°C to 800°C, with the most. preferred anneal
15 temperature being about 600°C for eighty minutes. . The first anneal of step P52
preferably occurs in a push/pull process including five minutes for the "push" into
the furmnace and five minutes for the "pull” out of the furnace. The indicated anneal
times inciude the time that is used to create thermal ramps into and out of the
furnace.This annealing step is referred to as the first anneal to distinguish it from

20 other annealing steps.

"Step P54 includes depositing a layered superiattice precursor from step P42
atop noble metal layer 38. This precursor is preferably a liquid precursor, but may
also be sputtered from a solid target. The application is preferably conducted by
dropping the liquid precursor solution at ambient temperature and pressure onto

25 the uppermost surface of bottom electrode 26 then spinning the substrate at from
about 1500 RPM to 2000 RPM for about 30 seconds to remove any excess solution
and leave a thin-film liquid residue. The most preferred spin velacity is 1500 RPM.
Preferred precursor solutions:include those having metal moisties in effective
amounts for yielding a layered superlattice material. The most preferred layered

30 -superiattice material is strontium bismuth tantalate.

In step P56, the liquid precursor film from step P54 is preferably dried on a
hot plate in a dry air atmosphere and at a temperature of from about 200°C to
500°C. The drying time and temperature should be sufficient to remove

8



a thickness ranging fromthree to fifteen tinmes the thickness of adhesion
netal portion 36, with the nost preferred thickness bei ng about A
adhesion nmetal portion is-from100 A to 200 A thick. Thicknesses out5| de

the preferred range of val ues are still useful, but a thinner first noble
metal portion 38 mcrie)as- ingly permts dlffu5|on of adhegi-pRissERbiio .
noi eties to Ia 8?@’413 ve portion 38. A thicker portion 38 is |ncreaS|neg

wast eful of the noble netal material. Layer 28 is preferably a
ferroelectric perovskite-like layered superlattice material. Particularly

preferred | ayered su ti terials incluyde strontiumbis h o
tantal ate; stronti § H'?%?@ﬁh!{ 'fﬁﬁgagf@"'cdﬂﬁteg?'ﬁg'ﬁm %&"ﬂ?@ﬁﬂ{‘ﬁhﬁﬁ%fﬂ?f&m - H
tant al atle. ];The lrmsf:neul&iaiérredd@é rmawmhwwéféréwtgﬁgaﬁﬁodlnmmmm&ao -
enpirical formula g err R- WiJ.lng .l ayer or
el ectrode 30 is pré’g'ﬁaﬁr& 8ff| n%’l’%l {%gt i '?pﬁqér‘g\qn%éé?p%q‘ﬁwﬁﬁde {
| ayer 30. TBe t hi cldmmngifabauttwbﬁmtenmautaslmankismosaipoefékgu.rmisgmrérpnm?w,ut :
1000 A to.about 20Q0 A t .1 i, ess_.can e outsj 0
Lhis range. Becs: diweyer i aiy)e uAHRE iy seonedifityals) £ Sirplephe i e
dﬁp: Ict; adflow chgrdneaffoafwmmésf R étmaorﬁlahagoﬁmaﬁf inLies azaoo%eAmnmklylnlt s
sha e discussed in ter of  t odi nent..o ut ose skille
inthe art will unc@?@f’ﬁﬂ &%“&’l WW%@Pa@%‘ ‘?F‘f?iﬂ'(%fe"?ﬂ?r
P40, a silicon waf eéxcbédlﬁgW(Eégailslﬁ a&@ﬁg%temﬁ’&eham Whédtil'ie%aﬂs&éw%ﬁ’@c g
32 and silicon diox Ia er 34. 5& con F 32 cang%e baked unde g‘gan ‘
|nad|ffu5|onfurn5 'EY SCeNisn Pﬁ%%@‘??ﬁ?ﬁp dr posiRg pred .
1100[ err] C. Thi gobatdpesitabs eieétrdric prbf:eaa@trﬁhémhélaﬁaal mmstmyésmher '
\é@r n al so be cgat ed W

Convent | onal Spi non o ABStR BB fihasekatark e Bir rer ARPFR = ok gk degired
upon the nature of Hi&kness tHeh ﬁ(éjbmlt P86 ér&! IbSB Eﬂ}ébéétéﬂ aRkil 15 edirBAGniBRhess
al so incl ude conventlonal procedures such a
attained. A thickness of about 1800 A to 2000 A typically requires two coats of
a 0.130M to 0.200M precursor solution under the parameters disclosed herein.
15 In step P60, the dried precursor residue from steps P54 and 556 is annealed
to form the layered superlattice material of layer 26. This annealing step is referred
to as the second anneal to distinguish it from other annealing steps. This second
anneal is preferably conducted under conditions that are identical to the conditions -
of the first anneal in step P52.

20 In step P62, top electrode 28 is preferably deposited by sputtering platinum
atop layered superlattice material layer 26. Capacitor 20 may optionally be
annealed at this time, preferably, under conditions that are identical to those in step
P52.

vt
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The device is then patterned by a conventional photoetching process, e.g., -
25 including the application of a photoresist followed by ion etching lithography in step
P64. This patterning preferably occurs before the third anneal of step P66 so that . -
- the third anneal will remove patterning stresses from capacitor 20 and correct any
defects that are created by the patterning procedure.
The third anneal, Step P66, is preferably conducted in like manner with the
30 first anneal in step P52.
Finally, in step P68 the device is completed and evaluated. The completion
may entail the deposition of additional layers, ion etching of contact holgs, and
other procedures, as will be understood by those skilled in the art. Substrate or

- .
PRI -
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etching of contact holes (not depicted) and the doping of |ayer 32
(generally, substrate 22) for transistor or nenory circuits. Step P42
includes the preparation of one or nore liquid precursor solutions having a
plurality of metal noieties in effective anounts for yielding buffer |ayer

24 -30 and/or fv%ﬁé?ﬁi ctric layer 28 upon drying and anneal i nBCT/US%6/2100
precursor sol ut1on ditional details pertaining to the preparation of the
precursor solution will be provided below 7 WO 96/ 41375 .

PCT/ US96/ 09100 I n step P44, the precursor solution fromstep P42 is appl i ed

to the substrate fram ag‘t?e smhtﬁ@%% anitd'® sHRANERSPIuRNIL GTistegrated

oxide layer 34 to recelve precursor. This application is
preferably conduct mydWWﬁ@aW@*DWWPWB@FUMWPW at ambi ent

tenperature and pressur nital
(gener.al ly, substrate 2&) B&Een S ﬁ%ﬁ%ﬁ sgarbg ate at fﬂrac?m about EdE’LSOO I
REM to 2000 RPM f orpreéursors3of stepcmaslstnrcwdawe USn5.544.822s The |precass psfarably
t hus, | eave a thj I p S
1500 RPM Al ter nét [ béhll '%%&‘hgu qui pr ecur sor ?rag E Eﬁéth?tgﬂ t‘yﬁJrrrltﬁ(satrheé(ta'
deposition techni qtdkoxdecmmawm theemital dhmdmﬂ!amoxylaiese& Mh@‘aﬂpﬁe

ayered super at t1 B A el b RaoRidh BB RIAE o 18 aoKiofigd foruice:

step P46, the liqui d_ pr€8ursor fil m f (BRRCOOMEDR),.Lrpref erably dried on a
28})[ glr ?} (Ca: t[ (r)\ a dry air ea)m)spher e and (ﬁ‘c-% 5 Wm_@_ceRqL I’r om about
10 wherein M is a metal cation having an outer valence of (a + n) and M’ is a metal
cation having an outer vaience of b, with M and M' preferably being independently
selected from the group consisting of tantalum, calcium, bismuth, lead, yttrium,
- scandium, lanthanum, antimony, chromium, thallium, hafnium, tungsten, niobium,
vanadium, zirconium; manganese, iron, cobalt, nickel, magnesium, molybdenum,
15  strontium, barium, titanium, and zinc; R and R' are respective alkyl groups
preferably having from 4 to 9 carbon atoms and R" is an alkyl group preferably
having from 3 to 8 carbon atoms. The latter formula, which has a central -O-M-O-
M-O- structure, is particularly preferred due to the formation in solution of at least
" 50% of the metal to oxygen bonds that will exist in the final solid metal oxide
20 product.

The liquid precursor is preferably a metal alkoxide or metal carboxylate, and
is most preferably a metal alkoxycarboxylate diluted with a xylene or octane solvent
to a desired concentration. The use of an essentially anhydrous metal
alkoxycarboxylate is particularly preferred due to the corresponding avoidance of

25 water-induced polymerization or gelling, which can significantly reduce the sheif-life
of solutions that contain alkoxide ligands. The presence of any hydrolysis-inducing
moiety in solution is preferably-avoided or minimized. Hydrolyzed precursors, such
as conventional sol-gels, may also be utilized, but the increased solution viscosity

e tends to impair the uniformity of thickness derived from the preferred spin-on

30 application process, and the quality of the hydrolyzed solution tends to degrade
rapidly with time. As a consequence, made-ready hydrolyzed gels increasingly
yield poor quality metal oxide films of inconsistent quality over a period of time.

11



S500[err] C The drying tine and tenperature should be sufficient to renove
15 substantially all of the organic nmaterials fromthe |liquid_thin

| eave a dried nmetal oxide residue. The drying time preferably ranges from
‘about one minute to about thirty minutes. For single-stage drying, a 400C

drying terrpera re4%§ r a duration of about two to ten m nut @erhiRodiiofosl S -
nost preferred. 099’1 nore preferred, however, to dry the liquid filmin

stepped intervals. For exanple, the filmcan be 20 dried for five mnutes -
at- 260[err] C and f-or five rrinutes at 400[err]C. Additionally, it S
preferred to concl ycle.wi.th a brief

interval at at errpig%ltﬂjr? 8"8§ c!‘é%ﬂ?% d’%ﬁ é‘?? }otepaéatl&n OfJSrI Pﬁ'd%ﬂr SO u onsgwell n
t ungst en- ni ckel | amémemmeﬁdiﬁmumm fedded/25[err] C for thirty seconds.
e Y NG St PO LS R PO gy B A S g ERle Bl
Steps P44 and PAG gapemstiites pretérixls,i with tthe mrﬂefstirfdbig?tﬁat) the domationt 6 oxygen
O Ko S dh Sl SRR Kot vy oo sy,
obtai nabl e from a sm@l ot elteer theyierguskitadiieactdhedral simcﬁﬁe or the paawskmabtaﬁédm
;jStgn;I udefs spuéterluggﬁéléqaw ml’z%dg?e1 | on rret g 6 ato 5?Euffer

preferre (S S B 3581?‘[ %5‘ EB'I"?ﬂrﬂf
conventi onal prot omnbstanﬁal&rsimkrdmﬂc 'radlit he. radit thapvary ao imye H_iajmbo%m% atthe
pref er abt ¥ CONIC o oh Sl BIMRSS Gles® 1rsd ULBLASIGRE ot nald B Uulihg'the aMiREu"
PCT/ US96/ 09100 10 metal moieties fo the precursor solution.

The preferred ingredients of the precursor solutions include the preferred
metals of the desired layered superiattice material in a stoichiometrically balanced
combination according to the empirical formula. The A-site portion is preferably _
formed by reacting with an alcohol or carboxylic acid at least one A-site element - "_.‘3
selected from an A-site group consisting of Ba, Bi, Sr, Pb, La, Ca, and mixtures
thersof. The B-site portion is preferably derived by reacting an alcohot or
carboxylic acid with at least one B-site element selected from a B-site group _
consisting of Zr, Ta, Mo, W, V, Nb, and mixtures thereof. The use of titanium as E
an equivalent radius B-site element, though possible, is less preferred in practice
due to problems that derive from titanium diffusion into other integrated circuit
components and point charge defects that arise from different valence states
among the titanium ions. In the case of layered superlattice materials, there is also
added a frivalent superlattice-generator metal, which is preferably bismuth. With
heating, the bismuth content will spontaneously generate bismuth oxide layers in
25 the layered superlattica materials, but an excess bismuth portion can also provide

A-site elements for the perovskite-like lattice.

15

20

FIG. 3 depicts a flow chart of a generalized process according to the present
invention for providing a liquid precursor solution to be prepared in step P42. The
word "precursor” is often used ambiguously in this art. It may mean a solution

30 containing one metal that is to be mixed with other materials to form a final solution,
or it may mean a solution containing several metals made-ready for application td
a substrate. In this discussion we shall refer to the made-ready type of precursor

12



prevents peeling and crackling of adjacent |ayers that can induce shorts in
capacirtor 20, however, the adhesion netal (preferably titanium can

contam nate other l|ayers by diffusion. Step P50 includes sputtering noble
nmetal portion 38 to a preferred thickness ranging fromabout 1000 A to 2000
A atop portion gBegmssanpl es of preferred atom c sputtering [POXUSIEG300

I ncl ude radi o frequency sputtering and DC nagnetron sputtering. In step
P52, the substrate 22 from Step P50 is annealed to formthe netal oxide of
buffer layer 24. Step P52 is referred to as the "first anneal" to

i Stinguish L T OTRgIIekrBaRSal SHEES'a BRHR medring!he dels or HF cBHARE i

t hat ot her anneal s can occur i rst anneal
P52, the substrate intermediate siagesthe swtlancmaseze @w@mm"mmﬁm"a

di ffusion furnace under r

P52 is nore preferabdiy ans é , @Ry cA es a P Qro
So0lerIC i ty@ﬁm@é@éﬁ#@%qw. Yol S SRSl pwse?zgr;
“occurs in a push/ puI(B)praik@g@esfMTdmR@Fﬂr\?dﬂhﬁrﬁmésﬂlgbk t he "push" into

t he furnace and flve N ~ f The

i ndi cat ed anneal n%%ﬁéﬁea%%ehf”'p' -C?@Y*@ ﬁs“ggbgbo 5 eat € hernal
ranps into and out o(1®Mk¢mamwléh85WML&|@m|@aab%rred to as the
first anneal to distingui sh F))ewé@?cohy 9p aI I ng steps. Step P54

I ncl udes depositing a | ayere I ce prec or fromstep P42 atop
nobl e nmetal | ayetD 3hefdiM |§)aemala!;oatmnshwnd ardi#ge af nj fuis ca pureben sfomplels Laf

Condict ed by  ar oppt (EE dtid fefhelriin? Bap n{Be BBl & ot drStpiebirtiren 4
and pressure onto 2% 15 carbopEtiom® and Rus peeferably dncalkyl greelpdevingdeon? 8 to 8 earbon
spi nni ng the subst r%be;né’;}t from
In step P70 a first metal, indicated by the term M in the equations above, is
15 reacted with an alcohol and a carboxylic acid to form a metal-alkoxycarboxylate
pre-precursor. The process preferably includes reacting a metal with an alcohol
(e.g., 2-methoxyethanol) to form a metal atkoxide according to Equation (8), and
reacting the metal alkoxide with a carbbxylic acid (e.g., 2-ethylhexanoic acid) to
form a metal alkoxycarboxylate according to Equation (10). A reaction according
20 to Equation (9) is also observed in the preferred mode when the unreacted metal
is simultaneously combined with the alcohot and the carboxylic acid. The -
simuitaneous reactions are preferably conducted in a refiux condenser that is
heated by a hot piate having a temperature ranging from about 120°C to about
200°C over a period of time ranging from one to two days to permit substitution of
25 the alkoxide moieties by carboxylate ligands. At the end of the initial one to two
day reaction period, the reflux condenser is preferably opened to atmosphere, and
the:solution temperature is monitored to observe a fractionai distillation plateau that
indicates the substantial elimination of all water and alcohol portions from the
’ solution, i.e., a plateau exceeding at least about 100°C, at which time the solution
30 is removed from the heat source. Distillation to atmospheric pressure is more
preferably is conducted to a temperature of at least 115°C, and most preferably to
a temperature of about 123°C to 127°C.
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about 1500 RPMto 2000 RPM for about 30 seconds to renpbve any excess

solution and leave a thin-filmliquid residue. The nost preferred spin
~velocity is 1500 RPM Preferred precursor solutions include those having

metal noieties in effective amounts for yielding a | ayered superlattice

mat eri.al . The eferred |ayered 30 superlattice mater ipghasssndiopOnt i um
bi smut h tant aW%g’m‘I%] step P56, the liquid precursor filmfromstep P54 is.

preferably dried on a hot plate in a dry air atnosphere and at a
tenperature of from about 200[err]C to 500[err]C. The drying tine and

AL SR o e,
';gln nefS i :c TO?nngbIOE?ums:stmgl efctant=iurh, calcidm, bismuﬂuelea?’ Qgtrmnyrscg?dlwngla:?\adﬂmbl y o
d_ry?ng, a 400[ err]ag,p'ﬁ?éﬂ ﬁﬁ%?@eﬁ%ﬁ@mk%@ﬂé é‘tvﬂ'?ﬁ‘@‘fmdﬂ% M 25° ﬁib‘"\' en

m nutes in air isnanganesefiron; edbalt, tnicke!, magnesiuaf, anolgisdenam, m.,bdmry
the liquid fil

|nste edlnterv a the fiJmcga i
for five mnutée %fzé‘? f%‘i’iﬁgﬂ%&@? ?ﬁSJ[ Iymcude
ﬁddit tional lty, I It lmem;%qfeﬁfarned 1-bum6¥;|1u|§bhtﬁd ﬁn;:ogrpxeht?opynhml; I2-Rexahbl f3-

eating interva E.ﬁre egée | n&p er usi Cg

t ungst en- ni ckel Ij}?ﬁa %&V f&'m 8" Q@!@ 'BTS"M F%%‘ab‘Yhe
dlf yi tng step P56 i ?-mm?tghn?m Oabﬁdky!b Fﬁd@rﬂgﬁl ﬁlbﬁtﬁee uséd Jsﬁefél&f@aﬁﬁhhe 2-
el ectronic properti in e net.a i de cr cpnposl
step P58, if the r%‘EYS}PF’é?ﬂ‘”fur# PP‘PH?‘Fr 'st%‘ﬂ I%G‘t1 W@P%Yr%d
t hi ckness, thenosténfinékahoididid. and P5B are repeated unti I the desired
t hi ckness '

The reactions of step P70 and subsequent steps are preferably facilitated
by the use of a compatible solvent. Solvents that may be used include xylenes, 2-
‘methoxyethanol, n-butyl acetate, n-dimethylformamide, 2-methoxyethyl acetate,
. methyl isobutyl ketone, methyl isoamyl ketone, isoamyl alcohol, cyclohexanone, 2- .
15 ethoxyethanol, 2-methoxyethyl ether, methyl butyl ketone, hexyl alcohol, 2- E
pentanol, ethyl butyrate, nitroethane, pyrimidine, 1, 3, 5 trioxane, isobutyl
isobutyrate, isobutyl propionate, propyi propionate, ethyl lactate, n-butanol, n-
pentanol, 3-pentanol, toluene, ethylbenzene, and octane, as well as many others.
These solvents preferably have boiling points exceeding that of water for purposes
20 of distilling the precursor to eliminate water therefrom prior fo application of the
precursor to a substrate. The cosolvents should be miscible with one another and
may be compatibly mixed in differing proportions, especially between polar and
apolar solvents, as needed to fully solubilize the precursor ingredients. Xylenes
and octane are particularly preferred apolar solvents, and n-butyl acetate is a
25 particularly preferred polar cosolvent.
Portions of step P70 can be skipped in the event that intermediate metal
reagents can be obtained in research grade purity. For.example, where tantalum
-isobutoxide is available, it will only be preferred to substitute the isobutoxide moisty
with an acceptable carboxylate ligand by reacting the metal alkoxide with a
30 carboxylic acid such as 2-ethylhexanoic acid according to Equation (10).
In a typical second step, P72, a metal-carboxylate, a metal-alkoxide or both
may be added to the metal-alkoxycarboxylate in effective amounts to yield an
intermediate precursor having a stoichiometrically balanced mixture of superiattice-
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I's attained. A thickness of about 1800 A to 2000 A typically requires two
coats of a 0.130Mto 0.200M precursor solution under the parameters

di scl osed herein. 15 In step P60, the dried precursor residue from
steps P54 and P56 is anneal ed to formthe | ayered superlattice material of
| ayer 26. Thisyaiie@disng step is referred to as the second anPEEUS6EI100
distinguish it fromother annealing steps. This second anneal is preferably
conducted under conditions that are identical to the conditions of the
first anneal in step P52. 20 In step P62, top electrode 28 is

preferably deposit ednmg metaf ﬁmee'tnéQ tﬁalt astckayamea&r%ndwe 66Kt MmeRPbXias Fdrddyer 26.

material |ayer 26. rgam tor optionally be annealed at this tine,

preferably, under ist iﬂﬁhsth M%ﬂ‘tuﬁ @"“ Resterably| exclyide Rismuth,capraungs which, df
device is then pattgingd (i Be S&E?;Bﬁeﬁiér(&ﬂﬁ] toRHélF RETALVB  tRérmidl Whtyeﬁ&y of e

i ncl uding the application of toresist followed by ion etchi 9
l'i t hography in st ep‘nﬂalﬁ lnstadlaboyamayrbﬁ Wg%ﬁﬂé’f@%@“ﬂﬁ:@ﬂa@wﬂ@ﬁ@ﬂé isted abeye

anneal of step P, 6
ang"'J corr gk{é?an Wabng’b* the hRIRY ﬁst@atabSﬁé‘hﬁQ bR lréRESKES

from eapaci tor 2 efects t are created by t
patterning procedurwith ang of e alcahdaamay freptheaikoxide. pit is E?B‘Eﬂ'ﬁf't orefaredtp

in |Iike manner wit kboﬁ-ﬁgctﬁ'ﬁ Féaﬁﬁ{nh gipgg?zl'eﬁ?ﬂcéﬁﬁi)fl e%ﬁ?exd:e%QQHoﬁnt dﬂ:a?éc&?ltda i

the device is conple and eva e Cco | on may entai l

deposi tion of addi tfoon!a‘m!iegﬂfrp;aﬂla"mﬁuwﬁwwlkﬁﬂdﬁd@?a% Wﬁhpé@c’x!d#& "Sﬁﬂ@r
procedures, as wll be yNdpbSpPPhe ittt méthlaikskytdtbbXitatas, i metalbsrboiidte "

0 10 and/or metal-alkoxides is heated and stirred as necessary to form metal-oxygen-
metal bonds and boil off any low-boiling point organics that are produced by the
reaction. According to a generalized reaction theory, if a metal-alkoxide is added
to the metal-alkoxycarboxylate, and the solution is heated, the following reactions
occur:

15 (11) .(R-COO-),M(-O-C-R‘). +M(-O-C-R"), —>
{(R-COO-)M-O-M'(-O-C-R"),4), + & R-C-O-C-R"
(12) (R-COO-)M(-O-C-R"), + x M'(-O-C-R"), —>
(R-C-0-),M(-O-M'(-O-C-R"),¢), + x R-COO-C-R"
where M and M' are metals; R and R' are defined above; R” is an alkyl group
20 preferably having from about zero to sixteen carbons; and a, b, and x are integers
denocting relative quantities of corresponding substituents corresponding to the
respective valence states of M and M'. Generally the reaction of Equation (11) will
occur first since metal alkoxides react more readily than metal carboxylates. Thus,
ethers having low boiling points are generally formed. These ethers boil out of the
25 pre-precursor to leave a final product having a reduced organic content and the
metal-oxygen-metal bonds of the final desired metal oxide already partially formed.
1f the heating is sufficient, some of the reaction {12) will also occur, creating metal-
oxygen-metal bonds and esters. Esters generally have higher boiling points and
remain in solution. These high boiling point organics slow down the drying process
30 after the final precursor is applied to a substrate, which tends to reduce cracking
and defects; thus, in either case, metal-oxygen-metal bonds are formed and the
final precursor performancs is improved.
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WO 96/ 41375 PCT/ US96/ 09100
wafer 22 may be sawed into separate units to separate a plurality af

integrated circuit devices that have been sinultaneously produced thereon.
A preferred general process for preparing the pol yoxyal kyl ated net al

pr.ecursors of ste 2 is provided in US 5,6514,822. The prockSsuseses ably .
5 includes ré‘é&?ﬁgﬂgﬁa metal with an al koxide (e.g., 2-methoxyethanol) to

forma netal al koxide, and reacting the netal al koxide with a carboxylate '
(e.g., 2-ethyl hexanoa- te) to forma netal al koxycarboxylate according to

f th neral i zed - (6 - R- T M- O R
7% 51 911k e s DR A B
is a ma':1 al cation dfmlms?hemﬁoﬁ?ns/d et homi (1 pand (12) pfmﬂ:ebﬂb.L WB?)O_IimHaﬁbnof
cation having an outer Vv . W n ef er ei ng..
| ndependent | 3 sel e‘é‘%ﬁe f'%b%\gg ﬁ&g‘gﬁpi‘ﬁﬁ“é’tms%% rgaé\{]angiqdmrﬁ}ﬁﬁn. 8 331'19*1 rate .
Ei fsrrut h, lead, yttof efficiencyanThe slimiration af wolatilznmoietiey fromisotutionralsd baivbislﬁm
afniu tungst gn, _ni obi | ’
nrckel | magnast B PSS HEOREI dherielset b s 4P 80 B e VP he
atnd R a(r:I eRr' espect pwe[sead:é(goﬂ volatieimeieties fresaibtion. h&:c:cordj':g"ly, dhe pragoes® af xediziions
atons an is an L . . :
The Tatter formul oty Fi2) tin BenFhired by Biq fete ol BBdod fochieCos Rl 3B
pﬁrt i cul ?rl y pref enolgde@ﬂmigexiihgﬂfmmm_mi's plr']afa’;'gdﬁolcheabh_eaaldtieasd: aﬁa_aiungfz 0
the metal to oxygen t t int N id metal oxi
product. The I|i égl 30}5\?@%3?%3'[?@@%g?é‘;@gpgfeanrﬁ@{agw@q@?%%ﬂ%pﬂﬁ%%ﬂﬁg&v ‘
car bf)xyl ate, andi sron})ma"p:rteﬂevam,l y a get al al koxycarboxyl ate di :cut ed-with
a xylene or octane solvgnt to . a desired. co tration. -The use of an :
essgnt i al |y anhydrous n@t%meg?lﬁ&%%ﬂ? om%ﬁ%s‘ﬁﬁéﬁ}?'é] %Wgﬁ’fyé?tgr?@duﬁue
to the correspondi ngixtureistate, the following reaction occurs: _

(13) (R-COO-)M(-O-C-R), + x M'(-OOC-R"), —>
(R-C-0-),M(-O-M'(-O0C-R")p4); + 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 (11) and (12)
above, and proceeds at a much slower rate.

in addition to the above reactions which produce metal-alkoxycarboxylates, -
reactioné occur such as: -
20 (14) M(-OR)}, + a HO,CH,5 + heat —> M(-O,CgH,s), + a HOR,
where the terms are as defined above. This reaction, with heating in the presence
of excess carboxylic acid, substitutes the alkoxide part of the intermediate metal-
alkoxycarboxylate to form a substantially full carboxylate; however, it is now
believed that a complete substitution of the alkoxides by the carboxylates does not
25 occur with the parameters as disclosed herein. Full substitution of the carboxylates
requires significantly more heating, and even then may not readily occur.
At the end of step P74, it is preferable to have formed in solution at least
.50% of the metat to oxygen bonds of the metal oxide layer 26. The reactions are
preferably conducted in a vessel that is open to atmospheric pressure and is
30 heatedbya hot plate preferably having a temperature ranging from about 120°C
to about 200°C until the solution temperature is monitored to observe a fractional
distillation plateau that indicates the substantial elimination of all water, aicohol,
ether, and other reaction byproduct portions from the solution, i.e., a plateau at

b
3
L
7
i
-3
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25 water-induced polynerization or gelling, which can significantly reduce
the shelf-life of solutions that contain al koxide |igands. The presence of
any hydrol ysis-inducing noiety in solution is preferably avoi ded or

m nim zed. Hydrolyzed precursors, such as conventional sol-gels, may al so
be utilized, bwobdmasisncreased sol ution viscosity tends to i nPEEA¥SIERE0O
uniformty of thickness derived fromthe preferred spin-on 30 application
process, and the quality of the hydrolyzed solution tends to degrade
rapidly with time. As a consequence, mnade-ready hydrolyzed gels

i ncreasi ngly yi el digagtéxcaedihg 100°0e tAtlhio indcestende! refiuing carsproticuel a potehtidly
over a period of ti WD 96/

i 41375 . ) . .
PCT/ US96/ 09100 The ”E&%?@Pi%ﬂ“ﬁ‘é?‘r‘?%ﬁ“ §ter,pt acid aahygrids bypradypt that is plien, Ailfiguit
solutions well in ashepove froim thé solitiombyifizetiond distilationh Trqsbtentibircapiplicationsf

soluttons may be designed, to vield correspondi ng |ayered superlattice
Tt er i al's, it t hanHERERYP Bt Py CoRRBIRRT o 8, el aaee B alite p o
structures is tigr rAxnedrbéx/iates it speR72 Ve eliminatesa Possiblechadidifor Yefluxihg! the s
of eifher the perovskite-like octahedral structure or the perovskite

oct ahedral struct uS@Ut@yi val ent substitutions may be nade between netal

cations having substant g@dg P76 lisThh dptiordl selvertieichange® stepA0THe Ldddf & BbimizA
nore than about 20% at the respective |lattice sites. These substitutions

are made by addi ng SPiventdn ayafiely pfreqursor saitigns:is pdyantageoys die tgine predieipbility
sol ution. The pref gfpamy %ﬂﬁﬁfaég Blich & vibRRitp aRE 'dﬂﬁ@iiorﬁgtngfoh. iicl'r\] ﬂ‘glbﬂlq& fhae

preferred netals of the desired |ayered superlattice erla

st oi chi onet ri cal®y thignese stithediauid Rreeussorfuro gften ihls anpliedito @ ayhstratea| These fiuida.
The A-site portion gapafétef$ 48 Yaffect the quality and the electrical performance of the

corresponding metal oxide film after annealing of the dried precursor residue. in

 step P76, the standard solvent, which is preferably xylenes or n-octane, is added

inan amount that is appropriate to adjust the intermediate precursor to a desired

15 -molarity of superiattice-ingredients. This molarity preferably ranges from about

0.100M to about 0.400M in terms of the empirical formula for the metal oxide

material, and is most preferably about 0.130M to 0.200M in terms of moles of metal

oxide material that may be formed from a liter of solution. After the addition of the

~ standard solvent, the solution is heated to a temperature that is sufficient to distill

20 away any non-standard solvents and leave a solution having the desired molarity.

. Step P78 is preferably used only in the case of precursors for |ayered
superiattice materials that include bismuth. Bismuth (Bi**) is the most preferred -

superiattice-generator element, and the bismuth pre-precursor will most preferably

be bismuth tri-2-ethylhexanoate. The addition of bismuth pre-precursors subse-

25 quent to the heating of step P74 is preferred due to the relative instability of these

pre-precursors, i.e., substantial heating could disrupt coordinate bonds with

potential deleterious effects upon the ability of the solution to yield superior thin-

film metal oxides. It should be.understood that step P78 is optional in the sense

- that bismuth pre-precursors can often be added in any of steps P70 and P74

30 without problems.

Special problems exist with regard to the potential for bismuth volatilization

during heating of the precursor solution and, especially, during high temperature

annealing of the dried precursor residue in forming a layered superlattice material
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formed by reacting with an al cohol or carboxylic acid at |east one A-site
el ement 15 selected froman A-site group consisting of Ba, -
Ca, and mixtures thereof. The B-site portion is preferably derlved by
react.ing an al cohol or carboxylic acid with at | east one B-site el errfent
sel ect ed frogé -1%_.;te group consisting of Zr, Ta, M, W \gpcrnmsveemab

m xtures’ thereo? he use of titanium as an eqw val ent radius B-site

el enent, though possible, .is less preferred in practice 20 due to probl ens
t hat derlve fromtitaniumdiffusion into other integrated circuit

conponents and pQifie &Bﬁé&&oﬂﬁdﬁé’cﬁc &J&B&mﬁﬁé %&E&iﬁ@? Jﬁfs?épeﬁs 134 Sifefred

states anong the titaniumions. e case of super | attice

materials, there b@%ﬁ%ﬂb@@eﬁ%@%ﬁ%mm%fmwf@éﬁ%mpmm
whi ch f '.
spont akioﬁéfyeégﬁ%‘§£m°ﬁﬁ“§?rﬁ'%‘ﬁg%@f g ol Sa, MeRMARy Whotsiaes | -

"ayere
material s, but anrammsfsomlamm 6007&x to maaom foo qapennd(m‘ aboui oree hd!uml!mst S

gener al Perovels Bt By T preboABPAC Gaf BN flm o 0 15
l'i quid precursor _Qimeamomtﬂhatwepweqﬂdoaistpmlemetpcﬂmalmd\_Iayletbd gnpedathwr "
cont ai i ng. one. mePAUtERh the ev8htn the srbelitarifle o Rl vofdflizkd duing o
final solution, oformatiomef armetal axidelpreduch theremainingigxaess bismiuthmmpistycan act
rade- ready, o SPRLIGERIA i o H2E Sl incl® bokyigdle 1908 Fostfi jered
PCT/ US96/ 091001 s superjaticearystal, " unl ess a different nmeaning is clearfrom
the context. In in step P80, the solution is mixed to substantial homogeneity, and is
preferably stored under an inert atmosphere of desiccated nitrogen or argon if the
final solution wili not be consumed within several days or weeks. This precaution
in storage serves to assure that the solution is kept essentially water-free and

15 avoids the deleterious effects of water-induced polymerization, viscous gelling, and
precipitation of metallic moieties that water can induce in alkoxide ligands. Even
so, the desiccated inert storage precaution is not strictly necessary when the
precursor, as is preferred, primarily consists of metals bonded to carboxylate
ligands and alkoxycarboxylates.

20 The exemplary discussion of the reaction process, as given above, above
is generalized and, therefore, non:limiting. The specific reactions that occur
depend on the metals, alcohols, and carboxylic acids used, as well as the amount
of heat that is applied. Detailed examples will be given below.

The following non-limiting examples set forth preferred materials and

25 methods for praétidng the present invention.

- EXAMPLE 1
PREPARATION OF
A LAYERED SUPERLATTICE PRECURSOR SOLUTION
The precursor ingredients of Table 1 were obtained from the indicated
30 commercial sources and subdivided to obtain the portions shown.
TABLE 1

18



I nternedi ate stages the solution may be referred to as the "pre-precursor.”
The preferred generalized reaction chemstry for the formation of liquid
solutions of netal al koxides, netal carboxyl ates, and netal
alkoxycarboxylates for 5 use in producing the initial nmetal precursor
portions is as Eg.,s (8) alkoxides - Merr] + n-R-CH [err] mmsszmmr]
+ n/2 Herr] (9) carboxylates - Merr] + n (RCOOH) [err] M-OOC-R)[err] +
nf2 Herr] (10) al koxycarboxylates - M-OR )[err] + b RCOOH + heat[err]
(R-O)[err]M-OOC-R[err] + b HOR[err] 10 where |V|IS a metal cation
having a charge of g o eST oo Ry =T e
fromO ton;, R is preferably an al kylFamalg| havi nd
atoms and R is prefg¢rably an al kyl grjomeigheving frd
In step P70 a first retient ndi cat ed |qg/mdlp | Sramd/|i

Is 15 . reacted withffan al cohol and a |carboxy acl

nmet al - al koxycar boxy denta recur sorf. p 65@35 [ﬁoé:pe P

reacting a netal i b&'F | (e.d., 2-me oxyet

al koxide accordi ng : Lng.th

carboxylic acid (e. 4.2 otffyMbkiHoRSadid i |c14030) webor Aldrich

al koxycar boxyl ate a COI’dI ng to Equatijon (10) 4A 1 ed ng 20 [to

metal is sinultaneostgntiembi ned witH 882 al ¢3I80H 3r49.00hd GECBH ok BIrem a
The simul taneous regcgtions are preferlablyv con8ucted@ n a Ir@®f| ux condenger

that is heated by a E@w ng e |

120[err]C to aboﬁ] t Wi é('ﬁ g{hhfdagﬁg't | fn %régr%g gr@r r’%i %9'?\,\,0 ays
to permt substitUti ﬁ oxi de m)?etle by car oxyI at e | i gfnds.
At the end of the i

condenser is preferably opened to atnosphere, and
In-Tabie 1, "FW" indicates formula weight, "g" indicates grams, "mmoles”

indicates millimoles, and “Equiv." indicates the equivalent number of moles in

16 solution.
The tantalum pentabutoxide and 252.85 mmol portion of 2-ethylhexanoic
acid were placed ina 250 ml Erlenmeyer flask with 40 ml of xylenes, i.e., about 50
mi xylenes for each 100 mmol of tantalum. The flask was covered with a 50 mi
beaker to assist in refluxing and to isclate the contents from atmospheric water.
20 The mixture was 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 48

Equation (9) is al s~ ObSErvEd T TIE (PTEf eI T £0_moug WIETT {t e Un| eact eﬁu

25 hours, the 50 ml beaker was removed and the hot plate temperature was then
raised to 200°C for distillation of the butanol fraction and water to eliminate the
same from solution. The flask was removed from the hot plate when the solution
first reached a temperature of 124°C, as a temperature indicator that substantially
all butanol and water had exited the solution. The flask and its contents were

30 cooled to room temperature.

. The strontium and 50 mi of 2-methoxyethanol solvent were added to the
cooled mixture for reaction to form stroniium di-2-ethylhexanoate. A 100 mi portion
of xylenes was added to the strontium mixture, and the flask and its contents were
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the solution tenperature is nonitored to observe a fractional distillation
pl ateau that indicates the substantial elimnation of all wate

~portions fromthe solution, i.e., a plateau exceeding at |east about 100C,
~at which tine the solution 30 is renoved fromthe heat source.

Distillation to at pheric pressure is nore preferably is.eppgidssiathet 0 @
t enperature o\"oz?f’qr};‘gi

st 115[err]C, and nost preferably to a tenperature of

about 123[err]Cto 127[err]C 13 WO 96/ 41375

PCT/ US96/ 09100 I n the above equations, the netal is preferably selected

Lo 9 OUP O Bl A g S e

valnacblidum- ni obi umagaim cimiplage rfangeaetion, tor form ca)bprbﬂomin'anﬂ(_ethntam'l&lgmithm
nmol ybdenum stront | . [ Zl .

that may be used p*%‘#%%’?ﬁ'ﬁ% 5@%"*9&03@@%5@%3%%&%8 lr:arq&%ﬂ%r?d
1- pent anol , 2- pentthedojutibntemperature Yvasatiowed to fise teeA25%0 for elimination of the 2-
2-ethyl -1-but angl , 25 et - ret hyl.- 1- pent.anol referablyv.
2- met hoxyet hanog. '&é’%@@ﬁ‘g{ %ﬁ%ﬁ\iﬁgﬁgﬁuﬁgg ?e%ﬂgisdgryr%s@?aﬂ?‘s“%\g yd
et Ey: Eexano! c aci gsou%ﬁcsmm‘ removil fromdf hamgﬁgmw%ﬁh@géskwﬁ péraittéd 30 ool 16
et hyl hexanoi ¢ aci d, react i ons, of . st and subsequent, st ar e
preferably facili t%ﬂ%?mrﬁ@r%s Sib'sg‘ﬁ%'éﬁtwr‘?xéﬁ?%ﬁﬂﬁs @&PQS&?@B eeRlpd
may be used i ncl udgokuibseEich AvasfaitherdiiitddP1d0200 mi With WyleR6s taiicem a precursor

n- di nmet hyl f or manm de, 2- met hoxyet hyl et.at thyl isgbutyl ketone, nethyl
i soanyl ket one, isﬁﬁ'ﬂé‘?"n@ﬂ: ,paglﬁeﬁgﬂ@?%ﬁgﬂg‘?m"gs“fssrg‘mlr 042 in the absence :

10 of bismuth volatilization.

Accordingly, this example indicates that step P70, i.e., the reaction of
strontium metal, an alcohol, and a carboxylic acid, can occur in solution with the
~ tantalum alkoxycarboxylate derived from tantalum pentabutoxide and 2-ethylhexan-
oic acid. Therefore, steps P70 and P72 can be conducted in a single solution, and
15 inreverse of the FIG. 3 sequence. '
The precursor formulation was designed to compensate for bismuth
volatilization during a process of manufacturing solid metal oxides from the tiquid
-precursor, Specifically, the Bi, ,; moiety included an approximate nine percent
~ excess (0.18) bismuth portion. After accounting for the anticipated bismuth
20 volatilization during the forthcoming annealing steps, the precursor solution would
be expected to yield a stoichiometric m = 2 material according to Formula (3), i.e.,
0.2 moles of SrBi,Ta,0, per liter of solution.
EXAMPLE 2
FORMATION OF FERROELECTRIC CAPACITORS
25 ' HAVING A LAYERED SUPERLATTICE MATERIAL
BUFFER LAYER AND NO ADHESION METAL LAYER
A wafer including numerous square:ferroelectric capacitors of the general
layered sequence depicted in FIG. 1 was produced accarding to the method of FIG.
2. Step P48 was not conducted and, consequently, the capacitors did not include
30 adhesion metal layer 36 (FIG. 1). A conventional four inch diameter polycrystalline
wafer or substrate 32 was prepared to receive the SrBi,Ta,0, solution of Example
1. The preparation process included diffusion furnace baking at 1100°C in oxygen

20
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15 et hoxyethanol, 2-nethoxyethyl ether, methyl butyl ketone, hexyl alcohol,
2- pentanol, ethyl butyrate, nitroethane, pyrimdine, 1, 3, 5 trioxane,
isobutyl isobutyrate, isobutyl propionate, propyl propionate, ethyl

| actate, n-butanol, n- pentanol, 3-pentanol, toluene, ethylbenzene, and
octane, as wel kyade/di38y Ot hers. These sol vents preferably havecimsskaoagp

poi nts exceedi ng that of water for purposes 20 of distilling the precursor
to.elimnate water therefromprior to application of the precursor to a
substrate. The cosol vents should be mscible with one another and may be

conpatibly m xed i acedrling'tb RBnvertiBAAIPrefEols FSTAAHRL &/ tHRK MG bf BESH oads! 34
apol ar solvents, as needed to fully solubilize the precursor iIngredients.
Xyl enes and oct ane s8edai)i cul arl y preferred apol ar solvents, and n-butyl

acetate is a 25 parti cAlZml Wollined oF %?@.anés%'ciﬁﬁ%@o hié%ﬂfsor @?%ﬁér?@ §c6grdi§éqg
P70 can be skipped_in the event that i|nterned ate tal readgents can
obt ai ned i n resear Exagpladevanadiusied tpg0.13Meqrcentralior by thecaddilion of 1.8 Ini nebuityle
moi oty w th an aboooriaBiE paSedl1AioBsh 602 fin k” hh ebadrobd e bbb & ety 2 .
with a 30 carboxylof Presurser soltiondo the substrate; avhichc wasitbern spurn ¢t #800 m in a
ot al -l koxi e or SorSuar sBREGRechathine. e et ol bk b B iea on
effective anounts t@doyplateiineair fonthitymiriutascat 408%ir sor having a :
2 U067 0106 1 o g o St B 24 o ol RS e
met al oxi de for19 ajnserted into a vacuum chamber for conventional DC magnetron sputtering. A
: discharge voltage of 130 volts and a current of 0.53 amperes was used to sputter
a 2000 A thickness of platinum atop the titanium metal. This sputtering completed
step P50 of FIG. 2, with optional Step P48 being skipped. )
The substrate including the liquid thin film was annealed for thirty minutes
15 at a temperature of 600°C in a diffusion furnace under an oxygen atmosphere.
This time included a five minute push into the furnace and a five minute pull out of
the furmace. The resultant structure included buffer layer 24 as dspicted in FIG.
1. These actions completed the process of FIG. 2 through Step P52.
A 2 mi volume of the 0.2M SrBi,Ta,0, precursor from Example 2 was
20 adjusted to a 0.13M concentration by the addition of 1.08 mi n-butyl acetate and
passed through a 0.2 pm filter. An eyedropper was used to apply 2 mi of precursor
soiution to the substrate, which was then spun at 1500 rpm in a conventional spin-
coater machine as before. 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
25 substréte 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 1200 W tungsten-halogen lamp (visible spectrum; Heatpulse 410 by AG
Associates, Inc., using J208V bulbs by Ushio of Japan). The spin-coating and _
drying procedure was repeated a second time to increase the overall thickness of
30 layer 28 to about 1800 A.
Substrate 22 including the two coats of dried precursor residue was
annealed in a diffusion furnace under an oxygen atmosphere to a temperature of
800°C for seventy minutes including a five minute push into the furnace and a five
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At this tinme the m xture will preferably exclude bisnuth conpounds which,
if needed, will be added |ater due to their relative thernmal instabilita —
Any of the netals |isted above nay be reacted with any of the carboxylic - "%
"acids listed above 5 to formthe netal carboxylate, while any of the :

met al s Iisted@bov$ _{gay be reacted with any of the al cohol s. g@degigins he
al koxide. It. i 0?)65 #cul arly preferred to conduct this reaction in the

presence of a slight excess anpbunt of carboxylic acid for purposes of e
partially substituting al koxide ligands with carboxylate ligands. In step

P74 th I xt f | -al k b I tal - b t 10 /
et al - al Koxi des | MRS BaT SHESRR fotBRYe, ke ABHRS PRGN bidketg oy BB 2
nmet al” bonds and bolhtoughfsteps8.0w boi | i ng poi nt organics that are produced
metal - al koxi de | s added REmyRClARER SR aa PR slaiie 26 B 2000, Tugrnase of
I(Sé fclgci; ;afl t]hﬁ/( f (C)>| iéhg_nng Weﬁﬂ?éﬂl\)/'m Acmwgréﬁst was applidd and ion etched according to
- err - - er + - -R') [ er err .
(R 000 ) [ er 1] M & el oibeble b el rehe el Thg pptemed device was
g S CSOO) g Fr r] iV(I\/( Ooé‘ﬂﬁéaed I0 & diffubion furnktd ulddr-an 'Oxjygen atnjosphdre at 800°C for thirty v
-G err - - - Bl err - -R' where a :
are netals; R and M%s?@g%g%hﬁé@%%@{n&otgﬁﬁrﬁﬁ%c%c%ﬁﬁe%ﬂutﬁpm 8{"%& y
gavi' tng fr orr} a:)_out therforriace t 2.sTheise egtianscompletedthelpracess of BIGI Mhmmhistupelgﬁs_,andt _
enoting relative | o) . r ondi 0.
t he resgect I ve val g@@?@a’?@?@fﬁ#ﬁé&fﬁ&@ﬁﬁgﬁwﬁg Elgigtl{agﬁ'%o#'%n S
Equation (11) w0 | bisnuuh tdnitalate asilayes 26 Bafferlayendded & thivkhessoofS006q dint was
th t al b I Thus. eth ' boi | i nt
gener al 1y f ormed.  FHeGan sy HAuBR S akindh hikbacttsr a8 B, o0 10 1 cave a -
final product having a reduced organi c corEXAMPEERE t he netal - oxygen- net al

ponds of the final desired MygRmRHON of FERMBERRLTRE CAPACITHS

HAVING A LAYERED SUPERLATTICE MATERIAL
- BUFFER LAYER AND AN ADHESION METAL LAYER

A wafer including strontium bismuth tantalate capacitors having the layered
sequence depicted in FIG. 1 was produced according to a method including Step
P48 of FIG. 2. The procedure was identical to that of Example 2, exceptthat Step -

P50 was performed — the capacitors included adhesion metal layer 36. A

20 | 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 200 A thickness of titanium metal as

adhesion metal portion 38 on buffer layer 24. The sputtering of adhesion metal

occurred just prior to the sputtering of platinum layer 38 in Step P52. Buffer layer

24 had a thickness of 500 A, and was overlain by titanium adhesion metal layer 36

25 (200 A) and platinum layer 38 (2000 A).
EXAMPLE 4
FORMATION OF FERROELECTRIC CAPACITORS
HAVING AN ADHESION METAL LAYER AND
NO LAYERED SUPERLATTICE MATERIAL BUFFER LAYER

30 A wafer including ferroelectric capacitors without a buffer layer 24 (FIG. 1)
was produced according to the general method of FIG. 2. The procedure was
identical to that of Example 3, except Steps P44 and P46 were not performed. The
resultant capacitor 20 lacked layer 24, but included a 200 A adhesion metal layer
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If the heating is sufficient, some of the reaction (12) wll also occur,
creating netal - oxygen-netal bonds and esters. Esters generally have higher
boirling points and remain in solution. These high boiling point organics

sl ow down the drying process 30 after the final precursor is applied to a
substrate, whi chwoeeds7s50 reduce cracking and defect's; thus, i PCA{USHE100
case, netal -oxygen-netal bonds are forned and the final precursor
performance is inproved. WD 96/ 41375

PCT/ US96/ 09100 Step P74 is in essence a distillation to elimnate volatile .
moi eti es from sol uti @8 arsd &2O00cAiatim faiyerc88atinahis Wwafé), bottidm( di2dtrgrie026 avhs

conpletion. i o.. a AHBRPAIEBHE e L PoRe i i m nation of volatile
noi eties fromsolution also serves to 5 préBXAMPLEBmM cracki ng and ot her
o1 eti e in S0l ution. -Accor di npPRATIRRE FERRbRIECTRECATACHORE .0y ()
can be nonitored & the rate of HAMNGAN ADHESIONMETAL LAYER AND vol une of
boi |1 ng pol nt._ plat eau of _a NPUAYEREESEREL A MarsHjal BUEERTAVER
nost preferably 10 from 123@WITBIOLATANNEALINGOFTHE BOTTOM ELECTROBEIed to
el o oaeer el T3 i Mo ng e capenle i ey g4 . 1
[err] (R-CO)[err] Maﬁ%ﬁgﬁ%’rdiﬁ@td Ind #éthiod oPExBmple R exdeptSteptB2 was not
R-COOOC-R is an acid anhydride, and the terps are as defined above. .
10 performed. The resultant capacitor 20 had the same layer sequence as the device
of Example 4, but the electrode was not subjected to a first anneal in Step P52
before Step P54 was performed. The resultant capacitor 20 facked layer 24, but
included a 200 A adhesion metal layer 36 and a 2000 A piatinum jayer 38.
EXAMPLE 6
15 FORMATION OF FERROELECTRIC CAPACITORS
HAVING AN ADHESION METAL LAYER AND
NO LAYERED SUPERLATTICE MATERIAL BUFFER LAYER
WITHOUT ANNEALING OF THE BOTTOM ELECTRODE
_ A wafer including ferroelectric capacitors without a buffer .layer 24 (FIG. 1)
20 was produced according to the method of Exampie 5, except only a 100 A (not 200
' A) thickness of adhesion metal was sputtered in Step P48, Theﬁgesultant capacitor
20 lacked layer 24, but inciuded a 200 A adhesion metal layer 36 and a 2000 A
platinum layer 38.
. EXAMPLE 7
25 SCANNING ELECTRON MICROSCOPE COMPARISON
OF BOTTOM ELECTRODE SURFACE IRREGULARITY FEATURES
Some shorting was observed-in the capacitor squares on the wafer of
- Example 4. A second device was, accordingly, constructed according to Example
‘ 4 through Step P52, i.e., omitting Steps P44 and P46. The electrode structure was
30 studied under a scanning electron microscope (SEM) at a magnification of about
40,000X. FIG. 4 depicts the SEM observations. Electrode 24 included titanium
adhesion metal layer 36 and plaiinum layer 38. Electrode 26 presented an
uppermost surface 82, which was covered with covered with sharp, irregularly
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This reaction requires considerably nore heat than do the reactions (11)
and (12) above, and proceeds at a nuch slower rate. In addition 2

above reactions which produce netal -al koxycarboxyl ates, reactions occur
‘'such as: 20 (14) M-OR)[err] + a HJerr]Cerr]H err] + heat [err]

M-Jerr] C[err‘]vﬂkg,rﬁ%]g[err] + a HOR, where the terns are as getipbamdembhove. -
This reaction, W ﬁ eating in the presence of excess carboxylic acid,

substitutes the al koxide part of the intermedi ate netal - al koxycarboxyl ate
to forma substantially full carboxylate; however, it is now believed that

a conpl ete substit il oxl hq.,-!ﬁ(ﬁ‘p \ WH&S

occur with the pargﬁrréec%gf gﬁgé% E%'F@iﬁeﬂmﬁ%ﬂ?ﬁr Fu ?ﬁbésrﬁ_ﬁt Ion B%Q:aﬁé%
car boxyl at es requi s@iace8giora distencs ofappsoximatelyr BP0 AnBhesediliacke werasaused by
readi ly occur. At pﬁﬂ% i don l?'tﬁfo?n ' .
solution at | east E@Eoo t'%ger?réte% t%"“%%‘ﬁ“@’@?&?&%% e rr@tagfo%% e dé{eer :
26. The reactions &nderhing suksiiate, whichuincliuded layers, 32 @pd 34aThe sesppctivet lgyers

emperat ur o | ang nd P aed Lor Reatl ity Mol ty Bnbbict & eflcffbladOlydd 3 -
t enper at ure i s nonigndidddvasogrebtes than the icooicaction af mdtalizetiandeyers 3pland 88U Layert

ot ner T oacti o bypraafeinpresiy [fiE RS st mlnensfipfibyer HrEqE ool e fyRlgtons
WD 96/ 41375 of hillocks. PCT/ US96/ 09100 '
| east exceedi ng 100[err]A

potentially undesirable MF‘%@?}%&@W@H&?%@%& %];1 e;@%g‘gé}b%gﬂgﬁﬁ?%at
is often difficuPt 82aslayer24. These films will preferably range in thickness from 500 A to 3000
A. Hillocks like hillocks 82 and 84 serve to reduce process yields by shorting
across layer 28 and, further, present long term device reliability problems.
Similar SEM observations were conducted on other device samples that
were produced according to each of the Examples 2 and 3 through the first anneal
15 of Step P52. No sharp hillocks were observed in the electrodes of other samples.
Some surface irregularities were observed, i.e., small, rounded features, but these
features were estimated to rise less then about 50 A to 80 A above surface 82.
These smaller rolling structures were negligible because they posed no serious

threat to device performance, i.e., the electrodes of Examples 2 and 3 were
20 essentially free of hillocks.

EXAMPLE 8
COMPARATIVE EVALUATION OF CAPACITOR DEVICES

The wafers from Examples 2, 3, 4, 5, and 6, each included a ferroelectric
SrBi;Ta,0, material of approximately 1800 A in thickness. Selected capacitors
25 from each wafer were subjectgd to polarization hysteresis measurements on an
uncompensated Sawyer-Tower circuit including a Hewlitt Packard 3314A function
generator and a Hewlitt Packard 54502A digitizing oscilloscope. Measurements
were obtained at 20°C using a sine wave function having a frequency of 10,000 Hz

and voltage amplitudes of 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, and 7.0V.
30 FIG. 5 depicts a bar graph of the 2Pr polarization values (in uCfcm?) that
were obtained from 3V switching measurements. Each bar represents a three point
average of data obtained from selected capacitors on a given wafer. Each bar has
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to renmove fromthe solution by fractional distillation. The potenti al
conplication of an excessive acid anhydride concentration can be entirely
avoi ded by adding only 5 netal carboxylates in step P72 to elimnate a
possi bl e need for refluxing the solution. Step P76 is an optional solvent
exchange step. whiWuy$He of a conmon solvent in a variety of prrcyassse9100
solutions is advantageous due to the predictability of fluid paraneters
such as viscosity and adhesion tension, which influence the 10 thickness
of "'the liquid precursor filmafter it i s applied to a substrate. These

fluid parameters abggn @béledwith aortesbdridingBter! ACB,A, 99, dricR| asiedlf £ dBRBhstive
the corresponding netal oxide filmafter anneal i ng 'of the dried pr ecursor

residue. In step PMOW*QHQTMWQW&NWWQ'@@{ eferably xyl enes or
n-octane, is added in “itfReniEs det d%a%oﬂré?ﬁrBf‘iﬁcﬁcétQ tﬁQH #h8! additfon of 200 A

I nterpedi ate precur sor t sire larity of superlattice

i ngredi ents. Thi s itaniym egihesion MIlﬁ)’QféﬁQ@ﬂ’\efW npelectoade 24 B!I?@S'd@da

0.400Min ternmns gp&r [

I's nost preferably aﬁﬂﬁgﬁaﬁé@%h %@Maﬁw@nﬁ es o t'méu?i&
material that may @epa@fpmamat pmpaed barl (wihouba buffesiayes) sléfer%ei’aa%cﬁqchremmof
the standard sol Velf%‘P r/ bibteFningd Wtrﬁgnécptoabéreﬂp%ééﬂdfrﬁff e adidition of

sufficient to dist away any non-standard sol vents and l'eave a

sol uti on havi ng th@tﬁerslayeéasmeamsgble thg opsegvadsinerease incpnlgrizatien with rsspeet
the case of precurseparéor |ayered superlattice materials that include

bi smuth. Bi smuth (BI Ferr is the nost preferred superlattlce gener at or

el enent, and t h&0 bi snut a@m@mm aﬁlhqswnmta indyces Anoprespongdingedyction

tri-2- et hyl hexanoatjg Fﬁa@&p aﬁ&sﬁﬂ{ reHBRR thaPwe:
guent to the heati n step P?? |s erred 'gue to e re?latll'h\?e& e
instability of the meldemﬂﬁpaﬂm& exgemmmnaaltorn@&barr@ conlgingd a 200

di srupt coordinate g Eié}e%‘b}f'aﬁ@éﬂﬁ fn@iat gRY ﬁfv@é oPbar EcbRtained PA8d Alifickness.

ability of the SO|UtIO superi or
The add:tlonal 100 A thlckness of tltamum adhesion metal (bar D) caused a 43%

15 decline in polarization determined with respect to bar E. The use of buffer layer 26
(bars A and B) overcomes the deleterious titanium effects.

The foregoing discussion can be utilized to provide less preferred variations
of the present invention. For example, the adhesion metal can include titanium
oxide, tantalum, tantalum oxide, or other known adhesion metale. Layer 26 may

20 -actually be formed of a plurality of different layers, and not all such layers must
neoessarily be the same type of layered superlattice material. Furthermore, the
geometries and relative thicknesses that are depicted in FIGS. 1 and 4 are
presented for illustrative purposes only. These figures are not intended to reflect
scale models of the actual materials which may vary considerably in geometry and

25 thickness. |

Those skilled in the art will understand that the preferred embodiments, as
described above, may be subjected'to apparent maodifications without departing

- from the true scope and spirit of the invention. Accordingly, the inventors hereby
- state their intention to rely upon the Doctrine of Equivalents for purposes of
30 protecting their full rights in the invention.



sense that bis rs can often be added in any of _Steps D70
and P74 30 w =>peci al problens exist with regard to the
“potential for bi- srrut h vol atilization during heating of the precursor

solution and, especially, during gh tenperature gnnealing M' ed
pr ecur sor r es YRUE4I3T55 or ni ng a IaymichmmemA@BEEnq mat eri al 9}5 g

96/ 41375 REPLACED PCT/ US96/ 09100 of the N
desi red st oi ch| onetric proportions—Aeeofei-rgy—+H step P78, it

preferred to add &fQmgbout 5% to about 15% excess bisnuth for purposes' of
conpensating the precursor solution for anticipated bismth | osses. At
anneal i ng t enper at ur edl. r anghinjegrated circuit devicD(20) cpraprisingibout 850[ err] C for

a period of about one ng aﬁ‘df |ety in the precursor By
solution wll typically rar%{gq?ﬁ ﬁ\%&?i«g&gé%# anount that is required
for a stoichionetri caldajd integrated dircuildavies chapasterized by product I n the event .
that the excess bi snmut f a .
retal oxide. prdduct . (REERenh (2 eeRbby of fRienHlnakosaE poieBR zep- * -
A-site material astiatetahd saidimethl eringdayer, sdﬂflaya'sequanbé\mcmdmldtleagtbwmm 10
Ponpgenei ty. and 1ePERe SaTRySd syreati el f‘fﬂéra&“eéﬁ%ﬁaé%a B fisehy
desi ccat ed ni trogmemfaddlganalw‘imtd‘layérsnal soI ut | on WI Il not be consurred
Wi thin several days or Jhi s precautio rves.to assure
that the solution is k pt g@? Pgﬁeﬁﬁ@'é ?'9 saldﬁayeredsupeeré
10 material includes strontium bismuth tantalate
3. The device as set froth in Claim 2 wherein said substrate includes an
uppermost silicon-based layer (34) proximate said layer sequence.
4.  Thedevice as set forth in Claim 1 wherein said wiring layer includes
an adhesion metal (36).

15 S. The device as set forth in Claim 4 wherein said metal wiring layer
includes a noble metal (38).

filmmetal oxi des mﬁM understood that step P78 is optional in the

6. The device as set forth in Claim 1 including a ferroelectric layer (28)
atop said wiring layer.
7. The device as set forth in Claim 6 wherin said ferroelectric Iayer
20 includes a layered superlattice material.
) 8. A method of making an integrated circuit device (20), said method
| including the step of providing (P40) a substrate (22) having a nonmetallic
uppermost surface (34);
said method characterized by:
25 depositing (P44, P46) a layered superlattice material precursor (36) atop
said substrate; and
depositing (P50) an electrode (38) over said layered superiattice material. -
9. The method as set forth in Claim 14 wherein said depositng step
includes a step of applying (P44) a liquid precursor on said substrate to form a thin
30 precursor film, said liquid precursor including a plurality of metals in sffective
amounts for yielding said layered superlattice material upon thermal treatment of g
said precursor, and drying (P46) said thin precursor film to yield a layered
superlattice material (35). |
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15 avoi [ effects of water-induced pol ynerizati on,
vi scous gel ﬂl ﬂ“ “H“u(m“ft ation of netallic noieties that water can
irnduce in alkoxd de | i"gafds® Even so, the desiccated inert storage
precaution is not strictly necessq-s?ﬁ—bvnv‘ tt sor, as is preferred,
pri‘marily consiwo sssrsnet al s bondgdilg %&%gﬁgﬂl i gands arRCT/US96/09100

al koxycar boxyl ates. 20 The exenpl &E?L%@ ussidn of the reaction
process, as given above, above is generalized and, therefore, non-limting.
The specific reactions that occur depend on the netals, alcohols, and
carboxylic acids used, #% V\Ehbmuthdmmmhﬁnuhinhealrmbhataraderﬁéobyedneaﬁrg
Detai |l ed exanpl es be, give | ow . The follow ng non-Jimtj exanpl.es
set forth preferr e#}f‘@ts@q 'ﬁ@'%ﬁggﬁ%"\“&%"t‘%ﬁ aftgqlpﬁrlaggpiog F“ﬁa thgagpéggga'g

I nvention. EXAMPLE sfepRiRdepdsiting@aideledtréddYERED SUPERLATTI CE PRECURSCR _
SOLUT ON The precursor jngredient f T 1 re qQbtained fromthe

i ndi cated 30 conmmerci aﬁ{;ouf’gﬁé“%‘ﬁﬁgéﬁﬁa%ﬁ'agb‘?@s" 6@?’%\9*'@ BRid tefrperafyte is at
shown. TABLE 1 18 |easPaBdut/8667¢)9100 WO 96/ 41375 Fornul a Wi ght

Mol ar’

12. The method as set forth in Claim 9 wherein said drying step includes
drying said precursor at a temperature up to about 450°C for a period of time
sufficient to remove substantially all volatile organic components from said film.

13.  The method as set forth in Claim 8 further characterizd by a step of

10 constructing (P54) a second layered superlattice material (28) atop said electrode.
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| ngr edi ent - (g/mol) Gans mmol e Equiv. Vendor tantal um

546.52 43.72 80.00 2.000 Vnipim5  ‘pentabutoxide 2
1 0 Ta(OCC[err]Herr])[ err] 2- et hyl hexanoi c acid 144. 21 72.68
504.0 12.60 Aldrich 4 0 strontium 87.62 . 3.504
40.00 1.000 woldsam?S 0 0 bismuth tri-2-ethyl- - PCISHBHP
66.75 87.20 2.180 Strem 10 hexanoate (i n naptha) 2

0 Bi((Jerr]Cerr]Herr])[err] In Table 1, "FW indicates fornula wei ght,
"g"'indicates granms, "mmoles" indicates mllinoles, and "Equiv." indicates
t he equival ent nunber of nmoles in 15 solution. The tantal um pent abut oxi de
and 252.85 mmol portion of 2-ethyl hexanoic acid were placed in a 250 m

Erl enmeyer flask with 40 m of xylenes, i.e.,;gbout 50 ml xylenes for each
100 mol of tantalum The flask was covered with a 50 ml beaker to assi st
in refluxing and to isolate the contents from atnospheric water. 20 The

m xture was refluxed with magnetic stirring on a 160[err]C hot plate for 48
hours to forma substantially honbgenous sol ution including butaggl and
tantalum 2- et hyl hexanoate. It should be understood that the butoxide

noi ety in solution was al nost conpletely substituted by the 2- yl hexanoi c
acid, but full substituti Ll i ters of
this exanple. At t he 38xp; S
removed and the hot plat SN for
distillation of the bgta s 0 A e
' 36
24—~
34
32
{

2

FIG. 1
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same fromsolution. The flask was renoved fromthe hot plate when the
solution first reached a tenperature of 124[err]C, as a tenperature

i ndi cator that substantially all butanol and water had exited the solution.
The flask and its contents were 30 cooled to roomtenperature. The
strontium and {@ oglss#@E 2- met hoxyet hanol sol vent were added t 8CT/HE969H0ed

m xture for reaction to formstrontium di-2-ethyl hexanoate. A 100 n
portion of xylenes was added to the strontium m xture, and the flask and
its contents were 19 WO 96/ 41375

PCT/ US96/ 09100 returned to the hot plate at 200[err]C and refluxed for five
hours with the 50 m be |l ace fdf4reaction to forma

predoni nant tant aP4Or-SYr puphREBUASTERFY Jar boxy! g ding to
Fornula (6). The beake was renmpved ard the so Pﬂ%’ﬁﬁﬂ‘ﬁmf)ﬁ PYgLS
allowed to rise to 125[errJC T9r elim nation of net hoxyet hanol

sol vent from sol uti on, et hers, alcoholqd, or water in
solution. After fr@v |} pkpesIT BUFEEIARER Isource, the flagk was pernitted to
cool to roomtenp urfe. TPRECORSBRUt h oate was added to the

r—2-erhyttexar
cool ed sol ution, which uted to 200 m \%i)th xyl enes to forma
h

precursor sol uti on that was cagable of formng 0.200 | es of
SrBi[err]Ta[err]Jerr] [Th The absence J10 of bismutH vol atil iFAG@o2
Accordi ngly, thisP48 | e DRY®RECURSOR t Hat step P70, i.4g., the reaction of
strontiumnetal, an al qohol . and a carlpoxylic acid, cgn occur in solution
with the tantal um al koxycar box{ ate derived fromtant gl um pent abut oxi de and
2- et hyl hexan-

SPUTTER ADHESION
P48 <1 METAL (OPTIONAL)

v

SPUTTER NOBLE
'METAL

|

FRST
P52 — ANNEAL

!

APPLY LIQUID
‘P54-71 " PRECURSOR

!

A
l
l
DRY |
|
|
l
I

P50~

P56  PRECURSOR FILM

Ps8

DESIRED

THICKNESS
2
| PATTERN ~ P64
> DEVICE
i v
P60 —]  SECOND ANNEAL
. THRDANNEAL | —~—P66
! I
DEPOSIT | COMPLETEDEVICE { P68
P62-"7  10p ELECTRODE
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oic acid. Therefore, steps P70 and P72 can be conducted in a single
solutiron, and 15 in reverse of the FIG 3 sequence. The precursor

formul ati on was designed to conpensate for bismuth volatilization during a
process of -manufacturing solid nmetal oxides fromthe liquid precur sa 9100
Specifically, thoB4187%] noiety included an approximate ni ne LH
excess (0.18) bisnuth portion. After accounting for the anticipated bismuth
20 .volatilization during the forthcom ng anneal i ng steps, the precursor
sol ution woul d be expected to yield a stoichionetric m= 2 materi al
according to Fornmula (3), i.e., 0.2 noles of SrByJ,err]Ta[err](Jerr] per
liter of solution. EXAMPLE 2 FORVATI ON OF FE CTRI C CAPACI TORS 25

HAVI NG A LAYERED SUR T THCE MATERI AL BUFFER LAYER AND NO ADHESI ON METAL
LAYER A wafer inclu A rous square ferroelectric capacitors of the
general | ayered sequence depicted in FIG 1 was produced according to the
nmet hod of FIG 2. Step P48 was not conducted and, consequently, the
capacitors did not include 30 adhesion nmetal layer 36 (FIG 1). A
convenfional four inch diameter pdiycrys taI I I ne warer or sdbstrate 32 was

prepared to receive the. SrBipeprldaler AL, AEOHRLIABR of |Exanpl e 1. The
preparation process included diffusi orP éclggﬁlxew&t 1300[err]Cin
oxygen 20 WO 96/ 41375 ETAL ALKOXYCARBO

PCT/ US96/ 09100 according to conven
| ayer of silicon oxide 34

ding a thick

ADD METAL-CARBOXYLATE
P72 - AND/OR
. METAL ALKOXIDE

‘HEAT AND STIR AS NECESSARY
P74— TO DISTILL OFF

LOW BOILING POINT ORGANICS
AND REACT TO DESIRED DEGREE

!

P76— SOLVENT EXCHANGE

P78~  ADD VOLATILE METAL ORGANICS

£ MIX TQ HOMOGENEITY
AND STORE
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(see FIG 1). A2 m volune of a 0.2M SrBi[err] Ta[err]Jerr] precursor
prepared according to Exanple 1 was adjusted to a 0.13M concentration by
the addition of 1.08 m n-butyl 5 acetate and passed through a 0.2 [err]m
filter. An eyedropper was used to apply 2 ml of precursor solution to the
substrate, whi gfpygsshen spun at 1500 rpmin a conventi onal - EIVUS@esasoer
machi ne. -The precursor-coated substrate was dried on a hot plate in air for
thirty mnutes at 400C. The substrate including buffer |ayer 24 was cool ed
to'roomtenperature, and 10 inserted i |y a vacuum chanber for
conventional DC magnetron sputtering. A discharge voltage of 130 volts and
a current of 0.53 anperes was used .0 sputter a.2000 A thickness of

pl ati num atop the titaniumnetal. FHi ' i 4 conpl eted step P50 of
FIG 2, with optional Step P48 begkhg skfipped. Afhe sybstB2te including the
liquid thin filmwas anneal ed forthi rtg mi nus 15fat a/tenperature of

600C in a diffusion furnaqegpysger/ 2z /vf»;n B :;,;;*.,r e i i ncl uded
a five mnute push into Qf/l&/(/ﬁl{{/l{//m% 3(;gfa t he
furnace. The resultant str '}\\&—\\\\\\\'-‘“&‘-\\‘&\\ OUMINSINN H

FIG 1. These actions conpl eSerFErasfhtarlsiicisaiisedelote

m volunme of the 0.2M SrBi[efr]Ta[err]J err] precursor fromgxanple 2 was
20 adjusted to a 0.13M condentration by the addition of 1.T8 M2 n- but yl
acetate and passed through a 0.2 [errlmfilter. An eyedropper was used to
apply 2 m of precursor solution to the ﬁ!ﬁt fte, whi ch was then spun at
1500 rpmin a conventional spin- coater 1 ne as before. The
precursor-coat ed substrate was renoved fromthe spin-coating machi ne and
dried in air for two mnutes on a 140[err]C hot plate. The 25 substrate
was dried for an additional four mnutes on a second hot plate at 260[err]
C. The substrate was dried for an additional thirty seconds in oxygen at
725C usi ng

Sdep P52. A 2

EXAMPLE 6

- NO ANNEAL
E|l  _NoBUFFER 120
- PY/Ti METAL (2000/100)

EXAMPLE 5
- NO ANNEAL
D| -NOBUFFER |g2

- PY/Ti METAL
(2000/200)

EXAMPLE 4 .

- ANNEAL TO 600°C IN O, \
Cl  NoBuFeR 125 Cu, teocks)
- PY/TI METAL (2000/200)

EXAMPLE 3

B - ANNEAL TO 600°C IN O, 16.7
- STRONTIUM BISMUTH TANTALATE BUFFER .

- Pt/Ti METAL (2000/200)

EXAMPLE 2
|  -ANNEALTO600°C INO, 77
| - STRONTIUM BISMUTH TANTALATE BUFFER
s : - Pt METAL (2000)

L] ] I ¥ ] ! ] ] 1 I

0 2 4 6 8 10 12 14 16 18 20
POLARIZATION, 2 Pr (.G / cm?)

FIG. 5
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+49 89 23994560~ ++4122 740 14 doi¥ 247 2

,aGEd’@N\WHPHNCHF%n hal oggn |anmp (vigsi bl e. spectrum Heat'l se 410 by AG
Associat es Tnc., usi 3208V bul b by UShI o of Japan)™ The spin-coating

and dryin was repeatedfa be L. ...; +6— NQ TR GHERT A m
t hi ckness “0 l"ayer -28 to about stratp 42 BEE
coats of dried precursor residue @éggrﬁ’i’éblws BIH. Wi fif usi oREPLAGESce wundgler

i ng

an oxygen atno her enperat ure of nt

a five mnute [i) sﬂn +€0wﬁﬁ%' |H§?$ea8%rr%§?§mgﬁ'%olggc§ ¢ g&s\l)hé%‘ JE dJﬁug'o
PCT/ US96/ 0910 Qi tiyRroHave iSbén qhstriided I# atRerpis et id istlaterpenidbiesint he
process of FIG 2 through step P58. Platinumnetal was sputtered as top

el ectrode 28 tlayes maias. . e@mf(ﬂl‘ﬁ@ﬁb the United; Statasratent tﬁﬂ@ﬁ% S, 30% 1R, @ném st
was applied and, j.of, ?(Iéi e ﬁg gn?%rﬁer E%Y‘Fr?tl’hgﬁ"?‘ll’é-w&)é%ﬁ LP?é Mekdi ng
er ne S ed In a

renoval of the réesis ;The p anneal usi on
furnace under Systemy®6riThin mgiﬁdm 287 8Q@Y.enslo]2$(ﬂ979l, ihichybothnesdiatsthe use

including a five mnute h into the-furnace_ and a fi nut e pul l t of
the furnace. Bidstiagiym eﬁ@%drﬁsqsmrf'ﬁ@%%cﬁéggewgﬂf@e@ phidesenyield

P68, and proviQgdedirfedllaptes eld.! | KlldeRE aARatiAg ﬁZ:%Sf tHn&le%triiE‘deéFrSQlebﬁlcF' G

1 having strontium 10° bi smith tanta ‘ate as | ayer Iayer 24 had a
t hi ckness of ®apagitorand was overlain by plati numlayer 38 haV| ng

thickness of 2000 4yl e%fE%ﬂoﬂ\ﬂhéﬁs%gﬁéﬁ%WL%.WI%%}SE&W

10 material is a limiting factor that controls the memory density for a given voltage.

Larger polarizations can be used to make denser memories, - Nevertheless, it is

' also necessary for the ferroslectrics to adhere well to a substrate, and reduced

polarization can derive from the necessity of adding diffusible materials that

promote adhesion between the proximal faces of two separate layers. Hence, a

15 materiais selection conflict arises between the need for adherance and the need
for high polanzatxon

As shown in WO 93/12538, the layered superlattice materials discussed by

G.A. Smolenskii, V.A. Isupov, and A.l. Agranavskaya {See Chapter 15 of the book,

Ferroelectrics and Related Materials, ISSN 0275-9608, [V.3 of the series

20 Ferroelectrics and Related Phenomena, 1984)] edited by G: A. Smolenskii,

especially sections 15.3 -15) are far better suited for ferroelectric and high

dielectric coné_tant integrated circuit applications than any prior ferroelectrics.

'! These layered superiattice materials comprise complex oxides of metals, such as

strontium, calcium, barium, bismuth, cadmium, lead, titanium, tantalum, hafnium,

25 tungsten, niobium Zirconium, bismuth, scandium, yttrium, lanthanum, antimony,

chromium, and thallium. The metals oxidize in an anneal to form layered

superlaitice co;npounds, -i.e. crystalline lattices including alternating layers of

distinctly different sublattices. These sublattices are properly referred to as

compounds because the sublattices are covalently bound to.one arother, as

30 opposed to being a mixture of different sub'layers that are deposited as different

materials in separate deposition steps. Generally, each layered superlattice

material will include two or more of the above meials for example strontlum,
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HAVI NG ‘A LAYERED SUPERLALTI CE MATERI AL 15 BURBFR LAYER AND AN
ADHESI ON METAL LAYER A er includig stronttu i smut ant al ate

capaci tonggn)ngq;The | ayered s glpﬁglg@;ggemp@BEEN W FIG 1 was produced
according to a nethod includi-ng|Ste 'DF E The procedure was

i dentical to that of Exanple 2, 50 was performed - the

vol s and a SR <BH Gl b e Hgers pofled aRfip St iddis ey

0. 0081 Torr tt@tgmétsfgl?rr Qg A thickness of titaniumnetal as adhesion
er

metal portion 36 on buf I"ayer 24. The s&utterl ng of adhesion net al
occurred just pridtamesh, mbUSpng‘éé,ﬁﬁﬂg(Seﬁﬁi atZ anehcolyrans 384 thergoB sessdbes

Buf f I 24 hi f.

e i s e A B i e
4 FORVATI ohbahtddhE % Heol

NO LAYEREg\IS%;ERLATTI CE TERII(’EQP UFFER LAYEEF\%'(Z)ENj f%d:‘\;\h/aI}gé-élhnC| ugl:ﬁ HgND

- ferroel ectri titarsteacAtlaser ispulsedto ardmrbtéeraxlapeenmlomnmemsmam qnaodtecmd
according to,t

Fhat of | Exanteperaiivinls Saly Baalalin Fa eramole ANl Gy sl Sy T the
resul tant Ca&%‘?@gﬁ jll%%olb.aeﬁﬁﬁ, bR BErovAkitd tHat! IQEEHQ%@a%HJtré ﬁgﬁﬁﬁ‘l ffanZrd al

| ayer 22
PCT/ US96/ 091@fs0 has eptiaxial growth.

10 There remains a need for an effective bottom electrode structure that

. adheres well, does not have short-inducing surface irregularities, and has a high
polarization.
SOLUTION TO THE PROBLEM
The present invention overcomes the problems that are outlined above by
15 providing a buffer layer and an adhesion metal-containing electrode which is
substantially free of surface irregularities. The addition of a buffer layer provides
substantial improvements of up to 100% or more in the polarization performance
of ferroelectric capacitors, as compared with similarly processed ferroelectric
capacitors that lack the buffer layer.
20 The electrode structure broadly pertains to an integrated circuit device that
includes a substrate, a metal electrode or wiring layer, and a layer sequence
. - consisting of material interposed between the substrate and the wiring layer. The
layer sequence includes at least one buffer layer made of a layered superlattice
material, and is essentially free of additional wiring layers.
25 Particularly preferred forms of the electrode structure include the layered
superiattice material being strontium bismuth tantalate. Other preferred layered
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36 and @a 2000 A platinu ayer 38. In-this. wafer botto 7 mﬁ

subj ect ed -to(-,ﬁ]gg g%(?P%g | in Step P52. EXAMPLE 5 F Pb&tﬁ S'HEET
FERRCELECTRI Ié TORS 5 THIS &t _EH/-\VI,N ~AWN| ADHESI METAL LAYER
AND NO LAYERED SUPERLATTI CE MATERIAL % THOUT {ANNEALg HONGFITTHE

- BOTTOM ELECT waf er includingd ferroe c_cdpaci tor thout a
. buffer |ayer G 1) was produced according to the nethodof :xarrpl e

except Step 52 wasq not A,Q.ntégfaftéﬂ 'Eﬁ?wtaa@lcéeﬁﬂ Egﬁ'{pr%ﬂ-@lel egr 20_had ,

sane | ayer sequence as th vice 0 ctrode was not

S e o e

| ayer 36 and a 20CRRIAIBEAatH ﬂrF‘d‘§'€'PV'§r§ chagagterized by

FORMATI ON FERRQ R_AND NO
LAYERED s&gERLATTl %‘%@u&%@%ﬁ%ﬁk@ﬁ%@é "BEPPEM
ELECTRODE A witweenhnsdid dilicon! substete ahdisaid anasi wm w h%&.d@a;@#fé‘eauén%éer
24 (FIG 1) 20 was produced according to the metho Exa except

only a 100 Aipelgdinme bx)ffetrﬂammagde@f adamesﬂd)slum@ﬂatncmatepa c@npdumdn, Kaidp
P48. The resyltant ca er..24., but included a 200 A
adhesi on net &8Y ?raiﬁa“eg‘égé%‘f’é“% ﬁﬂl"&ﬁY WiHng 18¥8iS 38 EXAMPLE 7 .25
SCANNING ELECTRON ZM CRW&A&Q@@&'@%‘ in Claim 1 wherein said layered superlattice

10 material includes strontium bismuth tantalate.

3. The device as set froth in Claim 2 wherein said substrate includes an
uppermost silicon-based layer (34) proximate said layer sequence.

4. The device as set forth in Claim 1 wherein said wiring layer includes
an adhesion metal (36).

15 5. The device as set forth in Claim 4 wherein said metal wiring layer
includes a noble metal (38).

6. The device as set forth in Claim 1 including a ferroelectric layer (28)
atop said wiring layer.

7. The device as set forth in Claim 6 wherein said ferroelectric layer

20 includes a layered superlattice material.

8. A method of making an integrated circuit device (20), said method
including the step of providing (P40) a silicon substrate (22) having an uppermost
surface (34),

said method characterized by:

25 depositing (P44, P46) a layered superlattice material compound precursor
(36) directly on said substrate;

forming (P46)' a residue of sai_d layered superlattice material compound
precursor; and |

depositing (P50) an electrode (38) directly over said residue.

30 S. The method as set forth in Claim 14 wherein said step of depositing
a layered superlattice material compound precursor includes a step of applying
(P44) a liquid precursor on said substrate to form a precursor film, said liquid
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devi ce was, accordingly, constructedReig@rgi ng t9 Exanple 4 thriough $tep *

P526I' [ de. , dorri tting Steps P44 flaiiep _ ode struct u_rfe_ was 30 f
 about 40, oooRr R E8F eiferE WRELR BREERTn: ot adolPlor iy saut
titani um adhpgkr malattloe];fﬁéteﬁélz %ﬂié‘mdv HRatrA%AT c‘g‘ﬁ%ig Eréairéeﬂgar@ﬁgwing

presented an Uppernost surface 82, I ch was covere coveré
sharp, irreg{Rf46)isaidthin preeursss Anskbdyield a layered superlattice material (36).

PCT/ US96/ 09100 s ed, war dl oingi i1 locks, e.g., hillocks 84 and
86, which rose agg@e saﬁgéﬁ%g@éagéﬁt {S’”Biq@bﬂ%s&ﬁfwﬁg‘é@%i@dybwemaaling
These hil4&oc sl B f ' f .
contract i%n @ eaﬁd g@#@f)ér{neg?éé@%" itg%é/?c%at;%gé’rb hé'%&%%;ﬁ%qﬁag@%@% Eﬁ&r S@id ch
i ncl uded | aystep o3 2epodititg. salthelsctispiect i ve | ayers 5 expanded upon heati ng.

Upon cooling, the contraction of silicon-based | ayers 32 and 34 was greater
than the contractibn of hedrethpd asi st ferh dn Claien AQwregein ssiditespesathes itatt o

| ayer 34, aqgﬁ%%é@ﬁd‘,@t I nterlayer stresses induced the formation of

hill ocks. A erroelectric layer is intended to be

l'i qui d-deposi ted 1 suTh@aRttdt adsetddrth &Y Elairdo whBesA ddid ﬂfyir‘i\gls{eéaofn%]ctgfe%bl y
range in thickness from500 A to 3000 A Hillocks |ike hillocks 82 and 84
serve tolG edliyigpaiskbpreoyrsardst ayemperatire upctooalsoutad@d ® C foraaerfodr dhime

pr:fssent | Ongsutﬁ%igﬁtdt%vrje?neovreesldbas a'zrlnfatll){/ ﬁf\?(ﬁlaglrés organic components from said film.

C

13.  The method as set forth in Claim 8 further characterized by a step of
constructing (P54) a second layered superlattice material (28) atop said electrode.
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Si m.Lar SEM observations were conducted on ot her pies—that were
pr«oauced according to each of the Exanples 2 and mlmmﬁﬁl h i‘ﬁ”ﬂﬂst anneal
15 of Step P52. No sharp hill ocks were observed |irf the el ectrodgs|of other

sanpl es. Some surface irregularities were observdgd

|0%“ f r punded

=

features, but these features were estinmated to rijsd | ess ’fﬁg%l abouf 50 Ato
80 A above surface 82. These smaller rolling stnctnremre—negji bi bl e

because t hey

el ectrodes of Exanples 2 and 3 were 20 essentially free of hilToc

posed no serious threat to device pgrformance, i.e., {he

EXAMPLE 8 COVEé\RéﬁHVﬁl EMﬁlethdJ@\é %r%ﬂlﬁ%ﬁ@'ﬁ&t’éhemmlﬁldé éﬁfuswn

Exanples 2, 3, 4, 5, each included a ferroelectric

SrBi[err] Ta[ ebaqne[r layers h&‘t&ab&eﬂ costeystedin attanapts in gidempis te isolatsdhesxadhesion

Sel ect ed cap
hysteresis ne

JBleP Rudie SoR Tof Stitob e it SRR oL AR 2 605 R e,

a Hew itt Pac@arsbadiér TN alsi R Di@sISh ga@ﬁeﬁ.ru;'ealrﬁmé rnilptlm Bééﬁh Eééé’%tal

di gi tizing oscilloscope. Measurenents were obtai ned 20[ err] C usi ng

si ne wave funBystem"h&0ilin Solid dkilms; 83701 240, Mo, I(|1939|);I which bgth tamhlthed.w

of 0.25, 0.5,

depicts a bar

ot Saarift ol afrRinrpatist 1ver, nsife, oriieral Bitdides cam ek,

ver e obt ai nedsfrf® ifdgalakitied)] gyf Rfaeks QnanhauceEas‘dmb@bf H%Ilécﬁﬁ@BHer?oélQ&ﬁr%

poi nt average of data obtain

Each bar has

rom sel ected capacitors on a given wafer.
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PCT/ US96/ 09100 The magnitude of polarization that is available from a thin-film ferroelectric

material is a limiting factor that controls the memory density for a given voltage. -
Larger polarizations can be used to make denser memories. Nevertheless, it is

~also necessary for the ferroelectrics to adhere well to a substrate, and reduced

polarization'can derive from the necessity of adding diffusible materials that
promote adhesion between the proximal faces of two separate layers. Hence, a
materials selection conflict arises between the need for adherance and the need
for high polarization.

There remains a need for an effective bottom electrode structure that
adheres well, does not have short-inducing surface irregularities, a_nd has a high
polarization. _

SOLUTION TO THE PROBLEM

The present invention overcomes the problems that are outlined above by
providing a wiring layer on a silicon substrate with a buffer layer between the
electrode and the substrate, which buffer layer causes the electrode to be
substantially free of surface iregularities. Optionally, the electrode may contain an
adhesion metal. In the preferred embodiment, the wiring Iayer is the bottom
electrode of a capacitor. The addition of a buffer layer provides -substantial
improvements of up to 100% or more in the polarization performance of
ferroelectric capacitors, as -éompared with similarly processed ferroelectric
capacitors that lack the buffer layer. ,

The electrode structure broadly pertains to an integrated circuit device that
includes a substrate, a metal electrode or wiring layer, and .a Iayér .seduenc.e
consisting of material interposed between the substrate and the wiring Iayef. The



been | gbeled with a corresponding letter, A B, C_D__and E__as well as
descriptive information for easy reference to idefRrpys Eﬁﬂg BLT
Di fferences between bars A and B indi.cate that th Rﬁg%?@=%hﬁﬁl - !
titani um adhesion netal |layer 36 to the buffered Bhoftom el ectrode| 24

ef er®dt D&l WHh |ep

al
-
g

provided a 5 5.6%reduction in 2Pr polarization
"bar B. The unshorted capacitors that produced bar |CL(w thout a buff
| ayer) suffered a 30% decline in 2Pr pol 8ti zation|determined with r
‘to bar B. Accordingly, the addition of buffer |ay } }
t he observed increase in polarization with respect to bar C 10 - The -
addi tion of tilapisufl,aAbe iR hPleast BHE Muffer tayer hade ¢f rdlayerbe Supatitice
pol ari zati on. "Bars an represent polarization nmeasurenments that were
~obt ai ned fronmriziendl| and is essantially Sreecafcagditions) wiEpadayesss of bar D
contained a 200 A thickness of, ad ion I h i
"a 100 A thickness. Paric Pl'%ﬁﬁ'?gifgﬁnﬁ qﬁﬁ%ﬂ%@ﬂo&& &?l??tgh? %%ﬁ%ﬁew
~metal. (bar D) &hidiheif§ StroRfiubiBaiugt taftalate Gther prefediedidyered
respect to ba‘?’ﬁ@ﬁﬂ‘é@l’}ﬁ%"(@%&ﬁeﬁg%?mr‘g%fb'ggi (bars A and B) over corresyet he
del eterious titaniumeffects. The foregoing discussion can be utilized to
provide |l ess preferred variations of the present invention. For exanple,
. the adhesion netal can include titanium oxide, tantalum tantalum oxide, or
ot her known adhesion netals. Layer 26 may 20 actually be forned of a
~plurality of different |layers, and not all such |layers nmust necessarily be
“the sane type of |layered superlattice material. Furthernore, the geonetries
.and relative thicknesses that are depicted in FIGS. 1 and 4 are presented
for illustrative purposes only. These figures are not intended to reflect
. scal e nodel s of the actual materials which may vary considerably in
geonetry and 25 thickness.




Those skilled in The artwtt unuelStand that the preferred enbodi nents, as
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i nventors hereby statettheir®* istention to rely upohn the Dociriné o
Equi valents for purposes of 30 protecting their ful rdﬂBL 19'@7th
invention. 25 WO 96/ 41375 !

PCT/ US96/ 09100 CLAI MS: 1. An integrat e circuit He v+
substrate (22) and a netal wiring |ayer (26), saidjintegrated circui
devi ce characgenimed by 5 a layer sequence (Z4) consisting or
imat eri‘al interposed between said sub- strate and said netal wiring | ayer,

said |l ayer sequencéd. |nchntagrated|@wt dﬁwce)(m)@ommgsmg made of a | ayered

superflattice mat erl al... sai nce b ssen 1y free of
additional wiring P IGon Sups rg%i@o%?ﬂeﬁé"’%@ ﬁ‘gfqa)’?rh q’j' daim1 wherein
.said | ayered super Eéﬁtlhfegr dr@ltﬂt'dawéé'ﬁhﬂ%ieﬂié@gy' um bi smuth tantal ate.

:3. The device as set in daim?2 erein sald”substrate includes an

upper nost si | i con- hdayet sequemce @4) lpcauedrmltmﬂyanckdldiymcoaesmbetrete siid methe
,device as set forth i [ erelasald MW rin i ncl udes an

Claim1l
jadhesi on net awlrpgdyyerqgcated diréctly on saigdayerseduen ﬁ %fecr [Fearenraiinciyding
‘wherein said g abr Wyek Rhde?deS layered superlattice material, said layer sequence being

|
! free of additional wiring layers.

2. Thedevice as set forth in Claim 1 wherein said layered superlattice

material includes strontium bismuth tantalate.
3. The device as set forth in Claim 2 wherein said silicon substrate

‘ ' includes an uppermost silicon-based layer (34) adjacent said layer sequence.
4. The device as set forth in Claim 1 wherein said wiring layer includes
! . an adhesion metal (36) and a noble metal (38). '

5, A method of making an integrated circuit device (20), said method
including the step of providing (P40) a éili.con subst"&ate (22) having an uppermost
surface (34), o

said method characterized by:

depositing (P44, P46) a layered superlattice material precursor (36) directly

on said substrate;
heating (P46) said layered superlattice material precursor to yield a residue

of said layered superlattice material precursor; and -

depositing (P50) a metal wiring layer_(38) directly over said residue.

6. The method as set forth in Claim 5 further characterized by annealing
(P52) said integrated circuit device at a terﬁperature of at least 450°C after said

step of depositing. said metal wiring layer.

7. The method as set forth in Claim 6 wherein said temperature is at
least about 600°C. _ '
8. The method as set forth in Claim 7 wherein said step of heating said

layered superlattice material precursor includes drying said precursor at a
temperature up to about 450°C for a period of time sufficient to remove

substantially all volatile organic components from said film.



i ncl udes a nobl e netal (38). 1€ device as set forthin Caiml

i ncl udi ng a ferroel eﬁm at op said wr e
devi ce as set forth "Hu',mﬁ“mnﬁ"l' sai d ferroel REPLACTNENT QHEE,TLM udes
a layered superlattice ratéri &l .%8.* A nethod of KI mg—-anTntegy af ed

circuit device (20), said nmethod including the stgpio g dido?[}g PiO) a
‘substrate (22) having a nonnetal | ic uppergost surfiage Q Ap)“ et hod
characterized by: 25 deposi ting (IgTA)f P46) fatlayered superlaftice
-mat erial precursor (36) atop said substrate; and depositing (P50) a
el ectrode (38) over said layered superlattice mat [ hod as
set forth in Caim14 wherein said depositing step |ncI udes a step of

appl yi ng (P44) a I4d qui t

precursor film sg d Iﬁ&%@%e%ﬁr@gyﬁ?ﬁ%ﬂ %@g{grttgﬁhﬁ%tﬁ%%gsﬁ&m%aﬁ%bﬂn
ef fective amgufilrthet ehandctdrizeddn Hwt@awmmt@wpmdmbﬁ CrEmmelreiudds gresond
thermal treatnent of said precurso and drying (P46) said thi nggrecursor

filmto vyiel ipyeredysipedatiigecsnatarial &ZBhatmwd n(@e) wmng laweo or s2isy method of

char act or 2e 801 Sndadinet 3 Bog o sl by (Pt & Prchrd lifee spepatics

tenperat ure pfatéfiall(@8y btcthbSbiailigadyet said
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step of depositing said electrode.~11. The nethod as set forthsgnqaloa‘?&sl%’o
Mmherein said tenperature is at 5 | east about 600[err]C. 12. The net hiT®
set forth in Claim9 wherein said drying step includes drying said coPY
precursor at a tenperature up to.about 450C for a period of tinpgRificient
to'renove substantially all volatile organic conponents from salgs J,Z m 13.
10

The nethod as set PETh in d awmmwmommmy a ste

constructin P54) a second | ayered supériattl ce material {>28 at o A
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(57) Abstract

A thin-film ferroelectric capacitor (20) includes a bottom electrode structure (26) having an adhesion metal layer (36) and a noble
metal portion (38). The electrode (26) is deposited over a thin-film buffer layer (24), which contains a layered superlattice material. The
buffer layer is interposed between a substrate (22) and the bottom electrode (26). A process of manufacture includes deposition of a liquid
precursor on the substrate (22) prior to formation of the bottom electrode (26).




