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Ferroelectric materials can be used as a gate insulator of metal oxide
semiconductor field effect transistor {("MOSFET") devices. In this application, the
spontaneous polarization modulates the gate-channel! conduction. The channel
conduction state can, for example, be utilized as an indicator of a memory storage
15 state. Silicon substrates are the most commonly used types of substrates for these
applications. A problem exists because the ferroelectric polarization phenomenon
“is greatly reduced or even completely dissipated when the ferroelectric materials
are deposited directly on the silicon surface. This reduction in ferroelectric
polarization can be observed as the distance between positive and negative
20 direction switching curves on a hysteresis plot of capacitance versus bias voltage.
A very small separation between the positive and negative switching curves will
indicate a correspondingly small ferroelectric polarization. Conversely, a large

separation indicates a correspondingly iarge polarization.
Metal oxide ferroeleciric materials have traditionally required firing or
25 annealing at very high temperatures to provide a lattice structure that is capable of
exhibiting ferroelectric polarization. These high firing temperatures induce diffusion
of compounds between adjacent thin-film layers. One aspect of this diffusion is
thought to be the production of a low dielectric layer that is formed between the

. ferroeleciric material and the silicon substrate. This iow dietectric layer acts as a
30 parasitic capacitor and screens the applied electric field by producing a surface
. charge that reduces the ability of the applied electric field to reach the ferroelectric

material. The screening effect reduces the magnitude of polarization obtainable
from the ferroelectric material. The parasitic ferroslectric capacitor effect varies with
the applied field and, consequently, the amount of screening or effective field-drop

35 across the ferroelectric capacitor varies with the applied field.
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15 The present invention overcomes the above-identified problems by providing

an improved ferroelectric MiS device ("MFS or MFIS 'device") that may be used in

electronic memories. The improvements include capacitance versus voltage curves

having a wide separation based on the polarization state of the ferroelectric material

and the switching direction. Additionally, the capacitance versus voltage curves rise
20 steeply fo make the MIS device less sensitive to noise.

The MIS device includes a semiconducting substrate having a perovskite-like
metal oxide layered superiattice material deposited therson and an electrode
formed above the layered superiattice material. Additionally, a buffer layer is
interposed between the layered superiattice material and the semiconducting

25 substrate, and the buffer layer may be capped with a silicon diaxide layer.

Preferred exemplary forms of the invention include the semiconducting
substrate being formed of n-doped or p-doped silicon. The layered superiattice
material is preferably a room-temperature ferroelectric composition made of
strontium bismuth tantalate, strontium bismuth niobate, or strontium bismuth

30 niobium tantalate. Other preferred ferroelectric compositions include those just
mentioned in combination with a vanadium or tungsten moiety. The layered
superlattice material preferably has a C-axis orientation that can be obtained by
drying providing a liquid precursor having a plurality of metal moieties in effective
amounts for yielding a layered superiattice material, applying the precursor {o a
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pol ari zation at all would make it inpossible to use the material in a

non-destructive readout MOSFET ferroelectric nmenory where the
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FIG. 3 is a process-flow chart diagram depicting a process for manufacturing

15 the MIS device of Fig. 1;

FIG. 4 is a process-flow chart diagram that describes the production of a
liquid metal organic precursor for use in producing the layered superiattice material
inthe
MIS device of Fig. 1;

20 FIG. 5 depicts a piot of capacitance versus bias voltage including data
obtained from an MIS device like that of FIG. 1:

FIG. 6 is a capacitance versus voitage plot like that of Fig. 4, but includes
data that was obtained from a MIS device which lacked the buffer layer as depicted
in FIG. 1; and

25 FIG. 7 depicts data from X-ray diffraction measurements that compare the
crystal structure of nonoriented and UV-oriented fayered superlattice material thin
films.

DETAILED DESCRIPTION OF THE INVENTION

R FIG. 1 depicts a first embodiment of the present invention, i.e., ferroelectric
30 MOSFET device 20. Device 20 includes substrate 22, which is preferably formed
' _ p-doped silicon or, more preferably, n-doped silicon. Conventional silicon

technology p-dopants include boron, aluminum, galfium, and indium. Conventional
n-dopants includs phosphorous, arsenic, and antimony. Source/drain regions 24
and 26 are n-doped or p-doped silicon. Regions 24 and 26 are n-doped when
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' strontium bi smuth tantalate, strontium bisnuth niobate,
(2)?02{ (r)(zjﬁt :DuCTm oi snut h ni obiumtantalate. Qther preferred ferroelectric
conpositions include those just mentioned in conbination wt hI a
vanadi um or tungsten noiety. The |ayered superlattice materi al
preferably haswodnesass orientation that can be obtained by MM‘Qm
providing a liquid precursor having a plurality of nmetal noieties :n
effective amounts for yielding a | ayered superlattice materi al,

applying the precurgplabf 32 is pdoped. Conversely, regions 24 and 26 are p-doped when
substrate 22 is n-doped. Substrate 22 may also be formed of other known
substrate materials, such as gallium arsenide, sapphire, and quartz. This
discussion will concentrate on silicon technology devices, but those skilled in the art

5 will understand its applicability to other types of substrates.

An isolation layer 28 is preferably formed over substrate 22. This layeris
formed of silicon dioxide, which may be a thermally grown oxide or one of the
commercially available varieties of spin-on glass. Layer 28 is removed in the
respective regions of contact holes 30, 32, and 34.

10 Buffer layer 36 is formed atop substrate 22 in the center of contact hole 30.
The preferred materials for buffer layer 36 include silicon nitride and titanium nitride,
with silicon nitride being most preferred. Layer 36 is used to compensate for
surface irregularities on substrate 22. These irregularities may include thermally
induced features, such as cracks or roughness, as well as point-charge defects in

15 the substrate lattice. Surface charge defects in substrate 22 can be especially
problematic in ferroelectric devices because these defects have a field-screening
effect that reduces the magnitude of an applied field passing through substrate 22,
The use of silicon or titanium nitride is preferred because these nitrides also serve
to prevent the interlayer diffusion of contaminants between adjacent thin films.

20 Specifically, layer 36 prevents upward diffusion of doped silicon moieties from
substrate 22. This type of diffusion can produce a multitude of charge traps that
will, in the absence of layer 36, significantly impair the electrical stability of the gate
region.

Ferroelectric gate layer 38 is positioned atop buffer layer 36. Ferroelectric

25 layer 38 s preferably a ferroelectric metat oxide layered superlattice material. The
term “layered superlattice material” is used herein because no well-defined
accepted term exists in the art to describe these type of materials. Layered
superiattice materials at least include all three of the Smolenskii-type ferrosiectric
layered superlattice materials, namely, those having the respective average

30 empirical formulae:

(1) AniS:ByOsmeei

(2)  AniBrOsmis; and

3)  ABOsma

-4-
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wherein A is an A-site metal in the perovskite-like superiattice, B is a B-site metal
in the perovskite-like superiattice, S is a trivalent superiattice-generator metat such
as bismuth or thallium, and m is a number sufficient to balance the overall 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 value. These mixed layered superlattice materials actually
comprise a plurality or mixture of perovskite-like layers having integer m values
according to Formula (4) below. The separate layers spontaneously generate from
solution and do not require separate deposition steps. The A-site metals and B-site
metals may include mixtures of cations having similar ionic radii.

In layered superiattice materials according to Formula (1), thermodynamics
favor the formation of oxygen octahedra structures in layers having a thickness of
m octahedra according to the formula

(4) (An1BrOsma)™,
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

(5) (Bi,0)*,
wherein Bi is S of Formula (1).

The superiattice-generator fayers, S, include oxides of bismuth (i), and may
aiso include other similarly sized trivalent metal cations such as thallium (Hl).
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 layered
Superlattice material according to Formula (I). The most preferred layered
superlattice materials include strontium bismuth tantalate, strontium bismuth
niobate, and strontium bismuth niobium tantalate. Additionally, it can be
advantageous to provide these materials with a mixture B-site elements including
vanadium and tungsten.

Top electrode 40 is preferably formed of a noble metal. Platinum is the most
preferred metal. A top insulator coating 42 covers electrode 40, and is preferably
silicon dioxide. Metal source/drain leads 44 and 46 are respectively received within
the corresponding contact holes 32 and 34, and contact source/drain regions 24
and 26. Leads 44 and 46 are most preferably made of platinum metal. A second
oxide coat 48 is formed over oxide layer 42 and leads 44-46. Contact hole 50 is

5
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substrate, drying the precursor in the presence of ultraviolet ("UV')
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silicon or, nores paehmtiantfigid 15 pRABACHS talhsidt 'cu%rqtva%pgsls?anyaelr 38 Ifs!olng for example,
lead 46 to iead 44 when the voitage difference is below the maximum cutoff value,
Thus, device 20 operates as a memory storage cell having a "zero" value when
current can pass from lead 46 to lead 44 and a "one" vaiue when current is

prohibited from passage. Switching of the ferroelectric polarization state can

20 consume or release charge. The use of a layered superlattice material for

ferroelectric layer 38 permits the long-term retention of a given polarization state for

many days, weeks, or longer periods of time. Continuous short-interval refreshment

(e.g., microsecond intervals as in the case of dynamic random access memories)

of the memory storage state is, accordingly, not required.

25 Polarization switching of the material in ferroelectric gate layer 38 can be

accomplished by creating a voltage differential across layer 38 to provide a

corresponding applied field that is capable of switching the polarization state of the

thin-film layered superiattice material. The voltage difference can be caused by

raising the voltage in wiring layer 52 relative to leads 44 and 46 to a sufficient vaiue

30 for switct'\ing of layer 38. Switching can also be accomplished by raising the voltage

in leads 44 and 46 relative o wiring layer 52. Where the respective metalization

layers have voltages that are large enough to cause switching if applied across

layer 38, switching can aiso be accomplished by dropping the voitage in the

5
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Conventi onal n-dopants include phosphorous, arsenic, and ¢ .
Source/drain regions 24 and 26 are n-doped or p-doped silicon. Regions
24 and 26 are n-doped when _

PCT/ US96/ 13310 substrate 22 is p-doped. Conversely regions ZX and
26 are p-doped when substrate 22 is n-doped. Substrate 22 may al so

- . tegial uch as gallium
e s it L g L
silicon technologyﬁ§dW¢§B§kWD0331hOS$ Sk'L|edf'2uEherZ[ésl 5 wl An
ST on 1 ayer oo, £ ) 24P el Bl bl e s o o e
formed of silicon frosipec Mmmi(ﬂfﬂg Ugﬁﬂigﬁ?.' Dggk@‘lﬂgsii’ésél_ﬂgagg!!y tlzig‘ilargg
e e 1! 8 8 ROl B O o S B Bl ol 58 48 o
10 Buf f er ¢QnpequeBtly,iths layenset F@.@hmwrﬁﬁdaﬁtiann&mseﬁﬁ}gﬁ{ red
contact hole 30. 1o FiG. 1 D&Vic 86 b4 bl UsEl i Gifier Stoul Sopiitationt iniaddiion o tha.
ilicon nitride angtltanlumnlﬁél ) %%IW?I’H@@@M@_
B'r eferred. Layer 3%mbadimertiof devicen@.nskhiecuseosf buffer layr '367i6 proferdd Hedhidd £S
on substrate 22. TgWGed 4 GRS indrbiindFih the BbidfiSation Ehacteristics of fermoetectric
~ 10 layer38. The most preferred application of device 60 is as a MOSFET gate (see
FIG. 1), however, the essential elements of device 60 can be used in other
applications.

An oxidation phenomenon can occur during the manufacturing process for
device 60 in which the side of the silicon nitride layer 36 closest to the ferroeleciric

15 layer 38 is oxidized during the oxygen anneal process for the dried strontium
bismuth tantalate precursor solution. The resultant formation of a thin silicon
dioxide oxide layer 62 is undesirable, but sometimes unavoidable. A layer 62 that
is formed in this manner can act as a parasitic capacitor, however, the actual
parasitic effect is negligible. The effect of this thin film is of more consequence

20 whenitis desired to arient the farroelectric layer 38 by exposure to radiation during
the manufacturing process. Accordingly, when the growth of ferroelectric iayer 38
will be oriented by radiation exposure, it is preferred to enhance the uniformity of
hwx&Zby&mnhgakweﬁﬂhﬁsmum.mew&Zb;mﬁaaMyﬂxmedbyoﬂdkhg
the silicon nitride surface layer with a thirty minute anneal at 850°C in an O,

25 atmosphere.

FIG. 3 depicts a flow chart of a process for making MFS device 60. The
process shall be discussed in terms of the embodiments of FIGS, 1 and 2, but those
skilled in the art will understand its applicability to other embodiments.

In step P70, a silicon wafer is prepared as substrate 22 for the receipt of

30 additional layers. A conventional water or solvent wash will suffice to clean
Substrate 22. Substrate 22 preferably contains n-doped or p-doped silicon, and can
be doped as required according to conventional protocols known to those skilled in
the art

-7-
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10 essential elements.

Step P72 is a highly preferred but step that includes the formation of buffer
layer 38. Silicon nitride is formed by fow pressure chemical vapor deposition with
the substrate heated fo a temperature ranging from 700°C to 1000°C. Altematively,
silicon nitride can be sputtered to a preferred thickness ranging from 100 to 200 A,

15  after which the substrate can be heated or annealed under nitrogen. The preferred
anneal profile includes a duration ranging from two hours to thirty minutes at a
maximum anneal temperature of about 600 *C including a five minute ramp up to
the maximum temperature as well as g five minute ramp down. Yet another
alternative is to sputter the buffer layer from a target of source material. After

20 cooling of the substrate, step P72 includes capping the buffer layer 36 with a layer
of silicon dioxide or spin-on glass if it is later desired to orient ferroelectric layer 38
by exposure to radiation.

Step P74 includes the preparation of a liquid precursor solution having a
plurality of metal moieties in effective amounts for yielding a layered superiattice

25 material upon thermal treatment of the soiution. These solutions are designed to
yield respective perovskite-like metal oxide layers separated by bismuth oxide
layers and having an average empirical formula according to Formula {1) above.
These solutions are formed of essentially anhydrous polyoxyalkylated metal
complexes mixed with a compatible solvent. The precursors more preferably

30 include at least three metais. The polarization performance of layer 38 wilt in large
part derive form the type of precursor solution selected, the purity of the reagents
selected, and the subsequent processing of the solution. Additional details
pertaining to the production of these precursors will be provided below.
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’ and for five minutes at 400°C. Additionally, it is preferred to conclude the drying

cycle with a brief hesting 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 P78 is essential in obtaining predictable or repeatable electronic properties in

20 the final metal oxide crystal compositions. Drying is conducted simultaneously with
exposing the precursor film to UV radiation. UV drying will produce a layered
superlattice material having a C-axis orientation with improved electrical properties.
This C-axis orientation can improve the dielectric constant and leakage current
values that are obtained from the corresponding thin film of layered superiattice

25 material. o

in step P8O, if the dried film from step P78 is not of the desired thickness,
then steps P76, P78, and P80 are repeated until the desired thickness is 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.

30 in step P82, the dried precursor residue from step P80 is annealed to form
the layered superlattice material of layer 38. This annealing step is referred to as
the first anneal to distinguish it from other annealing steps, however, it should be
understood that other anneal steps can occur prior fo this “first anneal." For
example, steps P70 and P72 each may include numerous annealing steps. in step
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advant ageous to provide these materials with a mxture B-site el enent s
I Acl udi ng vanadi um and tungst en. Top el ectrode 40 is

preferably forned
met al .

of a noble nmetal. Platinumis the nost preferred

A top insulator coating 42 covers electrode 40, and is preferably 30

silicon di oxdoYOMEATM6 source/drain | eads 44 and 46 are respepetssissio

recei ved within

source/drain regions 24

the correspondi ng contact holes 32 and 34, and cont act

and 26. Leads 44 and 46 are nost preferably
formed over oxide

made of platinum de.c 48 i s
| ayer 42" and | ead gp 5% oy W mﬁ'b’f".'é‘ggf@? slgeéjprecursor fesidae of step P80 heated in
-5 WO 97/ @Tifusion furnace under an oxygen atmosphere to a temperature rang
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indicated anneal times inciude the time that is used to create thermal ramps into
and out of the furnace.

In a commercial manufacturing procéss it will be advantageous to provide
careful control of all annealing temperatures and times for purposes of provudmg
consistent and reproducibie resuits.

in step P84, fop electrode 40 is deposited by sputtering platinum atop
ferroelectric layered superiattice layer 28.

The device is then pattemed in step P86 by a conventionat photolithograpy
technique, e.g., one including the application of a photoresist followed by ion
efching lithography in step P84. This patterning occurs before the second anneal
of step P88 so that the fourth anneal will remove patterning stresses from the
resultant integrated circuit {e.g., devices 20 and 60) and correct any defects that are
created by the patterning procedure.

The second anneal of step, P88, is conducted in like manner with the first
annesl of step P82.

Finally, in step P90 the device is completed and evaluated. The completion
may entail the deposition of additional layers, ion etching of contact holes, and other
procedures, as will be understood by those skilled in the art. For example, these
procedures could include the formation of contact holes 32 and 34, the deposition
of leads 44 and 46, and the provision of layers 42, 48, and 50, to complete device
20. The final product may be sawed into separate units to separate a plurality of
integrated circuit devices that have been simuitaneously produced thereon.

A preferred general process for preparing the polyoxyalkylated metal
precursors of step P74 includes reacting a metal with an alkoxide {e.g., 2-methoxye-
thanol) to form a metal alkoxide, and reacting the metal alkoxide with a carboxylate
(e.9., 2-ethylhexanoate) to form a metal alkoxycarboxylate according to one of the
generalized formulae;

-10-
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44 i 5 bel ow a maxi mum cutof f val ue. This maxi mum cutoff value is preferably
Sj X volts or less and nore preferably fromthree to five volts. Once
swi tching of |ayer 10 38 has been acconplished, the voltages in all of
the metalization |ayers (40, 44, 46, and 52) can be rel axed w thout
altering the wwoenorssul ati on state of transistor 20. | fePicéeBanodl |
the polarization state of gate layer 38 will remain indefinitely until such
time as another applied field across Iayer 38 induces switching. In the

ot her pol ari zatiop, state, e.g. e atively switched state,

ferroel ectric gate Iaye@)38 | acks 15R aM('Q'BX&"'fieI d to prevent the
travel of current acros? )l ayer 38 frqre-cloy MEoOm|-6-C-RY,,), | €ad 46 to |ead

44 when the voltage, dif ence | s bel'ow t hé' maxi num cut o1 val ue.

Thus, device 20 op¥hafeiaMis | eAtipn haying Ao %9'["4'%&5(%*"@@"6”\!&5@9@
when cur r ent cation aﬁbﬁl@ﬂé&@fbe‘b’ibtﬂmh MPéhd'NI Sreférably BB i eﬂéﬂd&\‘iﬁﬁ“
current is pr hﬁplted rom&gssasci Swi t chi hg of theferroel ctric
pol ari zati on state® @ &l?r%ﬂ stinaoldantajum, saicium, bispithg jead, yiium.cd

superl atti ce mat er sedndfuer, lanthanufneéﬁmbmﬁfchto?mbﬂ)’%mﬁ& Bﬁhfﬂrﬁ Siuﬁi&ieﬂ %b.drﬁf m

retention of a given polarization state

or )
| onger periods of ¥ '”W’PMB{E‘W% iFRne coBalt, F&Pbgﬁﬂﬁﬁﬁlum, molypég\um
m crosecond i nter vstrontiam, wuﬁrbﬁtaﬁm dhﬁzshwm:rfd REEE FESpBEMRSRKyTRIGUpstabing
of the nmenory storﬁ&.ﬁ gte I S accor nga¥ not required. 25
Pol ari zation switc &ﬁﬁ gliyl gzoupheving fom 3 to QFEM@W%
be acconpli0sh¥he mrfemmmhhk@eerwdi Lonau-MD- atiuetie, | i8 n?
provide a corre wg'ﬂeo’ atgg ied field that is capable of svmt Ing The
bol ar i zati on st at cPBIETeUS o b formation i Selykaref ) east Patof doe Metal 1o Qxygemhc
vol tage differencebers that wiltezistin e final sofichi Gxﬁi@?r age in wring
| ayer 52 relative to | to a sufficient value 30 for

swi t ching of |ayer 38. e@ﬁﬁ'ﬂﬂém'sm %ﬂ?@'@ halkaxidecs metalrcarboxyiate, and
vol tage in | eaﬁwm m;ﬁ&l n%?&&aﬁgﬁ%iv nt
respective net gl t% I ayers h e voI t‘ages t are arge enoug
cause switchi nas ép% %%’g@m %‘? awssmummgmamlmm
acconpl i shed by drxyge spartictlanypiefgred dueltdithe corresponding avoidance of water-induced
- 6- polymerization or geliing, which can significantly reduce the shelf-life of solutions
that contain alkoxide ligands. The presence of any hydrolysis-inducing moiety in
solution is preferably avoided or minimized. Hydrolyzed precursors, such as
20 conventional sol-gels, may alsc be utilized, but the increased solution viscosity
tends to impair the uniformity of thickness derived from the preferred spin-on
application process, and the quality of the hydrolyzed solution tends to degrade
rapidly with time. As a consequence, made-ready hydrolyzed gels increasingly
yield poor quality metal oxide films of inconsistent quality over a period of time. The
25 preferred method permits the preparation of precursor solutions well in advance of
the time that they are needed.

The precursor solutions may be designed to yield corresponding layered
superlattice materials or perovskites, with the understanding that the formation of
oxygen octahedra structures is thermodynamically favored where possible.

30 Generally, in terms of either the perovskite-like octahedral structure or the
perovskite octahedral structure, equivalent substitutions may be made betwesn
metal cations having substantially similar ionic radii, i.e. radii that vary no more than
about 20% &t the respective lattice sites. These substitutions are made by adding
the alternative metal moieties to the precursor solution.
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PET/ US96/ 13310 respective netalization layers (40, 44, 46, and 52)
to place a coercive swtching field across |ayer 38. _ tal
FIG 2 depicts a second enbodi nent of the present invention, i.e., al
ferroel ectri c wovromssiuct or ("MS"') device 60. Device 60 is ?ﬁﬁﬁ; é{gt
sane 5 as the transistor gate layers 60 that are found w AN
hole 30 of FIG 1 and consequently, the layers of FIG - a\ég can be
retained identical é @WI tni rqeaﬁP to FI Sutiolﬁs ill?g\&;e_ i
used in other ci rcwt a'pié P %&?’t%ﬁ'ﬂcﬂf*ﬁé therprefe
devi ce 20. The usemstalpudf chel dyﬁwﬁ@a@sﬁwrfg‘;g%ﬁh acterl s"Pthga'ofm a
vi des a drarratl _
1Pre(r)roel ectric Sﬁom%ép'ﬂg @sePrding to theempiricst foroulac Fhéd- i s

as’a MOSFET gat c (sﬁevomon s prefsraly forinedty Seactin With uH AL of LArIBRAC allrat
Sﬁ\e“ng(rareggncggnboccur é‘?iﬁﬁ% %ﬁﬁ?&g&ﬂ’m 'MQQPP@FSlSthOdeBEHSEP&O

in which the side bt%an&nﬁweﬂthtéédﬂ dﬁe'B??i%r gen yhéégﬁdﬁ?&?g@g
;g;r?ﬁgeg“;g stroajt'l um ik 'f‘ﬂh?d? 8'935 menhiﬁlmd)fmmmue
resul tant formati ogrous consistingiof2r] Ta, o, W, V, NB and skt &% %ﬂ‘%

A l a er 62 t hat
{1 mmer. can adt GLOANBHEE R st Hphiooshis s e procc
parasitic effedd iduentegprioblemsthall Berivel e titdiiurh Reiffustad ifto bth? IntegPlted Riréuit
consequence components and point charge defects that arise from different valence states
among the titanium ions. Even $0, the exceptional dielectric performance and
longevity of BST materials makes it worthwhile to accommodate the possibiiity of
titanium diffusion. In the case of layered superiattice meterials, there is also added
15 atrivalent superlattice-generator metal, which is preferably bismuth. With heating,
the bismuth content wilf spontaneously generate bismuth oxide layers in the layered
superiettice materials, but an excess bismuth portion can also provide A-site
elements for the perovskite-liks lattice,
FiG. 4 depicts a fiow chart of a generalized process according to the present
20 invention for providing a liquid precursor solution to be used in step P74. The word
"precursor” is often used ambiguously in this art. It may mean a solution containing
one metal that is to be mixed with other materials to form a final solution, or it may
mean a solution containing several metals made-ready for application to a
substrate. In this discussion we shall refer to the made-ready type of precursor as
25 a "precursor,” unless a different meaning is clear from the context. in intermediate
stages the solution may be referred {o as the “pre-precursor.”
The preferred generalized reaction chemistry for the formation of liquid
solutions of metal alkoxides, metal carboxylates, and metal alkoxycarboxylates for
use in producing the initial metal precursor portions is as follows:

30 (8) alkoxides - M™ + n R-OH —> M(-O-R), + n/2 H,
(9) carboxylates - M™ + n (R-COOH) —> M(-OOC-R), + n/2 H,
(10} alkoxycarboxylates - M(-O-R’), + b R-COOH + heat —>
(R-0-),,M(-O0C-R), + b HOR,
-12-
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20 Wwhen it is desired to orient the ferroelectric |ayer 38 by exposure to

I ati ' ' ' when t he
radi ati on during the manufacturing process. Accordingly, whe
grow h of ferroelectric |ayer 38 will be oriented by radiation
exposure, it is preferred to enhance the uniformty of | ayer 62 by

formng a | ay8YO8207846 si | i con. Layer 62 is preferably formedppyQ¥dndssni NI
t he silgi con %itride surface layer with a thirty mnute anneal at 850[err] C
in an 02 25 at nosphere. FIG 3 depicts a flow chart of a

' | . . ss shal | be discussed in -
erme of the onboamyer A Bl GaiphRying a cBfod o 5.2 = rumietpimales peerimovi
wi | I understand i t acidsangingdom Dtgn;tR) isdrhalky! @e ?a?ﬁrﬁtfﬂ!]ne‘i F0e105e ti.%aprPor(; ?‘.d:glbsséﬁdg
ZZS: t ?oﬁ;: | fQSer“’?f ﬁA‘*@rﬁ%’ﬁ?ﬁ%’ﬁ%@?@Bﬁ@é&? CRERMBEN wi Il suffice to
cfean substrate 22.ln$tap§!925aﬁrsﬁﬂetial$ wfgwaaﬁgo?y?enéﬂnggmen | Oﬁgfaﬂ_oﬁ?i?d
Bt ot ool s known 2 0" 8RS Bhol 4 bt to¥em & meial aiorycarboryate pre-
= | precunsar. et process incluties reaclisg & MbRl with 4h hkd%?g&%.?z-ﬁ%dﬁ&
of anisolatlonl% p % aii?gfalﬁd%qlngner %3 %ﬁ&%&{?@gﬁn&hey -
formed by conventi oné?)%e ﬂg‘q‘ﬂ(ﬁ 99 . 99 Qg anetsl
inadiff uiiogn 1; ;J]r alkoxidatwith Becalb?wliu rabic.l Q&Eg@eg) 1 Camoi%gag?;{%eﬁmggrﬁgﬁ
thr Z‘ﬁgﬁt | ;yef [ 28 proxrmal 0 ﬁ%&@@q@ﬁﬁﬂ%@b N ERacHEN aceorcking o Equation (9)
constructed. THE 'is alsosbssivadinthe praverrecmdtel ihehthe rebelsd idtal Diilkerdously
; ?g[ g g{) F; alk EO\rNﬁglt i %’?ﬁ@&‘. tf-? alcohol aﬁﬁ@%ammf simultane.ous reactions are

conducted in a reflux condenser that is heated by a hot plate having a temperature
ranging from about 120°C to about 200°C over & period of time ranging from one
to two days to permit substitution of the alkoxide moieties by carboxylate ligands.

18 At the end of the initial one to two day reaction period, the reflux condenser is

opened to atmosphers, and the solution temperature is monitored to observe a
fractional distillation plateau that indicates the substantial elimination of all water
and alcohol portions from the solution, i.e., a plateau exceeding at least about
100°C, at which time the solution is removed from the heat source. Distiilation to
20 atmospheric pressure is more preferably conducted to a temperature of at least
115°C, and most preferably to a temperature of about 123°C to 127°C.
in the above equations, the metal is preferably selected from the group
consisting of tantalum, calcium, bismuth, lead, yttrium, scandium, lanthanum,
antimony, chromium, thallium, hafnium, tungsten, vanadium, niobium, zirconium,
25 manganese, iron, cobalt, nickel, magnesium, molybdenum, strontium, barium,
titanium, vanadium, and zinc. Alcohols that may be used include 2-methoxyethanol,
1-butanol, 1-pentanol, 2-pentanol, 1-hexanol, 2-hexanol, 3-hexanol, 2-ethyl-1-
butanol, 2-ethoxyethanol, and 2-methyl-1-pentanol. The alcohol is mot preferably
preferably 2-methoxyethanol. Carboxyiic acids that may be used preferably include
30 2-ethylhexanoic acid, octanoic acid, and neodecanoic acid. The carboxylic acid is
most preferably 2-ethylhexanoic acid.
The reactions of step P92 and subsequent steps are facilitated by the use
of a compatible solvent. Solvents that may be used include xylenes, 2-

methoxyethanol, n-butyl acstate, n-dimethylformamide, 2-methoxyethyl acstate,
-13-
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i i 28 are described as a
tching of contact hole 30 and the use of oxide |ayer (
Srefer?ed enbodi nent, but the construction of device 60 does not require

[ P72 is a highly
these 10 features as essential elenents. Step ghl
preferred step that includes the formation of buffer layer 36. S|I|con
nitride is for\alsimrs4sow pressure chem cal vapor deposition w 1§5
substrate heated to a tenperature ranging from 700[err]C to 1000 err

Al'ternatively, silicon nitride can be sputtered to a preferred thickness
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| ayers and havi iy &9 mmmg:amemsr Kyleaeaandmdanga Epert refeired
above. e ;sz e ng?brui s&&%t@raﬁdfn‘-)é(d@ é&i@%eﬁ{b%l{r{y % Polas cosolyent T,
B(r)la)ég)rqs/gr syrmr e prefer c’ﬁﬂ'?m?ﬁ)"f step |P§amtbe| Wdtmmﬁw tHat '"éé-fhﬁd'at? f)"?‘n?'
pol ari zation perf ofdiRERS c& bé 8MA eaf%n m#réﬁgr%ﬁﬁfr&}y of of rt Where tantalum
the type of precursor solution Select o

sel ected, and the $ebueddainevailablect wilkaplytie prhfemtasweﬁtuteﬁﬁdlsbb%%eﬁﬁﬁ
pertaining to 5 WitRGWH bedptadle cifbakylBle>fighnaChy mvg&tng e ekt Soices wih- a

carboxylic acid such as 2-ethylhexanoic acid according to Equation (10).

In a typical second step, P94, 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 superlattice-

20 forming metal moieties that is capable of yielding a solid metal oxide for layer 26.
At this time the mixture preferably excludes bismuth compounds which, if needed,
are added later due to their relative thermal instability. Any of the metals listed
above may be reacted with any of the carboxylic acids listed above to form the
metal carboxylate, while any of the metals fisted above may be reacted with any of

25 the alcohols may form the alkoxide. it is particularly preferred to conduct this
reaction in the presence of a slight excess amount of carboxylic acid for purposes
of partially substituting alkoxide ligands with carboxylate ligands.

In step PS6 the mixture of metal-alkoxycarboxylates, metal-carboxylates
and/or metal-alkoxides is heated and stirred as necessary to form metal-oxygen-

30 metal bonds and boil off any low-bailing 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;

(11) (R-COO-,M(-0-C-R’), + M'(-O-C-R"), —>
-14-
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In step P76, the precursor solution from step P74 is applied to the
substrate fromstep P72. A spin-on application is conducted by
dropping the liquid precursor sol ution at ambient tenperature and
pressure onto the uppernost surface of substrate 22 then spinning the
substrate at fwowshksaat 1500 RPM to 2000 RPM for 5 about 30 _ 1
renpbve any excess solution and leave a thin-filmliquid residue. The
nost preferred spin velocity is 1500 RPM Alternatively, the liquid

recursor nmay be applied by techn o] Step
IIg78 I ncl udesydryl ng the |i qu?@%@%&é@l’% g’eﬁﬁ‘gn a hot
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f ou
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f d, h er le QLI | In.s I n \

el o i he 11 m JaipSgiVelielelfe pltesdr Bkarki M, (Roerait vid foSSuon oitiquation (1 v
five mnutes at ﬁowﬁ?ﬂwm%lam;zmmam%mﬁ%?@e@‘ ceelﬁgtgglot
drying cycle wt ‘ngb ﬁ%ﬁqﬁ I B3

, using a %u!niég ‘@'wiﬁh f it (] Eﬂ'b grethers boibeutof
1?0? thirty seco sprﬂeecursortdllgava@ﬁiaéprda?:&hmngiﬁﬁucaﬁo ja Méht%ﬁdﬂ'\e

di ct abl re
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exposi ng the precuft Mathmammmuwmemmmmuwdom crditiﬁglma
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espondi ng tig n rla
ctep PBo. i1t hi3 qehet Fpiinaritecd6t & arBiifto s nslidte. Which ends o sedure seariing
t hen steps P76, P78nddnfﬁmﬂ1mrmelﬂpeaasajmatalwxyghﬁnmlbbﬂdshi‘vﬁhmﬁndm
att ai ned. A L Pndiecitedt peftBAtiinch 19 ifiifbiey, 200 M (1800 A to 2000 A)

typically requires t ) o )
Step P96 is in essence a distillation to eliminate volatile moieties from
solution as the reactions of equations (11) and (12) proceed. The elimination of
20 volatile moieties from solution drives the reactions to completion, i.e., a high rate of
efficiency. The elimination of volatile moieties from solution also serves to prevent
film cracking and other defects that, otherwise, can be associated with the presence
of volatile moieties in solution. Accordingy, the progress of reactions (1 1) and (12)
can be monitored by the rate of solution heating as well as the volume of fluid
25 exiting the soiution. It is preferred to heat the solution to a boiling point plateau of
&t least 115°C, more preferably to 120°C, and most preferably from 123°C to
127°C.
If a metal-carboxylate is added to the metal-alkoxycarboxylate and the
mixture is heated, the following reaction occurs:
30 (13) (R-COO-)M(-O-C-R’), + x M'(-OOC-R"), —>
(R'-C-O-),M(-O-M(-00C-R"),,), + x R-COOOC-R'
where R-COOOC-R' is an acid anhydride, and the terms are as defined above. This
reaction requires considerably more heat than do the reactions (11) and (12) above,
and proceeds at a much slower rate.
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' i di scl osed

f a 0.13Mto 0.2GM precursor sol ution under the process _
ﬁgﬁgfno 30 In step sz, the dried precursor residue fromstep P80 is
anneal ed to form the layered superlattice material of layer 38. This

annealing step is referred to as the first anneal to distinguish it

from ot her ann®&l47ng@s4st eps, however, it should be “”qelr:%m%
ot her anneal steps can occur prior to this "First anneal or

exanpl e, steps P70 and P72 each may include numerous annealing steps. In
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i ndi cat ed anneal

ranps into amwﬂ'l(ﬂienmnétalsrascﬂisciosé@herem Full Bu&élﬁﬁﬁe ﬁﬁf%?grbeo ates
r ovi
t roc
gggﬂ glc chn[I QPI pannﬁ'rehtsfémnd%r%ur e\sﬁe%h@ﬁ ”dﬂ%ﬂ%fe’sa@%veﬁcam di ng

consi stent and #pr oduchbihe endxfistep P96, it is preferable tb'havé ftmied in sbidfion at least
el ectrode 40 is degggidrae MutaFB i 9&1&%'0?% et oxade layer 26. The reactions are
conducted in a vessel that is open to atmospheric pressure and is heated by a hot
plate having a temperature ranging from about 120°C to about 200°C until the
solution temperature is monitored to cbserve a fractional distillation piateau that
15 indicates the substantial elimination of ail water, alcohol, ether, and other reaction
byproduct portions from the solution, i.e., a plateau at least exceeding 100°C. At
this time, extended refiuxing can produce a potentially undesirable amount of an
ester or acid anhydride byproduct that is often difficult to remove from the solution
by fractional distillation. The potential complication of an excessive acid anhydride
20 concentration can be entirely avoided by adding only metal carboxylates in step P94
to eliminate a possible need for refiuxing the solution.

Step P98 is an optional solvent exchange step. The use of a common
solvent in a variety of precursor solutions is advantageous due to the predictability
of fluid parameters such as viscosity and adhesion tension, which influsnce ths

25 thickness of the liquid precursor film after it is applied to a substrate. These fluid
parameters also affect the quality and the electrical performance of the
corresponding metal oxide film after annealing of the dried precursor residue. In
step PS8, the standard solvent (e.g., xylenes or n-octane), is added in an amount
that is appropriate to adjust the intermediate precursor to a desired molarity of

30 superlattics 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




' ric layered superlattice [ayer 28. 15 The device is then
L:{{gslnggti n ste% P86 bypa conventional photolithograpy tgchm que,
e.g., one including the application of a photoresist followed yhlon nd
etching lithography in step P84. This patterning occurs before the seco
anneal of WOUBPTSHBS so that the fourth anneal will renovedas nd
stresses fromthe resultant integrated circuit (eg., deV| ces a
60) and correct any def ects that are 20 created by the patterning

nducted in |ike
procedur eth ‘he 1 Soe sgﬁﬁ%;i?hg%g?% %mﬁrs%@?nss‘u%‘c?&t@dpwwmyep
POO ¢ WId vice is @Qﬂ'ﬁmw mmamwmasﬁhﬁoﬁhﬁﬁh § thePdesired mdldnty.£Nt ai |
P90 the de contact hol es, ® and
R85 S i ol e S oo e

25 edur es,
gigrengl e, Ito nge sumﬁrbﬂmm terigis that mcludelusnmhﬁ Bigfi { B?" Bithé Aidls

46, and he rovi si o
21 2L st il ok e sl e
sawed into separ at be bismush trb2sthyhexanoatep Trs aldiiivn of bismuth p EL&GE%&Q subse- |
circuit devices It hg&*gess Bg@pg%égglﬁt%eous lf%ﬁ%f;%}&g&;ﬂgﬁmnyofﬂ\ese
B; :I:ﬁ; ;g(rjs ggp e;? o pprlra(i)nremmd 8., reubstantiaf aemgaéomg ;dbr?eag{)#rggiaﬁgéﬁdg with
2I E?)E( Ihg)éy\?\ll- th a car oxy gét?eeéﬁ&m%e%% %t%hé 2 Yekdsuperorthindiim
:| koxycar boxy! d0e metstmitiesy ltishouid beaindefstood thatdters PO EshtibAAITH tafsense that
- 10- bismuth pre-precursors can often be added in any of steps P92 and P96 without
problems.
Special problems exist with regard to the potential for bismuth volatilization
during heating of the precursor solution and, especially, during high temperature
15 annealing of the dried precursor residue in forming a layered superlattice material
of the desired stoichiometric proportions. Accordingly, in step P100, itis preferred
to add from about 5% to about 15% excess bismuth for purposes of compensating
the precursor solution for anticipated bismuth losses. At annealing temperatures
ranging from about 600°C to about 850°C for a period of about one hour, this
20 excess bismuth moiety in the precursor solution will typically range from 5% to 15%
of the amount that is required for a stoichiometrically balanced layered superlattice
product. In the event that the excess bismuth is not fully volatilized during the
formation of a metal oxide product, the remaining excess bismuth moiety can act
as an A-site material and, thus, induce point defects in the resulting layered superia-
25 ttice crystal.
in step P102, the solution is mixed to substantial homogeneity, and is
preferably stored under an inert atmosphere of desiccated nitrogen or argon if the
final solution will not be consumed within severai days or weeks. This precaution
in storage serves o assure that the solution is kept essentially water-free and
30 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,
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PCT/ US96/ 13310 (6) (R-COO)[err]M-OR[err]
or (7) (R-CGCO)[err]M-OM (-OCR")[err])[err]
wherein Mis a netal cation having an outer valence of (a + n) and M is a
met al O¥0 PTTS46avi ng an outer val ence of b, wth M andedtusssassaoabl y
bei ng i ndependent |y 5 selected fromthe group consisting of tantal um
cal cium bisnuth, lead, yttrium scandi um | ant hanum anti nony,

h t hal | h f
manganese, fron. cobalt n%ﬁ"e“lmﬁf‘aé%es. ol ¥eictin process! 80 3ivbH Sboye, BB 4™
barium titanium Seperaizedand hersfore, Wﬂ@ﬁp@ﬁl”&c@:ml@mwm
from4 to9 carbon. %h%mé@% Elcoh&ls,%d@aﬁdxy %g@@ %m&fbﬁﬂlﬁéﬁo t%?

at ons. 10 The latter forrrula whi has a centr ruc
is particularly thatisarplisd fpetaﬂa@mﬁ%wthme@hew sol ution of at

| east 50% of thegnetal Tie kMY non-hmxtl?@hdfﬁrﬁﬁléé 3&& lr&rthepbgérrréd‘zﬁ idig %@P

solid netal oxide product I'qui d precurs I's prerera
a netal al koxi de ofefiadgiforpragtising the presentiinvention. i s nost preferably a net aI

al koxycarboxyl ate diluted with a xyl ene o eqsolvent 15 to a desired
concentration. The use of an essentiall ous net al al koxycar bo-
xylate is particularly preferred due t R FIONQEBNdi ng avoi dance of

wat er - i nduced pol y e pl| 2¥ERED R“S"l‘ﬁ antly
reduce the shel f-I I fe qof solutions sup WPEMQE%@ OXl| Q'ﬂqulqgands The

presence of any Onydrol yEN&; Preguser WW@SWF@WO 1 werecqbtmmemfrom the dndicated y
avoi ded or mi ni ni zeanmmewreegamwm@zowg Swpent i onal
sol-gels, may also be utilized, but the iIncrease ?utlon Vi scosity

tends to inpair thg Al ’

spi n-on appl §
solution tends to |
made-ready hydrg Vi
oxide filnms of 1ncp
preferred nethod petamtalgmt he prepar h 64852 0f] 43;
advance of thpentabufoxilat t hey}] are nedded.

| Ta(OC Ho)s

i 2-ethylhexanoic acid | 144.21
strontium 87.62

| bismuth tri-2-ethylh- | (765.50)

As a

80008

25 The tantalum pentabutoxide and 252.85 mmol portion of 2-ethylhexanoic
acid were placed in a 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 isolate the contents from atmospheric water.
The mixture was refluxed with magnetic stirring on a 160°C hot plate for 48 hours
30 to form a substantially homogenous solution inciuding butano! and tantalum 2-
ethylhexanoate. It should be understood that the butoxide molety in solution was
aimost 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
hours, the 50 ml beaker was removed and the hot plate temperature was then
35 raised to 200°C for distillation of the butanot fraction and water to eliminate the
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The precursor solutions may be designed to yield corresponding |ayered
superl attice materials or perovskites, with the understanding that the
formati on of oxygen octahedra structures is thernodynamically favored
where possible. 30 GCenerally, in ternms of either the perovskite-like

oct ahedr al str WQ9/0546r t he perovskite octahedral struckoressessie
equi val ent substitutions nay be made between netal cations having
substantially simlar ionic radii, i.e. radii that vary no nore than

about 20%at{he 1 ogRé ok e Hbiiae RIENE bR L bARDFR PSRN
? 1 1'_ ng WO 97/ firstreached a temperature %fj( 124°c%as a temperature indicator that ftexgitragt:)arlly
PCT/US96/ 13310 ail butanol and wehiBP hili SXifid 85 oo i (ﬂ-d;

sol utions include the preferre c{g s_m_ ﬁ e@?‘ﬁ?‘e gT@%‘ﬂ;

| ayered superlatti oo}t taroem temperature. st oi chionmetrical ly bal ance

conbi nati on accogdi ng t Thblropfiidh'dricic80 MPb Cn%thoyggmég?l solvgﬂn} y%t%ﬁg&(ﬂt[o &]5

is preferably formed py reacting wth an a

| east one A-site eI bduneder reaction 4o foam mm:whmau Irﬁtn;gomﬁnl Bértion
i, Sr, Pb,

glr ef e; ably derived l?%cvﬁ%n%dgaﬂﬂé%ﬁtm @ﬁ%tfre %’5?3“8&@?\9‘8 Wﬁtmt

| east one B-site eI t%@né@telateratemc md;teﬂmedforf've !g:wslwltbm&hi béakef

SPf
an egs' val’ ”EN ' %‘/8 ' ako g ;ﬂdéj:gprr”fgfﬁ Eirdmtgﬁto F%i;.lxla (©). TT'E lxi%%ﬁlﬁmi?
practice
the solution temperature was allowed to rise to 125°C for elimination of the 2-
methoxyethanol soivent from solution, as well as any ethers, alcohols, or water in
solution. After removal from the heat source, the flask was permitted to cool to room
temperature. The bismuth tri-2-ethylhexanoate was added to the cooled solution,
15  which was further diluted to 200 m} with xylenes to form a precursor solution that
was capable of forming 0.200 moles of StBi, ,,Ta,0,,; in the abssnce of bismuth
volatilization.
Accordingly, this example indicates that step P92, i.e., the reaction of
strontium metal, an alcohol, and a carboxylic acid, can occur in solution with the
20 tantalum alkoxycarboxylate derived from tantalum pentabutoxide and 2-ethythexan-
oic acid. Thersfore, steps P92 and P94 can be conducted in a single solution, and
in reverse of the FIG. 4 sequence.
The precursor formulation was designed to compensate for bismuth
volatilization during a process of manufacturing solid metal oxides from the liquid
25 precursor. Specifically, the Bi,,, moiety included an approximate nine percent
excess (0.18) bismuth portion. After accounting for the anticipated bismuth volatiliz-
ation 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.
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10 due to problens that derive fromtitaniumdiffusion into other
Integrated circuit corrponents and p0| nt charge defects that arise
fromdifferent val ence states tre—tt ym i ons. Even so, the
exceptional dielectric perfornance |t SﬁEET H’“@n@éﬁt}\ y of BST materials
makes it wort hmbiotersie accommodat e |t he pBERLAGEDI ty o pCE/BSIcHB10

diffusion. In the case of |ayered superlattice materials, there is also
added 15 a trivalent superlattice-generator nmetal, which is preferably

bi snuth. Wth heating, the bismuth Eggmtlig\n spont aneousl y
generate bisnuth oxide layers in the |aye superlattice material s,
but an excess bisnuth portion canFORMATIOMOEANMEIS BEVICE el enents for

e el Dved brocess hacor d ngAVING A SILIGON RIS BLEERRT AYeR) <Part . o @

a

li-qui d precursor sol utiAdevicebB0 wasdmade ssing aDWecuEur suiution that wa ipreparedr

one motal that i Ssgto Elghgle’t A comphigBlo i drelat iy sl b-dopel

solution, or it rragilioonwafaewasansaﬂuthmtecmrddmedugngatmdlm%tercfeamng

et or Lot he mado PO o8 sieof niride et e i ol p8ES et

di fferent neani ng dqpo&ltloarat 79076 using amsoursetof SlH}Gl,rarﬁmﬁy Htaubstratemm

th | ut bgy

prgf Z(r)r(l;dI ggng?gl I ze rea | on c%%r#}FP&f§PﬁPﬁéﬂ'feogh%{'}38ﬁ°%F"ﬁ ?aﬁ'f"&"a&g
sol utions of neklal maehingi des, metal car boxyl ates, and netal

| k b | at f i [ NI LI I

por 1 ons 15 as f ol gus’ 3™ ffct o5 ) Bl B, b o B 1
M-ORJ[err] + n/ZGanSéM}oaN gogpentration by thehaddition of1.08 inf n-buty! acetatehid

m 803 )R% [;; ]r] . brﬁFg%ssﬂethfauﬁh a 0.2 uhifiter. Thé!'skiBE WARR* ¥ &51500 rpm in a
( -0 ) [ err] M - COsoRyertiangl splb-cpg!RIg machine. An eyedropper was used to apply precursor

- 15 solution to the substrats for thirty seconds while spinning. The precursor-coated
substrate was removed from the spin-coating machine and dried in air for two
minutes on a 140°C hot plate. The substrate was dried in air for an additional four
minutes on a second hot plate at 260°C. The substrate can be dried for an
additional thirty seconds in oxygen at 725°C using a HEATPULSE 410 tungsten-

20 halogen lamp apparatus of the kind that may be purchased form AG Associates Inc.
as the heat source. The tungsten halogen bulbs includes eight J208V bulbs
{purchased from Ushio of Japan) for a total of 1200 W. The iamp heating profile
includes a 100°C/second ramp up to 725°C from room temperature. The spin-
coating and drying procedure was repeated a second time to increase the overall

25 thickness of layer 38 at the conclusion of Step P78.

The substrate (including dried precursor material in the position of layer 38)
was annealed under an oxygen (O,) atmosphere for eighty minutes at 800°C in a
diffusion fumace. This time included a five minute push into the fumace and a five
minute pull out of the furnace.

30 Platinum metal was sputtered to a 2200 A thickness using a DC magnetron.
The substrate was patterned using a conventional negative resist mask and argon
ion etching. After removal of the resist, the device was annealed under oxygen at
800°C for forty minutes including a five minute push into the diffusion furnace and
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PCT/ US96/ 13310 where Mis a netal cation having a charge of n; b

is a nunber of noles of carboxylic acid ranging fromO ton; R is
an al kyl group having from4 to 15 carbon atons and R is an al kyl
group havi ng fWe¥87%6 9 car bon at ons. I n step REANBb/33%6
metal, indicated by the termMin the equations above, is 5 reacted
wi th an al cohol and a carboxylic acid to form a netal -al koxycarboxyl ate

pre- pr ecur s @ffive htisut® bAIF 6Lt of # rHEGES ﬂfﬁaﬁ'& ﬁafﬁt’@ﬁeﬁfé{ﬁ . ol
(eg., 2-nethoye- thangl) tgr?g?dm a neta aﬁ}gm e accor Iﬁ}gﬁ?g&%&ﬁ&

Equation (8), and PERRIFS the netal al koxi de with a carboxylic acid
(e.g., 2-ethyl hexanoic acid) to forma net pLE 3 @l koxycarboxyl ate
according to Equation (10). A reaction accordin o Equation (9) 10 is

t
al’so observed in the preferred mcﬁoWQN@ﬁJﬁ%m i@Eal is
simul taneously § conbi ned\Nﬁﬂ@U?WSﬂ.'l%@N%TﬁﬂS?Pﬁ?FﬁﬁrMi c acid. The
are

si.mul-t aneous reactions are conducted i n a ux condenser that is
heated by a hot plate hHYaREcassobRyample 2 wss identically sandusteds exceptaien P72, which

120[err] C to abouinciides 8épdsf s hi ' '
to 'Evvo llays to pelrJ I t sfjbsti?ﬁ%eﬁ#l%%@g?ggﬂ‘ﬁﬁ%@gﬁ'2%‘%;/8?59%%9”5%
ligands. 15 At tIosmeddhatiackad siligen nitnideJayert38.t wo day reaction period, the

refl ux condenser is opened to at rms;gqu;l_ggd t he sol ution
tenperature is nitored tQ qQbserve a ractional distillation plateau

that indicat es ¥he subst anCGATBAGTANCENERSUS VOUTAGEMEASUREMENTS al cohol
ortions fromthe sol utg |
P I8&tronic SneasfirdthéHite Avers F%rgn ﬁ] ell"{}ﬁnpg%j 'rtpicaet were

100[err]C, at which tinme the solution is renove ] )
Distillation to 2Bfodyeed dnexamples 2:and 3.i SComperative ccapaitance vensus: voltage a

tenperature of at ineasirements wefelinhgé UdiRg a%l&@%dﬁr&ﬁ@'ﬁﬁ@wﬂrﬁe@n The a

rota s b JF abo ﬁ%ﬁ%@%ﬁ@@pg@ﬂ was 16295 pm?" Testing was conducied at
15  atmospheric pressure, a temperature of 17°C, and a voltage oscillation amplitude
of 0.05V having a 10,000 Hz frequency. The wait time between reverse direction
measurements was two seconds.
FiG. 5 depicts the capacitance versus voltage results for the strontium
bismuth tantalate device having a silicon nitride buffer layer that was produced
20 according to the method of Example 2. Vertical lines 110 (along the positive
switching curve) and 112 (along the negative switching curve) bisect the midpoints
of their corresponding capacitance curves. The area between the positive and
negative switching curves is a ferroelectric phenomenon that is known as a
separation window. Lines 110 and 112 indicate that the separation window has a
25 magnitude of 6.6V between the midpoints of each curve. The respective curves
also demonstrate a substantially vertical rise of 1.8 X 10" farads between the
maximum and minimum plateau for each curve. The steeply rising nature of the
respective curves in combination with a wide separation between the curves
indicates that the sample would make an excellent memory storage cell or gate in
30 the FIG. 1 embodiment.
FIG. 6 depicts the capacitance versus voltage results for the sample derived
from Example 3. The region of the curve denoted by the number 114 presenis a
swan-neck feature that is not found in the FIG. 5 curve. This necking feature
broadens the required switching range to a thirteen volt interval, which makes the
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consisting of tantalum calcium bisnuth, lead, yttrium scandium _

| ant hanum antinmony, chromum thallium hafnium tungsten, vanadi um
ni obi um zirconium 25 nanganese, iron, cobalt, nickel, nagnesium

nol ybdenum strontium barium titanium vanadium and zinc. Alcohols
that nmay be us¥@98¥846ude 2- net hoxyet hanol , 1- but anol , 1POBIISHEAR1Q
2-pentanol, 1-hexanol, 2-hexanol, 3-hexanol, 2-ethyl-1- but anol ,

2- et hoxyet hanol, and 2-nethyl - 1- pentanol. The al cohol is not preferably

preferably 2-net hOWMBﬁm&ﬁ&sM%uﬁ@ﬁm Wmhsatlﬁ%r %x&h@é a‘?ﬁa(e

Carbiy| o 2ot 0| BTG R GG o o 18 hsin ot
The reactions of smmwsﬁbmmbﬁmwmmsm;eaﬁeuw@télmﬁéumtbw

of a conpatible so]ven ents that may be uysed include xyl enes,

net hoxyet hanol , !?ﬁ}’("?? 3' ctric feyeL and theosilican awer. M‘Hﬂi{y@ﬂfpﬁny trap

ac;at ate, 5 levels and lacks electrical stability. Therefore, it is appateht from FIGS. 5 84d 8 that

97/ 07546 - - - - o

PCT/ US96/ 13310  the addition.of @ silicopilride laver 38 has stabilizedithe giepiricalstaisture of

| soanyl al cohol, cyediceepcanone, 2- et hoxyot hanol , 2-net hoyet hyl

et her, nethyl butyl ketone, hexyl aI cohol EXNIIBem anol , et hyl

butyrate, ritroethane, pyrimdine, bkahe, i sobutyl isobutyrate,

i sobut yl pr opi anammmnonrmmvaﬁen thMgnbetrgﬁgeaggsagﬂ ' as
- enzene and oc

ﬂaﬁﬁngf‘ﬂg'r’s 30 anggl J'gﬂflganHigg}émo Hng p ple 2 can be altered to include exposure

to UV radiation during the precursor drying process (Step P78 of FIG. 3). The UV
exposure serves to alter the crystalline orientation of the resuitant layered
superlattice material. A preferred UV source is the Danielson lamp. Measurements
of the spectral output for the lamp identify a spectrum ranging from 180 nm to about

15 300 nm with an intensity of about 9 mW/em? at 220 nm and 15 mW/cm? at 260 nm.
These wavelengths selectively target the carbon to oxygen bonds in the precursor
liquid for facilitation of the bond dissociation. The substrate is preferably exposed
fo UV radiation simultaneously with hot plate baking at 140°C and 260°C prior to
being exposed to light from the tungsten-halogen lamp.

20 A devics 60 was produced through Step P82 according to the method of
Example 2, except that Step P78 of the process included exposure of the precursor
to Danielson lamp UV radiation during drying. The manufacturing process provided
an unpatterned device 60 that lacked platinum layer 40, but had a UV-oriented
layered superiattice material.

25 The process of the above paragraph was repeated with the Danislson lamp
fumed off. The second sample was prepared in the absence of UV radiation, and
produced a non-oriented iayered superlattice material.

The respective oriented and non-oriented samples were subjected to X-ray
diffraction measurements, which confirmed that the UV-processed sample had a C-

30 axis orientation. Capacitance versus voltage measurements of each sample
produced results that were similar to FIG. 5, indicting a wide separation and steep
rate of switching. Leakage current was lower in the oriented sample, and the
dielectric constant was lower. Thus, the oriented sampled had an improved
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boiling points exceeding that of water for purposes of distilling the
precursor to elimnate water prior to application of the precursor to
a substrate. The cosol vents shoul d be miscible with one anot her and
may be conpatibly mxed in differing proportions, especially between
pol ar and apolW@938T4énts, as needed to fully 10 sol ubilze tHoTASY6A331i60r

I ngredi ents. Xyl enes and octane are particularly preferred apol ar
solvents, and n-butyl acetate is a particularly preferred polar cosol vent

Portions of step PYdratign ofifieribryPéts 'dﬂ"aﬂd”@h%ﬁ@ﬂpéeﬂ%gob&ﬁﬁéﬁg%%@t@&m

reagents can be obtained in reSearch grade purity. r-exanple

tant al um i soPRPoueRtedis@amples; | abie, it will only be preferred to
substitute the isobutoxide nmoiety 15 w tigyggy gpt abl e carboxyl ate |igand
by reacting the netal alkoxide with a E()F)!(%/ll\li c acid such as

car
2-et hyl hexanoi ¢ aci d accor di Y QRIENTAZIONON DiF T SUBSTRATES a t ypi cal
second step, P94 a netph r@{aﬁt lsk@xd be
added to the netal - al koxy%g?gg%rg?gﬁldﬁ%eff ec pﬂ%e am%@E%%§$&%Wm
i nt er medi at e pr ecuPidgutiy dantalgte, sampies 1thatwere formeg omdifiecsnt substrates. oThese
superl attice- 20 fgioabivemunis?HotdRhifbd SWhethsH thkS I ' L Ag lid
net al oxi de for Ia&ﬁr 26. il At ??s tine Ylhesw urgsﬁpﬁg%% 3‘3@ es
bi snut h conpounds %Hentad ans other-gubstrates besides silindacitridecrA presutsor tsokition was

relative thermal i dldebordi [3/5@,?,;1% ' ﬁe@f ?rggée
reacted with an o,fﬁ%_he car bo>'<‘§l ICc a idg is?é@ﬂgbrg&e '%e?%brsm %@R@Xp&%d
metal car boxyl dPe, ingifeckcamget withvadoys-subistrate isyerd including mSi; p8i, and SU8IOWi t h
any of 25 the al cohol s pray 7 86ttt Rfe FoUME! G- ' théed| ref.erred
to conduct this reaction ‘lmf? the%r eseﬁ?éré} d’é'ﬁ%ﬁ%?g@ exgée'é%{ntgrﬁ%}n‘&ééf
carboxylic acid foPerforngdsathe respective semplesalThe upperdwo cuvesitepedsieokresalts from
ligands with car bogglndheriénted 8athples, and ' 5{1&1 '
nmet al - al koxycar boxyl at es, net al -gg?ba(_)xy atbgtstom tﬁ}eétgﬁﬁrfgr%p&e at%ﬁ%ggﬁgg@ei S
heated and stirre tedtapplen: \The Y-axis fepresents asniferanabseptioncount sbaledbathas
boi | of f -any | db Disderi atfusiéd 19 en 8ty 0 {008 raieioP G R6h el
reaction. Accoding to,a enera?i zed react?@n t eglr:-)y, 1T a nmet é‘fé-%ﬂ%?‘h%"i S
added  to the me@éﬂwmmm Bach cunve isiabeled with the typesefsubsirate
fo:v: ?WI C}n% Ir? G?Ft i o]nm which®ise 8fBi,Ta,0, material wad forme&- FRE’C-bs bilidAtafidi-ofthe LRV |
+ - -R')[err]_-> .

exposed samples is apparent, e.g., as by the substantially increased intensity level

of peak (0,0,10) in the UV-exposed samples. This peak reflects only intensity

20 values for the C-axis 10 position. FIG. 7 proves that UV radiation will orient
ferroelectric iayer 38 in the same manner on a variety of substrates.
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Pé?’/US%/H“MU“WHH“““w ) (R-COO)MOM( OCR')[err])[err] +

COCR (12) CR)[err] + X
K‘/I(RlOC-R')[err] -> (R-CGO)J[err] -ﬁﬁ Q{E = bgr])Lerr] + XR-COO G R*
abo

where M and Mwarssomasal s; R and _ | S pefi/uRbériasiedr oup
5 preferably having from about zero to sixteen carbons; and a, b, and x

are integers denoting relative quantities of corresponding
substituents corresponding to the § |ve val ence states of M
and M. Cenerally the reaction of Equation occur first

since nmetal al koxi des r&ac# fepoeleckigddevice Ifm'nusaeumllnteglamkyiraﬁtsscotﬂ'm a

ethers having | ow lagiriddpd Bﬁ!ﬁl@s r The oil,

out of the 10 pre-precursaor t‘iléeave g'ﬂféﬁy'gyg g%ﬁ’@f’ #%R/Sﬁig ﬂﬁﬁéﬁ@
organi ¢ content an(fﬂnaaiedncdevmeciﬂﬁtedzmm met al bondfs 01;] t he II nal
desired netal oxide alr | the heating is
suffici ent, som);s of thegw%h?'ﬁ%ﬁa a‘%‘ﬁ%%’@&b‘ﬁ“'ﬁﬂaﬁ g nmetal -
oxygen- nmet al bonds and etapelectrodet er s general |y have higher boiling points
and remain in solution. These high boiling point organics slow down

the dryi ng process 15 after the final precursor is applied to a
substrate, which tends 2.0 r dhedsviceasiset forth in Claim aMettﬁﬁéIﬂ%evkbl@opérﬂbly

ei ther case, net aI d ang t
pr ecur sor performance l’é%{)@d\yﬁgg%%:r%fswr dramggggwsli;@ﬁrgnqlﬂoregggnce a
distillation to eli mnate volatile noieties from

3. The device as set forth in Claim 1 wherein said buffer layer includes
a nitride.

4 The device as set forth in Claim 1 wherein said ferroelectric material
is a layered superiattice material.

5. The device as set forth in Claim 4 wherein said layered superiattice
material has a radiation-induced C-axis orientation.

6. The device as set forth in Claim 5 wherein said layered superiattice
material is selected from a group consisting of strontium bismuth tantalate and
strontium bismuth nicbium tantalate.

7. The device as set forth in Claim 1 wherein said ferroelectric material
has a capacitance versus bias voltage separation window of at least five volts
between positive and negative switching curves of said window.

8. A method of making a device for use in integrated circuits comprising
the steps of providing a semi-conducting substrate having an exposed surface and
depositing a buffer layer directly on said exposed surface, said method
characterized by:

5 forming a layered superlattice material on said buffer layer; and
completing said device.
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sol u_t'i o] 'I!]lll tl&l“ﬁﬁﬁl ﬂms of equations (11) and (12) proceed. The

elim na atile noi eties fromsolution drives the reactions
to corrpletlon5| e., a high ratelg S ency. The elimnation of
volatile noieties fromsolution g (') §5E5B§A6cﬂﬁﬁwe ent filmcracking
and ot her def S¥@&71%86 . ot her wi sb__carlBPAABEBOCI atled wi th t hecpussense

of volatile noieties in solution. According e progress of reactions
(11) and (12) can be nonitored by the rate of sol ution heating as

well as the volune of fgui dma%ﬁemﬁa'és'éwférbﬁznscﬂéﬁb%em{lﬂ #ﬁé@r@ﬁlﬂ?

heat the solution to a poiling point plateau
more preferably toméé& WQQS&DIQMWWMdmewrsorsoluhon
127[err] C. to contain'd Op!ﬁrall@o?hfeﬁﬁ%iﬁgﬁﬁ %ﬁbél (%f’rfogm{ q‘ﬁF Qﬁl&quﬁhxared

met al. - al koxycar box¥l at mxture IS

reéaction occurs: ce“‘Q’.’Jﬂ'“(DR'Jl!%!")q@,fraajci\ﬂ!"-ﬂtﬁll!)-R‘)[err]
+XM (-OOC-R )[err]--> R-CGO)[err]M-0OOC-R")[err]) +
X .R- €00CC- R where R.COOOC-R is an aC|d anhydride, and the terns

are as defined above. TH-s The mefh@@&étﬁebfpﬂhelqtﬁiam&wmrdaldlstgp offormihg at
than do the reacti qiyredsiperiiite meaferiat HA¥Bdes applying er‘EQUfﬂrp?ﬁF&?gﬂutﬁn %‘ﬂa’m

sl ower rate.
97/ 07546 a thin film of said solution on said substrate.

PCT/ US96/ 13310 In addition to the above reacti ons which

produce netal - al koxycar boxyl at es,
11, ” The method as set forth in Claim 10 wherein said step of forming a

layered superlattice material includes depositing said liquid precursor solution on
said substrats to form a thin precursor film, and drying said film under exposure to
ultraviolet radiation to yield a dried thin film.

12.  Themethod as set forth in Claim 8 wherein said step of depositing a
buffer layer includes chemical vapor deposition of a silicon nitride layer.

13. The method as set forth in Claim 8 further characterized by a step of
making an oxide layer atop said buffer layer prior to said step of forming a layered
superiattice material.
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reactions occur such as: (14) M-OR)[err] + a HJerr]COH err]
+.heat -> M-Jerr]CHerr])[err] +a HOR, where the terns are as
defined above. This reaction, with heating in the presence 5 of excess
carboxylic acid, substitutes the al koxide part of the internediate netal -
al koxycar boxy|wo ererses orm a substantially full carboxyl ate;, RepByRfiasfol | S
now believed that a conplete substitution of the al koxi des by the
car boxyl at es does not occur with the paraneters as di scl osed herein.
Ful | substitution of the carboxyl ates requires significantly nore
heating, and even then may not readily occur. 10 At the end of step
P96, it is preferable to have forned in solution at |east 50% of the
netal to oxygen bonds of the netal oxide |ayer 26. The reactions are
conducted in a vessel that is open to atnnsphéf?c pressure and i s heated by
a ‘hot pl ate having a tenperature ranging fromabout 120[err]C to
about 200[err]C until the solution tenperature i s nonitoredapo
observe a fractional distillation plateau tRat 15 indicates the
substantial elimnation of all water, alcoho}, ether, and other geaction

byproduct portions frofxineg saldif o/ A/ h'. X €/ ; ¥ eXgEgdi ng

100[err]C. At t 5 oduce a po¥entially
undesi rabl e .amount of A ;r'%gride byproduct t at4és
often difficult to r¢ \ ' R

distillation. The potienti al SN IHITE d anhydride 20
concentration can be §ntig; nqhﬂggﬁgiv Bbxy\ates in
step P94 to eliniyate a\pps *;7/};4,, . e sol ut ilon.

Step P98 is an opti onaN Zalail e Nl X i et

solvent in a variety of] precubkdslZEpiitiB s j s {NwahReyeedsl due to fhe

predictability of /f281d paragp) ers gucBBagggiscagity and adhesfa

tensi on, which influengte the 25 i cknggs of the liquid precursor fi

after it is applied to-z . ate _ These fluid paraneters al/So affect
the quality and the electrical performance of the correspondi ng net al
oxide filmafter annealing of the dried precursor residue. In step
P98, the standard solvent (e.g., xylenes (F£§o? ane), is added in an
anount that is appropriate to adjust 't 9 nternedi ate precursor to a
desired nolarity of 30 superlattice ingredients. This nolarity preferably
ranges from about 0.100Mto about 0.400Min ternms of the enpirica

formula for the netal oxide nmaterial, and is

60
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nost "preferably about 0.1 30Mto 0.200Min terns of noles of netal oxide

nmat eri al that nmay be fornmed froma liter of solution. After the
additi on of the standard WO 97/ 07546

PCT/ US96/ 13310 solvent, the solution is heated to a tenperature
that is suffioyeosnises distill away any non- st andard seky®gcizsend
| eave a solution having the desired nolarity. Step P100 is

preferably used only in the case of precursors for |ayered

superlattice materials that inc¢lude bismuth. Bismuth (Bi[err]) is the nost
preferred 5 superlattice-generator elenenaf and the bismuth :
pre-precursor will nost preferably be bléhuth tri-2-ethyl hexanoate.
The addition of bisnuth pre-precursors szﬁrﬁéﬁgg guent to the heating of
step, P96 is preferred due to the relativ ility of these
pr-e-precursors, i.e., substantial heating could disrupt coordinate bonds

wth potential del et piious pon the ability of the solution
to yield superior thipgg i gles. It showHd-be—trderst ood that
step P100 is optional int gﬂé@ﬁ@@ﬁ?ﬁgﬁﬁl bisr$h&mﬂ% = @@ﬁ%ﬁinLﬁﬂﬁa”
often be added in any of P96 Wi t hou ﬁﬁ&

potenti

Speci al problens exist with regar
P precursor so

vol atilization durin
especially, during hiRffe17¢
residue in formng a | ayer
stoichionetric proportions. Accor
to add fromabout 5%to a
conpensati ng APPLY LIQUID
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the precursor solution for anticipated bisnmuth | osses. At annealing

t enper at ures rangi ng from about 600[err]C to about 850[err]C for a
period of about one hour, this 20 excess bisnuth noiety in the precursor
solution will typically range from5%to 15% of the anount that is

required for aWOUBPTHE onetrically bal anced | ayered superl att ipe®/s96/13310
product. In the event that the excess bismuth is not fully volatilized

during the formati on of a netal oxide product, the remaining excess
bi smuth noi ety can act as an A-site material and, thus, induce point
defects in the resulting |ayered superla- 25 +ttice crystal. In

step P102, the solution is m xed to substanti afs honogeneity, and is
preferably stored. under an inert atnospher f_desiccated nitrogen or argon
if the final salution will not be conﬁ@i thin several days or
weeks. This precaution in storage serves to assure that the solution
is kept essentially water-free and 30 avoids the deleterious effects of
wat er - i nduced pol yneri zation, viscous gelling, and precipitation of
metallic noieties that water canjinduce | n al KOXIde rrgamjs. Even so,

t he desiccated inert storageg aut iRBACT METALIALGOHOL@ND y ndcessary when the

precur sor, as is preferred, pri mdARBGXVLIGAGID30EORMA net 4l s bonded to
car boxyl ate |igands and al ko}y caMRIALALKDXCARBOXYLATE
-17- WD 97/ 07546
PCT/ US96/ 13310 l
ADD METAL-CARBOXYLATE
P94 AND/OR
‘ METAL ALKOXIDE
HEAT AND STIR AS NECESSARY
P96-— TO DISTILL OFF
LOW BOILING POINT ORGANICS
AND REACT TO DESIRED DEGREE
P98— SOLVENT EXCHANGE
P100—  ADD VOLITILE METAL ORGANICS
_ P102 —~ MIX TO HOMOGENEITY

AND STORE




The éxenplary di scussion of the reaction process, as given above, above is
generalized and, therefore, non-limting. The specific reactions that occur

depend on the nmetals, alcohols, and carboxylic acids used, as well as
t he amount of heat that is applied. Detailed exanples wll be given
bel ow. 5 WO9MIHE following non-liniting exanpl es set fadriuspassrrred
materials and nmet hods for practicing the present invention.
EXAMPLE 1 PREPARATI ON OF
A LAYERED SUPERLATTI CE PRECURSOR SOLUTION 10 The precursor
ingredients of Table 1 were obtained fromthe indicated conmer ci al
sources and subdivided to obtain the portions shown.
TABLE 1 _ For nul &5
Vi ght Mol ar 15 I ngr edi ent (g/ nmol)
Gans mole Equiv. . 3/gep—_ tantalum 546.52  43.722
80.001 2.0000 Vnipim ‘ L L ' err]
2--et hexanoic acid 144.p1
strontium 8@ 6p : : . 000Q45t rem bi srmut h
tri-2-ethylh- (765.50) 6f 752 87.401 2.1800 §tjrem exanogte (in
napt ha) 25 The nk al um penyjabut oxi de a 252. 85 mmol portji on of
2- et hyl hexanoi ¢ aci gy Wwere pla in a 250 mMyErl enneyer flaskw th 40
m of xylenes, i.e., abogi 0 1% h 100 mol of
tantalum The flask was ered wt bdaker to assist {in
refluxing and to isol ate& He content 1The

te for

m xture was refluxed wit& nagnetic s
48 hours 30 to forma suBstfantially
and tantal um 2-

tion including RQutanol

-

+31E120L 0 o
210

o 0
VBIAS (VOLTS)
FIG. 5
+5.7E‘11 [ | [ | ' ) 1 ) 1 ¥ 11 ] ] H i 4 | 1] 1 L 13 T }
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et hyl hexanoate. It shoul d be understood that the butoxide noiety in

sol ution was al nost conpletely substituted by the 2-ethyl hexanoic
acid, but full substitution did not occur within the heating
paranmeters of this exanple. At the expiration of 48 hours, the 50 ni

beaker was reN¥#d7846d t he hot plate tenperature was then 35perusH6asse
200[err]C for distillation of the butanol fraction and water to elimnate

t he - 18- WD 97/ 07546
PCT/ US96/ 13310 sanme fromsolution. The flask was renoved fromthe
hot plate when the sol ution first reached a tenperature of 124[err]C,
as a tenperature indicator that substantially all butanol and water
had exited the solution. The flask and its contents were cooled to
roomtenperature. 5 The strontium ang/50 m of 2-nethoxyet hanol
sol vent were added to the cooled m xture for reaction to form
strontiumdi - 2- et hyl hexanoate. A 100 ml portion of xyl enes was added
to the strontiumm xture, and the flask PARASNEONt ent s wer e
returned to the hot plate at 200[ err] CX&AYDIFERACTIGN! for five hours with the
50 m beaker again in place for rpEASURBMENPST orm a predom nant
tantal um stronti umwéé) al koxycar boxyl ate product according to Forrmula (6).
The beaker was renovedj and the solution tenperature was allowed T
rise to 125[err]C for fliminationjof the 2- SrBi,Tay Og
PROCESSED WITHOUT
UV RADIATION
<}
< S
= A
>
=
2
= —
2 2
m S
@<
< Aa.i—
0/1000 "“fAJ AN N
S o 3 =3 SrBi;Ta, 0
=1 ] g |I= 2132V
[=4
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o v UV RADIATION
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met hoxy @088/ PS&ol vent from sol ution, as well as any ethers, alcohols, or
water in solution. After renoval fromthe heat source, the flask was

permtted to cooIPrnooattempts at producimgp Mi3 devices Tsingta mdtectr'c rnatnna! as the
tri-2-ethylh dde to the cool ed sql ution, i ch was:

urt ner o 1 (TSAR nayB Hpdkisadhdeyicen BaVInG SanantaNGe SRR FoLRAR Bub RS thak
was capabl e ence
nas cepad p@seﬁ?ﬁ{]i‘n@&?& Z;%B:em%' s Rhicatdd 458 \fce]ééfﬂﬁﬁéﬂy%r%gaﬁm l%?té’%glrl&%

i ndi cat es t ratheferpelBéRic polaxzatnbdnpheaambnon which may der completelyelissipated.

al cohol a carbo li.c.a can.occur in solution with the 20 tantal um
al koxycaﬁbogﬁ‘ Wéﬁﬂﬁ%éﬂﬁ caRACHANRS YerUS(RItRge Iy AS ”Qeé*WPW

oi ¢ acid. THQ( EE@e‘ﬁ ord. SR Wg@tj\? :#@été@@yﬁ&lﬁg%‘f'% fidtdridi Bvs? 5'%‘:?/ wide

sol ution, in reverse

precursor f eochagetrangewadhdelwganglet nsecmalemat pobsibidits rpdrtially switch the
vol atilizati on dur.i n% a procegqrrof manuf act uri ng solid netal oxides from

the Iiquid pglarigatieq staje °f§f‘)% qelaclic m?tﬁé'aBW[t UMyistive gitectdusitongise.
appr oxi rmat e ﬂé f'% Errﬁﬁﬁfones c cﬁélﬁgﬁ tlé@%@i? léglfepro@%&her}na@frfafs’ w%]d

accounti ng e anti cipate atron durin

fort hcormngtmeﬁﬂlel, be sutde, totﬂitﬁs@rmuue@reaménbrsm Ofsdutsdethe lack@fpmyt ed
to yield a stoichionetric m= erial according to Forrml a (3),

0.2 moPelarigation; a E[‘BW‘]"%‘[@?@H} @m]bkbtq use the materdaq)|inE raﬁﬂ-destructwe
-19- readout MOSFET ferroelectric memory where the polarization state controls the
gate current.

WO 91/13465 and EP 540,993 reported a metal-ferroelectric-semiconductor

15 device, but this device did not use layered superlattice materials as the
ferroelectric. While layered superlattice materials are known to have exceptionally
high polarizabilities in thin film form when deposited on metal electrodes (see WO
93/12542), no metal-ferroelectric-semiconductor devices have been reported using
layered superlattice materials.

20 SUMMARY OF THE INVENTION

The present invention overcomes the above-identified problems by providing
an improved ferroelectric MIS device ("MFS or MFIS device™) that may be used in
electronic memories. The impfovements include capacitance versus voltage
curves having a wide separation based on the polarization state of the ferroelectric

25 material and the switching direction. Additionally, the capacitance versus voltage
curves rise steeply to make the MIS device less sensitive to noise.

The MIS device includes a semiconducting substrate having a perovskite-
like metal oxide layered superiattice material deposited thereon and an electrode
formed above the layered superlattice material. Additionally, a buffer layer is

30 interposed between the layered superlattice material and the semiconducting
substrate, and the buffer layer may be capped with a silicon dioxide layer.

Preferred exemplary forms of the invéntion include the semiconducting
substrate being formed of n-doped or p-doped silicon. The layered superlattice
material is preferably a room-temperature ferroelectric composition made of

2-
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EXAMPLE 2008/021PCT FORMATI ON OF AN MFI S DEVI CE

HAVING A SI LI CON NI TRI DE BUFFER LAYER A devi ce 60 was nade

usi ng a predirandium ismuth tantatatea strontiyrar eismuts niabete, dimgtrontidmanishatl. A
conventional _.four inch dianeter | ycrystal]ine p-doped. . LSili.con waf er
was rinsed \M'?'ﬂ'%iaéﬁaléq%l gﬁf‘@ﬁp%?%ﬁdafef‘?ﬁ‘e&&?c E@R%&'@P%F@Hﬂ?ﬁ@ose just
process. A SFhéhGSmediih rd : f PAARAUMS qgeégpr e )

vapor ggéfjlth)si tid]orllﬁaqt&%g eﬁ ]v%ﬁ'ﬁgi\‘% a sﬁguér)‘gg'"ﬁ) ilfgéﬁyarﬁ%%e
substrat e i rstipediattice materiat|prefenabvliy thasde C3axisawientaticrdtHat candse bbtafresdibyr e,
and inserted i.nto a.spin-coating 1 0 nachine, . A2 nm aliquot
of the 0 S2MISBHPERYiSg Gy BRESerar BERG G Pirality ief mpsabmeiaties in efiective
adjusted to W Nadd c’éqﬁ i : B

acet at e, anc?ﬁ‘n &&sigﬂsggd t rhol%ehr%g %‘*’5“%% i th{eérrm"rﬂéep ’i‘l’}g?{‘ ?&rgc%aéyisop%n at
1500 rpmin a conventional spin-coating nmachine. An eyedropper was
used to apply precursor 15 solution to the substrate for thirty seconds
whi | e spinning. The precursor-coated substrate was renoved fromthe
spi n-coating machine and dried in air for two m nutes on a 140[err] C
hot plate. The substrate was dried in air for an additional four

m nutes on a second hot plate at 260[err]C. The substrate can be dried for
an additional thirty seconds in oxygen at 725[err]C usi nhg a HEATPULSE
410 tungsten- 20 hal ogen | anp apparatus of the kind that nmay be purchased
form AG Associ at es Inc. as the heat source. The tungsten hal ogen bul bs
i ncl ude ei ght J208V bul bs (purchased from Ushi o of Japan) for a total
of 1200 W The lanp heating profile i ncludes a 100[err] C second ranp
up to 725[err]C fromroomtenperature. The spin- coating and drying
procedure was repeated a second tinme to increase the overall 25 thickness
of layer 38 . at the conclusion of Step P78. The substrate
(including dried precursor nmaterial in the position of |ayer 38) was
anneal ed under an oxygen (Jerr]) atnosphere for eighty mnutes at
800[err]Cin a
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di ffusi 2008/02MBET. This time included a five nminute push into the furnace

and a five m nute pull out of the furnace. 30 Pl at i num net al
was sputt er substratey drgiegrine @2@@.0‘5@!) intthieqirasescaisf uiiravidie: ("UY") rmﬁirf and The
substrate vva ttern cg‘ecf a conventional negative resist ..mask and
argon ion e? f Eﬁorof the resist, the device was anneal ed

under oxygen at ?gg[@éﬁ&géxﬂrbﬁs% éxﬁbm&fﬁldm%\}&'id?Q’eﬁ'oEie\é?riérwb'éata%%ah

into the usi on Turnace an

- 20- ver‘ﬁ& %ltﬁgéb@hawor Results indicate that films of thicknesses less than 300
PCT/ US96/, 13310 ull out of the furnace. This process
may bo. r8poanas 200 38 A 20RO A) e ms@m@eparaﬂon befwaen the steeply

W THoUT A SIEARFYSA0E TSt swised Gleadiahee iniesbicRkdig ivgyally ¢

was identically Otwatsatient featupss)obiicty aRd advahiagbs of the pﬂe@éhmgaoﬁiﬁwmt i on
of the silicon nitride |ayer, was skipped. Thus, a device 60 was

fornmed t hatbe apr@entia thesa skillediindhe @yteupcgaa reading of the disclosure below and
EXAMPLE 4 é‘ ?ewew of the corresséﬁé%@%g\@'?sus VOLTAGE MEASUREMENTS

10 BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts an MIS device having a gate formed of ferroelectric layered
superlattice material and a buffer layer deposited on a semiconducting substrate;

FIG. 2 depicts the gate device of FIG. 1 in more detai;

FIG. 3 is a process-flow chart diagram depicting a process for manufacturing

15 the MIS device of Fig. 1;

FIG. 4 is a process-flow chart diagram that describes the production of a
liquid metal organic precursor for use in producing the layered superiattice material
in the MIS device of Fig. 1;

FIG. 5 depicts a plot of cépacitance versus bias voltage including data

20 obtained from an MIS device like that of F lG'. 1;

FIG. 6 is a capacitance versus voitage piot like that of Fig. 4, but includes
data that was sbtained from a MIS device which lacked the buffer layer as depicted
in FIG. 1; and

FIG. 7 depicts data from X-ray diffraction measurements that compare the

25 crystal stl_'ucture of nonoriented and UV-oriented layered superlattice material thin
films.
| DETAILED DESCRIPTION OF THE INVENTION
FIG. 1 depicts a first embodiment of the present invention, i.e., ferroelectric
MOSFET device 20. Device 20 includes substrate 22, which is preferably formed
30 p-doped silicon or, more preferably, n-doped silicon. Conventional silicon
technology p-dopants include boron, aluminum, gallium, and indium. Conventional
n-dopants include phosphorous, arsenic, and antimony. Source/drain regions 24
and 26 are n-doped or p-doped silicon. Regions 24 and 26 are n-doped when
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Hl ect r onREORORIAGTent s were conducted on the sanpl es that were
produced in Exanples 2 and 3. Conparative capacitance versus voltage
measur enent s wer e Inpst instanges, substrater ZMMKN? azasemg_czﬂ%nmobt'on Taerasach

of each square-patt erne cell teste 9 My
conducted at @ fﬁ(éej elVhichhisdye WEFY ﬁaé{y %&W@ﬁﬁdé ﬂﬁ’h@'fbg
vol t age osci dride f

The vvgi t ti ngbgﬁ‘?\%g%%ﬁversgogg gclﬂlao%ﬁgégn%nﬁggﬁragﬁé%mgg%ég?et ase@onﬁ%
FIG 5 dep| cabouhéowﬁhw ahouk 116080s Aotdrdget heleulag fhole B0 cahr lwan tetehad

bi smuth t at e eV| havi n silicon nitride buffer |ayer that was
ot otuced B0 TpuGh vk 28 prommania g EeapaKiR devics 5015 fe b consUcedo The

(al ong t he p@?éﬁlh%%f conta Wo‘iégb%cﬁt‘ﬁﬁ%} d%@&qléﬁsé@c@fiﬂam Eﬁﬁgﬂ ¥Ad 26

swi tching curve) Disect t poi nts Ir correspo
capaci t ance oowrsaccﬁmgtceeomamneai progogals iknown tarttose skilleddathe art. The

Separ at | on WIS o GREattoig a0 mnsl theiea s Prde aver S8 APassssHbad-awa
has a 25 MagRlHdR ahbSaferdiChubrl dddnticds 'd?td%vfggﬁ Hoes ol Foqliff these

respecti ve curves enonstrate a su St ant vertica

1.8 X 10[!Grrfea‘ta|reschss éssemlmhetdments maxi mum and m ni num pl at eau for each
respective curves in

curve. The stee I
conbi nati on Wi tﬁ &'%ﬂrﬁb %%ﬁﬁgeﬁt?ﬂ’léhitdﬂ%@es the fompatian etbyffen

t he sanpl e l:

FlG 1 emoﬁﬁ#é“?g“ﬁ*ﬁﬁ oS! iy et Ik PLEYRRE et ya8 GebBritBn P
results for tHee subgitatedhedteetd to a témper&ummaﬁgmg Temr §000C @b 1060TTr ve
denoted. by the nunber 114 presents a wan- neck feature that is not

found in t heAltpmatively silicon nitxide canche ﬁrgutt%rampea preferrgd dhigkness raagingfiped
S‘é“lt chi ngsr angeyhGodd hid ERIOA'H Dob AL ¢ wiiBh GHe TbSEald Ean be heated or
annealed under nitrogen. The preferred anneal profile includes a duration ranging
from two hours to thirty minutes at a maximum anneal temperature of about-600 °C
including a five minute ramp up to the maximum temperature as well as a five
minute ramp down. Yet another alternative is to sputter the buffer layer from a
20 target of source material. After cooling of the substrate, step P72 includes capping
the buffer layer 36 with a layer of silicon dioxide or spin-on glass if it is later desired
to orient ferrcaiectric layer 38 by exposure to radiation.
Step P74 includes the preparation of a liquid precursor solution having a
plurality of metal moieties in effective amounts for yielding a layered superiattice
25 material upon thermal treatment of the solution. These solutions are designed to
yield respective perovskite-like metal oxide layers separated by bismuth oxide
layers and having an average empirical formula according to Formula (1) above.
These solutions are formed of essentially anhydrous polyoxyalkylated metal
complexes mixed with a compatible solvent. The precursors more preferably
30 include at least three metals. The polarization performance of layer 38 will in large
part derive form the type of precursor solution selected, the purity of the reagents
selected, and the subsequent processing of the solution. Additional details

pertaining to the production of these precursors will be provided below.

AMENDED SHEET



VO 97/ 02GAHO21PCT
PCT/ US96/ 13310 device | ess useful for applications that require

full swi tching atnstep&l76y thiet prgaursosaiution fromditap A7 israppiied b he Gulasirate
conpared to. FIG, 5 e due to the djffusio f .bisputh, . .. tantalum and
e am EoateRPTas A SHin o8 doPlcstion s condudd P Tbbpina: iR icisd Atistzeor
bet ween t he : e ' I idd '

S¢IBtibA Meeanblet BiPlerdiife ahG BladstRy drt The (RdS! Sulfacd Bt

many trap evel s and |
appar ent f r subsia@Es22 thamspitning dite substrate Beframicabioutrt 500 RPM foi 2000 RPM faite

exwpLE § 3t 3b' sécdngy \erfReRver FON eER AElSTSePEreRYS TN ERIaE 10
Th f ' i i t A
Lo WV T ad; aehits, PREFRS: pRorom e R veIoaH) 80 500 RORE MefrBBeEr v Y ©

The W precposarmeays be applied byl a misted elepogiioal techriqael ent ati on of the
resul tant | ayere super| attice erjial. A preferred UV source is the
Dani el son | a?/rp. gx@%ﬁ?@d@ judes dfymeftﬁgﬁisusﬁem&&ﬁmo{ﬁm%?pﬁ?@ pry Aot
identify a I‘%l{ég{ ' AN~ . i

intensity d@ggelc)éc}u ’% Cﬁ?g{ﬁ?ﬂ‘gﬁ%@&%@\?%ﬁé@?& rl#/\%coﬁgar"qui a?édg'ggén?nhe

These witO el dryigigtime ehé temperiajure ahgakd besufficiehvto tepnovey gecalbipredsubstaritiatly
precur sor liquid for facilitatjon_ of the bond dissociatiaon. The

substrat e i B EeRGBNIE BRI from the liauig thindria ars lagvea AHRE SRR OXide
hot plate %%i&%uﬁﬁg'g%goﬁ&iﬁgrdn% %%Rg%éﬂ)&t%ﬁ%ﬁ\é@%egg W'tﬁﬂg%ﬂﬁw to

light fromthe |'ogen was produced
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Step P78 of the process included exposure of the precursor to
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had a UV-orien
at 260°C and for five minutes at 400°C. Additionally, it is preferred to conclude the

drying cycle with a brief heating 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 P78 is essential in obtaining predictable or repeatable electronic
20 properties in the final metal oxide crystal compositions. Drying is conducted
simultaneously with exposing the precursor film to UV radiation. UV drying will
produce a layerad superlattice material having a C-axis orientation with improved
electrical properties. This C-axis orientation can improve the dielectric constant
and leakage current values that are obtained from the corresponding thin film of

25 layered superlattice material. |
In step P80, if the dried film from step P78 is not of the desired thickness,
then steps P76, P78, and P80 are repeated until the desired thickness is attained.
A thickness of about 180 nm to 200 nm (1800 A to 2000 A) typically requires two
coats of a 0.13M to 0.20M precursor solution under the process disclosed herein.
30 In step P82, the dried precursor residue from step P80 is annealed to form
the layered superlattice material of layer 38. This annealing step is referred to as
the first anneal to distinguish it from other annealing steps, however, it should be
understood that other anneal steps can occur prior to this “first anneal.” For
example, steps P70 and P72 each may include numerous annealing steps. In step
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A 2 m| aliquot of the 0.2M SrBi,Ta,0, precursor from Example 1 was

adjusted to a 0.13M concentration by the addition of 1.08 mi n-butyl acetate, and
passed through a 0.2 um filter. The substrate was spun at 1500 rpm in a
conventional spin-coating machine. An eyedropper was used to apply precursor

15 solution to the substrate for thirty seconds while spinning. The precursor-coated
substrate was removed from the spin-coating machine and dried in air for two
minutes on a 140°C hot pEaté. The substrate was dried in air for an additional four
minutes on a second hot plate at. 260°C. The substrate can be dried for an
additional thirty seconds in oxygen at 725°C using a HEATPULSE 410 tungsten-

20 halogen lamp apparatus of the kind that may be purchased form AG Associates
Inc. as the heat source. The tungsten halogen bulbs include eight J208V bulbs
(purchased £-0m Ushio of Japan) for a total of 1200 W. The lamp heating profile
includes a 100°C/second ramp up to 725°C from room temperature. The spin-
coating and drying procedure was repeated a second time to increase the overall

25 thickness of layer 38 at the conclusion of Step P78.

The substrate (including dried precursor material in the position of layer 38)
was annealed under an oxygen (O,) atmosphere for eighty minutes at 800°C in a
diffusion furace. This time included a five minute push into the furnace and a five
minute pull out of the furnace.

30 - Platinum metal was sputtered to a 220 nm (2200 A) thickness using a DC
magnetron. The substrate was patterned using a conventional negative resist
mask and argon ion etching. After removal of the resist, the device was annealed
under oxygen at 800°C for forty minutes including a five minute push into the
diffusion furnace and |

-20-
' AMENDED SHEET



.rreasure%%oqlgzappérr m strontium bi smuth ta
{ UL AL oL

oriented on other su gates wess des sj |?ﬁu nitride. )recu
Wwas prepared accordi ng to Exanpl Yr- use on the-

bstrate and I %ggb?ﬁ
f;erg [ nzl udi ng@ﬁp‘sf}eﬁge’-eéﬁ(:d dég %lbgerr tri"f'r&ébr%?éd 8@ @Z%ﬁ%tas
t Ee resul t tsserﬁlci&ndmtmgl dubstrate M)mt baffentayet' |@6) fmattned at0;|3 tsaie:]géutrsumb,on
e respecti es er curvy esent results from
the nonor iRt aiateral (SBHamaed Bisk S BeFBL aves ardhadde dlectiosel (49 r om
t he 50r é&?@@g@%@fﬂd&&e ggéth%ﬁzéaFﬁgﬁse”ts a uni form absorption count

scal e t hat as been a Justed to an arbitrary O to 1000 range for
conpari son of vasaidfetvesleetic miaterial beiry aéayerddamﬂ)ehi@ttweemh@]éaéﬁd es. Each

curve is |abeled wt e of substrate
SrBi[err]TO err] seﬁﬂtwftleﬁfa’(%& dhickmRssIanging B'Pmaﬁt@%tﬁ @nZQQ Athe UV-

Cnbonsi ty 1over 2 - ER6HRiee” 69693337**? th Bt TRRRGR phin Hoa e o

refl ects omegidnat(24528)wtidtelrpddi¢ deties prividds mébﬁsj(eopﬂﬁ"rhéwatlﬁé Said/ pBlroves

that UV radiation wll orjent ferroelectric layer 38 in the sane
manner th Phaguree/iran regioesr ates.
3. The device as set forth in Claim 1 wherein said buffer layer includes
a nitride.

4, The device as set forth in Claim 1 wherein said layered superlattice
material has a dominant C-axis orientation.

15 5. The device as set forth in Claim 6 wherein said layered superlattice
material is selected from a group consisting of strontium bismuth tantalate and
strontium bismuth niobium tantalate.

6. The device as set forth in Claim 1 wherein said ferroelectric material
has a capacitance versus bias voltage separation window of at least five volits

20 between positive and negative switching curves of said window.

7. A method of making a device (20, 60) for use in integrated circuits
comprising * = steps of providing (P70) a semi-conducting substrate (22) having
an exposed surface, said method characterized by:

depositing (P72) a buffer layer (36) directly on said exposed surface to a

25 thickness ranging from 100 A to 200 A;

fotming (P76, P78, P80, P82) a layered superlattice material (38) on said
buffer layer; and

completing (P90) said device.

8. The method as set forth in Claim 7 wherein said step of forming a

30 layered superiattice material includes a step (P74} of mixing said liquid precursor
solution to contain a plurality of metal moieties in proportional correspondence to
said |layered superlattice material.
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{57) Absiract

An MIS device (20) includes a semiconducting substrate (22), a silicon nitride buffer layer (24), a ferroelectric metal oxyde superlattice
matesial (26), and a noble metal top electrode (28). The layered superlattice material (26} is preferably a strontium bismuth tantalate,
strontium bismuth niobate, or strontium bismuth niobium tantalate. The device is constructed according to a preferred method that includes
forming the silicon nitride on the semiconducting substrate prior to deposition of the layered superlattice material. The layered superlattice
material is preferably deposited using liquid polyoxyalkylated metal organic precursors that spontanecusly generate a layered superlattice
upon heating of the precursor solution. UV exposure during drying of the precursor liquid imparts a C-axis orientation to the final crystal,
and results in improved thin-film electrical properties.




