REPLACED SHEETS SG -
MVETHOR FOR[VRYEkd¥51i0n SEMEQONDUGTSRDEV).CE HAVI NG AN ANHYDROUS o5 BRRGELECTRIC
THE N FI LM {igr i fmed th.%a dQv.ant tPphged TH.s|invention relates in general to a
met hod forlh gLl GaEsh NGagedSEM. gt or dlevice, and nore particularly to a
nmet hod for{Fabr)catin sem jugtor dlevidqe having an anh@QON802AT
ferroel ect fi @g%&wt he“application of a sol-gel 10 solution
to a sem d = wkigrtoord of the I nvention As the overall
di nensi ons of seMETBAMNLFOR MAKINGA SEMICEONDWCTQR DEVICEHAVINGAMand i s
ever increasing for devic ' ' F@EFI?GTP! q-ﬁmqpﬁgaacity. The need
for high charge storage cg;ﬁ«mlﬁpgjé?geg‘ resul t opt e reduction in the chip
area avail able for individual conponents as circuits are scaled to snaller
di nensions. As the surface area Field oM@ 9Atentosh as 20 a capacitor is
reduced, gcorrespondi ng reduction in charge storage capability occurs. The
smal |l er strface area avail able for conponents such as transistors,
capaci tors, and tHEhisi kesentiomlretatest in tgenerad uior arenethiod fer rfabricatingh
charge stora .eseqr ' i o) ' i.on
science to sgéké%%@%t g%‘é?% P@n%wiﬁéc%%rgs%lfgﬁg ??Jc% I%‘%g‘%c(g?f&gnents.
One group of fgbsigatinggansemicenduetor cdevicer having ant aphydrous RETPZT
ceram c diel ' Tiht ' f ld ds of
| ead, zir on?&q?]fdénlgc"i@grqﬁnwg?(?fées;é%gl?%gﬂ's&heﬁ c“ri?g%{ IQZf'?'.acggr?%l ectric

HEQBI of Bemigongusiar; subsirate.

conpounddVar &

Background of the Invention

As the overall dimensions of semiconductor devices
15 continue to shrink, the demand is ever increasing for devices
having high charge storage capacity. The need for high charge
storage capability is a result of the reduction in the chip area
available for individual components as circuits are scaled to
smaller dimensions. As the surface area of a component, such as
20 a capacitor is reduced, a corresponding reduction in charge
storage capability occurs. The smaller surface area available for
components such as transistors, capacitors, and the like, coupled
with the requirement to maintain high charge storage levels has
led researchers in the field of fabrication science to seek new
25 materials from which to construct the components. One group of
promising new dielectric materials is the family of PZT ceramic
dielectrics. The PZT dielectrics are ferroelectric compounds of
lead, zirconium and titanium oxides; hence the acronym PZT.
Ferroelectric compounds are capable of being polarized by
30 an applied voltage and retaining the polarization after the applied
voltage has been removed. Responding to an applied voltage, the
ferroelectric material assumes one of two remanent polarization
states after the the applied voltage is withdrawn. The ability to
polarize a PZT ferroelectric and to design circuitry to detect the
35 polarization state, makes the ferroelectric a desirable compound
from which to construct non-volatile memory devices such as
non-volatile random access memory devices, and the like.
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sol -gel MQyesolytiomds dispsmsgdjonto a semiconductor substrate. The
substrate is held stationary, or is slowly spinning until the sol-
gel solution is dispensed, then, the spin speed is rapidly increased
to drive off the solvents and leave a viscous sol-gel layer on the
substrate surface. The amorphous sol-gel layer is then baked and
15 sintered to form a perovskite crystalline compound having the
general formula, ABO3. In the PZT film, the A site is is occupied
by Lead, and the B site is occupied by Zirconium and Titanium. In
addition, a dopant such as Lanthanum can be incorporated into the
perovskite crystal in the A site location which is commonly |
20 referred to as a PLZT.
While sol-gel technology has been widely used for the
formation of PZT and PLZT thin films, improvement in sol-gel
process is needed. In many cases, the PZT films do not exhibit
optimum ferroelectric properties such as high charge storage
25 ability needed in a DRAM, nor maximized remanent polarization
necessary to meet the non-volatiile memory requirements. The
non-optimum ferroelectric performance is often associated with
an inability to completely crystallize an amorphous PZT material
into the desired perovskite crystalline phase. Additionally, the
30 ferroelectric film compositions vary from one process run to the
next leading to non-reproducible film properties. An improved
sol-gel process was therefore needed to provide a high quality,
crystalline PZT and doped PZT films wherein the amorphous sol-
gel material is substantially converted to the perovskite
35 crystalline phase.
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10 solution is prepared. The anhydrous PZT sol-gel is synthesized in
the absence of an hydrolysis step by thermally reacting Lead
Acetate Anhydrous with Zirconium and Titanium precursors
wherein each precursor is solubilized in a common anhydrous
organic solvent. The anhydrous PZT sol-gel solution is applied to
15 the semiconductor substrate to form an anhydrous sol-gel coating
overlying the substrate. The anhydrous sol-gel coating is
crystallized to form a ferroelectric thin fiim.

Brief Description of the Drawings

20 -

The sole FIGURE of the drawing schematically illustrates, in
accordance with the invention, the steps for preparing an
anhydrous PZT sol-gel solution and a'pplying the anhydrous PZT
sol-gel to a semiconductor substrate.

25

Detailed Description of The Invention

The formulation method of the present invention provides a
sol-gel solution for the formation of a PZT ferroelectric thin film
30 in a semiconductor device. The PZT ferroelectric thin film is a
metal oxide containing Lead and one or more metals from the
group consisting of Zirconium and Titanium. In addition, the PZT
film can also contain dopants such as Lanthanum, Niobium, lron,
and Aluminum. The PZT thin film is formed on a semiconductor
35 substrate by spin-coating the sol-gel solution onto the substrate.
To formulate a sol-gel solution in accordance with the present
invention, an anhydrous form of Lead Acetate is used in a novel
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compared to PZT films formed using procedures of the prior art,

the PZT thin films formed in accordance with the invention show

improved ferroelectric characteristics, such as high charge

storage, resistance to dielectric breakdown and high remanent

15 polarization. '

In accordance with one embodiment of the ‘invention, a Lead-
Zirconium-Titanate (PZT) sol-gel solution is formulated having
varying stoichiometric amounts of Lead(Pb), Zirconium(Zr) and
Titanium(Ti). Sol-gel compositions are commonly designated by

20 the generalized formula, PbZrxTiyO3. In the general formula, the
subscripts are related as, x + y = 1.0. The subscripts then
represent moles of Zr and Ti. Following the procedure of the
present invention, PZT sol-gel solutions have been prepared
having number of moles of Zr ranging from x = .20 to .65 and the

25 number of moles of Ti ranging from y = .35 to .80.

Furthermore, in many applications it is desirable to add
excess Pb to the formulation. The excess Pb is often added to
enhance the liquid phase sintering process carried out prior to
crystallization and to replace Pb that is volatilized during

30 thermal treatment. The formulations listed above have been
prepared with excess Pb ranging from 0 to 20 mole%. As used
herein, the term excess refers to any molar amount exceeding
that necessary to meet the stoichiometric requirement indicated
by the ideal formula PbZrTiO3.

35 A preparation procedure for formulating and applying the
anhydrous sol-gel solution of the invention is schematically
illustrated in the sole FIGURE of the drawing. The procedure is
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metal acetate. For example, Lanthanum Isopropoxide can be added
to the 2-MOE to form a Lead-Lanthanum precursor solution.
Alternatively, the Lanthanum containing compound can be
Anhydrous Lanthanum Acetate, or Anhydrous Lanthanum

15 Acetylacetonate. In addition, metal salts can be used such as
metal chlorides and nitrates, and the like.

After adding the metal precursors, solution A is boiled for
an amount of time sufficient to completely dissolve all solute
‘materials and to propagate on-going reactions. During boiling,

20 about 5 to 10% of total solution volume is volatilized. In addition
to completing the solubilization of precursors, the boiling step
induces a reaction between the precursors and the 2-MOE. |t is to
be noted that a dehydration step to remove water from the lead
acetate is not necessary because the anhydrous form of Lead

25 Acetate is used. Furthermore, anhydrous Lead Acetate shows
enhanced reactivity with other precursors used in the sol-gel
formation process. This is a distinct advantage of the present
invention. Formulations of the prior art wherein a dehydration
step is used have not resulted in the complete removal of water

30 from the presursor compounds, see for example "Structural
Investigations of Prehydrolyzed Precursors Used in the Sol-gel
Processing of Lead Titanate", S. Ramamurthi et al., J. Am. Ceram.
Soc., 71, 1990.

The inventive process continues with the preparation of a

35 solution of Zr and Ti by dissolving alkoxides of Zr and Ti in a
predetermined quantity of 2-MOE to form solution B, illustrated
in the FIGURE. The preferred alkoxides are Zirconium n-Butoxide
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10 -ge r'Fhe opant can bé a material which will affect the
ferroelectrlc properties of the PZT thin film. Preferably, Niobium
(Nb ), Iron (Fe), Lanthanum (La) and Aluminum (Al) alkoxide
compounds having the formula M(OR)x, where x can be a number
ranging from 3 to 5 depending upon the particular metal, are

15 solubilized in the Zt/Ti precursor solution . In a preferred
embodiment, M is La, Fe, Nb, or Al and R is isopropyl; however,
metals having other alkyl groups such as methyl, ethyl and butyl,
and metal acetates such as betadiketonates, and metal salts can
also be used.

20 In general, to maintain each precursor solution at maximum
homogeneity, the dopant compounds are added to either the Pb
solution or the Zr/Ti solution depending upon the atomic size and
valence of the dopant atom. For example, La is added to the Pb
solution because the La atom substitutes for Pb in the final

25 perovskite crystal lattice of the PZT film. Correspondingly, Fe,

Al, and Nb are added to the Zr/Ti precursor solution because their
atomic size and valence correspond more closely to Zr and Ti than
to Pb. The addition of dopant atoms to each precursor solution
according to their atomic size relative to the results in a more

30 homogeneous PZT thin film having a uniform concentration of each
film constituent.

Also, one skilled in the art will recognize that the
characteristics of the PZT thin film formed from a sol-gel
solution can be affected by altering the amount of the Lead

35 precursor. For example, as described above, an amount of Lead in
excess of that necessary to meet the stiochiometric reaction
requirement can be incorporated by increasing the molar amount
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precursors in a common solvent results in a PZT film with few
particles and striations. PZT films of the prior art are prone to
15 striations as a result of the variation in volatility of the
different solvents used for each precursor. During the spin
coating process, the solvents evaporate at different rates leaving
striations in the film. In addition, the use of a common solvent
reduces particle formation in the PZT film during spin coating.
20 As previously noted, sol-gel processing of the prior art uses
a different solvent for each metal precursor solution. In addition,
typically, a special solvent, such as isopropyl alcohol, is used in
the conduits and orifices of the spin coating machine. Particles
can be formed when a sol-gel solution having a number of
25 different solvents is introduced to the spin coater liquid
distribution system. The precursor solvents interact with the
spin coater solvent forming particles in the sol-gel solution. In
the present invention, the use of a common solvent for all metal
precursors minimizes the total number of solvents in the spin
30 coater thereby reducing the instance of particle formation in the
sol-gel solution. Solvent interaction is minimized because, at
most, only two solvents are present in the spin coater; the
common precursor solvent and the spin coater solvent.
Once precursor solutions A and B are prepared, an anhydrous
35 sol-gel solution is formed by mixing solutions A and B together
and boiling the mixture to form solution C. The anhydrous sol-gel
solution is formed by mixing solution A into solution B while
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volatization of a portion of 2-MOE solvent and by-products of the
condensation reaction.

An important aspect of the present invention includes the
formation of the condensate by a thermally induced condensation
reaction. In the prior art, the condensate is formed by first

15 mixing the precursor solutions then, hydrolyzing the solution. The
initiation of the condensation reaction by thermal means rather
than by hydrolysis results in a more homogeneous solution. While
not wishing the invention to be limited by any particular theory,
the inventor believes the condensation reaction, carried out

20 between precursors which are not complexed with water,
provides a more uniform distribution of metals in solution and
results in improved PZT film properties.

Following the boiling step, in one embodiment, the
concentrated solution is diluted with a sufficient quantity of 2-

25 MOE to replace the amount of solvent which was volatilized
during the previous boiling steps. The dilution step, which is
optional, adjusts the molar concentration of each precursor to a
desired level. The diluted sol-gel solution is allowed to stand for
about three hours. Next, the diluted solution is filtered through a

30 0.2 micron filter. The diluted sol-gel solution can now be
directly applied to a semiconductor substrate, or alternatively,
the solution can be stored for a period of time prior to use. In
comparison to sol-gel solutions of the prior art, the anhydrous
sol-gel solution of the present invention shows improved

35 stability. The sheli-life of solution C is at least about ten to
twelve weeks.
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onto a semiconductor substrate, as illustrated in the FIGURE.
When applied to a semiconductor substrate, the sol-gel solution
is applied onto the substrate surface directly from the diluted
15 solution. Again, it should be noted that, unlike sol-gel application
processes of the prior art, a hydrolysis is step is not included
prior to applying the sol-gel to a semiconductor substrate. [n the
present invention, a sol-gel solution having precursor compounds
with a minimal degree of internal steric hindrance and maximum
20 homogeneity is obtained. The addition of water, as commonly
introduced by hydrolysis, would form large, bulky precursor
molecules having a high degree of internal strain. In addition,
hydrolyzed precursors preferentially polymerize with a single
metal element. While the inventor does not wish the invention to
25 Dbe limited by any particular theory, it is believed that producing a
sol-gel solution having precursors with a minimal degree of
steric hindrance and maximum homogeneity results in a
corresponding PZT thin film having a highly uniform concentration
of metal atoms. The uniform concentration of metal atoms in
30 turn provides a film having superior ferroelectric characteristics.
After the sol-gel solution is spun onto the substrate, the
coated substrate is preferably baked in an oxygen containing
ambient at about 250 to 350-C, for about one to ten minutes. The
baking can be performed on a heated plate, or alternatively, in a
35 convection oven. The bake drives of the 2-MOE solvent and the
organic ligands attached to the metals leaving an amorphous PZT

film on the substrate surface.



7 of -Pb-Ac anhy relative to the nolar anounts the Ti and Zr precursors. It
shoul d be noted that, in the present invention, a common sol vent is used
for precursor solutions A and B. However, many 5 sol-gel processes of the
prior art, use either a different solvent for each precursor, or, a commobn
solvent for Pb and La, and a different solyent for Zr and Ti. As a result

of sol vent association, the solubilizatioﬁ f the metal precursors in

di fferent sol vent Firallyeas siftering proeessnisoicaarisdmogéntoo unterdiffud®  gel

tsﬁ' ution. | ”tﬁé‘%@i&ﬁe?hd' (Bfﬁ{‘té %ro&@{(ﬁ‘?rﬁz‘r‘sﬁﬂﬁ' fiimh 2" Tha %Eﬁt@kiﬁ}@t ed by
e use of a common SolVveén ar metal precursors sol_utl_ons. e

sol ubi | i zat i PROe@sY Iparpibe (carried auti imi eithec @ standard iltusionn fumagent

results in aoP4h &hlopah tdtmicepHetd oveAS Mt ?Jlé{élrg?d”é?nbgaﬁnéhi,%epf the

Vol ati 1113 obriatelizatioey &, Carblek AUl ino @ (Y Bk FOBIUBING AMDISRt 44 R he
spi n coati ngtempeeatiret bf about 556 teve50sC dontalsbutl SrionBOr Minaté§a\éAng
A
previ ousl y nlowdtempergturepratc ddiichg farmatienpof operovskitee scrystalliner ent
solvent Tor phaBeRiidls Il SRE 29elitcdf thy RflideBterid/ Mifidrdnte 2
speci al solvent, such aS 1sopropyl alcohol, s used in |
10 within the precursor molecules and good homogeneity in the sol-
gel solution, a film having a more uniform metal concentration is
obtained. In addition, the metals diffuse more readily during
sintering. The preparation of a homogeneous sol-gel solution
having less sterically hindered precursor species functions to
15 lower the temperature at which the perovskite crystalline phase
is formed. A distinguishing characteristic of the PZT film formed
in accordance with the invention is the reduced incidence of an
intermediate and undesired pyrochlore phase during
crystallization.
20 Without further elaboration, it is believed that one skilled
in the art can, using the preceding description, utilize the
invention to its fullest extent. The following preferred specific
embodiments are, therefore, to be construed as merely
illustrative, and not limitative of the remainder of the disclosure
25 in any way whatsoever.

EXAMPLE |

A 0/50/50 PZT sol-gel solution having excess Pb is

30 synthesized according to the following procedure. The precursors
and solvent are commercially available from Prochem, Inc. of
Rockford, lil., as, Lead (ll) Acetate Anhydrous, F.W. = 325.2,
Lanthanum Isopropoxide, F.W. = 316.2, Zirconium n-Butoxide
Butanol Complex, F.W. = 387.7, Titanium Isopropoxide, F.W. =

35 284.3, and 2-Methoxyethanol, F.W. = 76.03, normal b.p. about
125C. First, about 325 ml of 2-MOE is preheated to about 90 to
100eC. To the first preselected quantity 2-MOE, an amount of



the conduits and orifices of the spin coating machine. Particles can be
f.ormed when a sol-gel solution having a nunber of 25 different solvents is
introduced to the spin coater |iquid distribution system The precursor
solvents interact with the spin coater solvent formng particles in the

sol -gel solution. In the present inventio the use of a common sol vent for
all nmetal precursors mnimzes the total hber of solvents in the spin 30
coat er therelﬂb-%dmhyg is f&ddedstsa.lfﬁeiem marformj pretenably,oa DiBQ@hdosol - gel
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solvents are e spin coa sor solvent and
the spin coaths reentxened PIQ,‘QOWWCUF s!%roﬂﬁn udesinable g‘hcﬁ@ BXCe/Sed, an

anhydrous 35 %} |tosﬁh FoVd filf {sintBIThdY wOébm Ub'r@!é‘iaﬁl ndeut
t oget her and

sol ution Ps poFQn?@ 8@'9\% ﬁgaéégd:‘?%%ha ﬁfl ty O ‘@jrou% %! o
{fﬁlen;g: Elt Pgnwlxgesgnb@dawraﬂdﬁd tdethei solutionat Téttmuadd_iMm ]of 8i06Y mobeisng,
condensatlonolf Bt %M\@gf‘fﬂ%hﬁ ke%gilﬂ@?' h.?r% Fz@ugﬁﬁ?gkg&e[ﬁweous
resul ting cocubic reandimetarsydof @MBEsol Thjsl selution cortespondssta condensat e
which is a c%m W%ﬁb\nﬁflrprtﬁglplti@ﬁé he netal precursors and the 2- MCE.
The condensate conpl ex condensat i on_reacti on bet
10 After dissolving the Pb-Ac anhy, the PB precursor so utlon
is boiled for about 30 minutes without stirring. The boiling
volatilizes a portion of the 2-MOE and reduces the solution
volume by about 5 to 10% of total volume. The volume of solvent
which is volatilized during boiling is determined by measuring the
15 solution volume, both before and after boiling, at a base point
temperature selected within the range of 90 to 100-C. This
solution corresponds to solution A shown in the FIGURE.
Next, about 75 ml of 2-MOE is heated to about 40 to 50--C.
To the second preselected quantity of 2-MOE, first, an amount of
20 Zr n-Butoxide - Butanol complex is added sufficient to form,
preferably a 0.67 to 2.67 molal solution, and most preferably a
1.33 molal solution of Zr n-Butoxide Butanol complex. Then, an
amount of Ti Isopropoxide is added to the second preselected
quantity of 2-MOE to form, preferably a 0.67 to 2.67 molal
25 solution, and most preferably a 1.33 molal solution of Ti
Isopropoxide. Since it is desired to form an equimolar film of Zr
and Ti, the molar amount of Ti added must necessarily be the
same as the molar amount of Zr. The combined Zr and Ti precursor
solution is then stirred for about 5 minutes while maintaining the
30 solution temperature at about 40 to 50-C. This solution
corresponds to solution B shown in the FIGURE.
The Zi/Ti solution is then added to the Pb precursor solution
while maintaining the temperature of the mixture at about 90 to
100 «C. The mixture is then boiled at about 130-C for about 15
35 minutes without stirring to from the sol-gel solution. The boiling
volatilizes an amount of 2-MOE reducing the volume of the
mixture by about 5 to 10% of total volume. After boiling, the



the sol ubilized al koxi de and the butoxide precursors, and the solubilized
l.ead acetate. The reaction is acconpanied by the 10 volatization of a
portion of 2-MOE solvent and by-products of the condensation reaction. An
i nportant aspect of the present invention includes the formation of the
condensate by a thermally induced condensajion reaction. In the prior art,
the condensate is fornmed by first 15 mxi t he precursor solutions then,
hydr ol yzi ng cmeeomatednso?;gel isalulion i isn cobladhdoc voomm temperaturecianth by

thermal meangng afher sbhﬂibrPWﬂMH{é)'igsﬂe%draéH! t Snfig é?fﬁgibﬁ '&8?%?6?{&?
| ut .. Wil t t to b b I
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roper t1 5. poFsh Fafltel 1S: pifpLdopToff 3nsokbelaiton HrefeERn: r at eq
solution is Havingdnolarhpeecursdr ccantentrations yofpf0.2-to29.8MOPH-Acr aphgce the
The-di 1 uti on e a8, Bilic! PEBURYaG Banal idriler Bl B Ao i, 17 5 oF ™
each precur sisoprepoxire.i and mestipreferably, 014 BbrAgeanhysl 0:2MnZk ©i-al | oved
to stand for paiekitie! BD%&IP&f!éﬁlplé‘J?XEn F?.‘El\ﬂiTPIsﬁfbréﬁbbﬂcfé?”. Is filtered
hr ough f 30 _O.ZTgch%n fld%ﬁ_. Thg 1 u%ed %S }ﬂer sol uti on can now be
direct| yl®pplied fHesdilted SRicgelosolution ig; then, fittared; thraugh @ Q.8
sol uti on cannfieren diltst.f oThe sekgeld i®fndwnready dor tapplicatiom teogpari son to
sol -gel sol ubLaliRoRbubhs BUbtratl!  HOWedBRY i Rdessary, the sol-gel
solution can be stored in brown glass bottles for a period of time
prior to use. -
15 After dilution and filtration, the sol-gel solution is
dispensed directly onto a semiconductor substrate using a
conventional spin-coating process. About one to 5§ ml of sol-gel
is dispensed onto the substrate and the substrate is rotated at
about 1000 to 6000 rpm to form a PZT layer on the substrate.
20 Following spin-coating, the substrate is baked at about 250 to
350-C for about one to 15 minutes. The baking oxidizes the
organic ligands bonded to the metal atoms and drives off the 2-
MOE solvent leaving an amorphous PZT film having a thickness of
about 50 to 120 nanometers. Those skilled in the art will
25 recognize that additional layers of PZT can be deposited by
successive spin coating procedures. In the present Example,
successive layers of PZT each having a thickness of about 50 to
120 nanometers are deposited to form a total thickness of about
250 to 750 nanometers. Finally, the substrate is sintered in an
30 oxygen containing ambient at about 550 to 650~C for about 5 to
30 minutes to form a PZT crystalline film having a thickness of
about 150 to 500 nanometers.

EXAMPLE I
35
A 0/20/80 PZT sol-gel solution having 10 mole % excess Pb
was prepared by the following procedure. Using the previously



sol -gel solution of the present invention shows inproved 35 stability. The
shelf-life of solution Cis at |east about ten to twelve weeks. 9 1In
anot her enbodi nent of the invention, rather than using an open boiling

nmet hod, solutions A and C can be refluxed in a cl osed apparatus designed
for that purpose. If refluxing is used, it #ﬁ unnecessary to replace 2- MCE
sol vent. However, in the case of 5 reflu reaction by-products renain
in sol ution. deseribetlestading haaterialsat al lead meqwsqncﬁduhost (selutioen into

account when ghﬁ,apsz?rfabhf‘%dsb){oﬁl@dp HEChliRs | (FPLPPEMOR.

After allow ng the bout

uttonto s
hours, it calP @b pSOe '%&rﬂé%ﬂ’d%‘ﬁ%ﬁfB Mr&?@ Siaﬁ‘sc&m/é\ftlonal
spin coati ngPlﬁﬁAbodnhWWasradﬂéd \to ﬂhreoeqwev_aqﬁd lthéssdlutléﬁl\nag hihg the

anhydrous sol - olu nt o sem.gond tor subst,r | ustrat ed
" he P retifiaps IO ARl S ioifteSnt iR NiiRe, B SALf6R vaB thad o
solution is abpht eﬁﬁﬂ)rmbaithld@mﬁst ridtes snlutim:ewais rthenl prdught toha boilut ed 15

sol uti on. Aggk rhbéﬁt %@U&? Qﬁd“BéﬁQg ﬂﬂ’t abBﬁ't'ff@ r?@utg | “ﬁ@]ﬂd&ggﬁ

processes of step

appl yi ng theAétﬂr 1 miputes; cfhe: Sialiroof s boee. solyutione apde e,
~invention, aggRltidif! teﬁ%éitdtﬁfb *was nﬂad?fraédr S OThé& O§BIRHBHS téhfﬂérétd?en' mel
degree O{OI n%lv%lrsn(’i‘ll'lersltrec-ar uCce tadb 158oo(5m where the solution volume
was about 330 mI.
A Zr and Ti precursor solution (solution B) was prepared by
first preheating about 75 ml of 2-MOE to about 40-50-C in a
graduated flask. Then, about 19.15 ml of Zirconium n-Butoxide
15 Butanol complex and about 52.8 ml of Titanium Isopropoxide were
added to the 2-MOE. The solution was stirred for about 5 minutes
and the volume was about 165 ml at 53<C.
A sol-gel solution (solution C) was then prepared by mixing
the Pb and Zr/Ti precursor solutions (solutions A and B) together.
20 While maintaining solution A at about 90 to 100-C, solution A
was gently poured into solution B forming a mixture having a
volume of about 515 ml. The mixture was stirred for about 5
minutes while maintaining the temperature at about 90 to 100-C.
After stirring, the mixture was boiled at about 130-C for about
25 15 minutes without stirring. The volume of solution at the end of
the 15 minute boiling period was about 475 ml at 130C. The
sol-gel solution was then cooled to room temperature and the
final volume was about 460 ml.
After a 3 hour stabilization period, the sol-gel solution was
30 diluted and filtered. The dilution was carried out by adding
sufficient 2-MOE to bring the total sol-gel solution volume to
about 500 ml. Following dilution, the sol-gel solution was
stirred for about 5 minutes and then filtered through a 0.2 micron
filter. The filtration procedure was repeated and the filtrate
35 stored in 100 ml brown glass bottles.

rer to



20 honogeneity is obtained. The addition of water, as commonly introduced
by hydrolysis, would formlarge, bulky precursor nol ecul es having a high
degree of internal strain. In addition, hydrol yzed precursors
preferentially polynerize with a single netal elenent. Wile the inventor
does not wi sh the invention.to 25 be Iim',f‘gd by any particular theory, it
I s believed that producing a sol-gel solutt®®n having precursors with a

mi ni mal degree of Thiecanhytrous ssolqyel nsolutionmwashtheryarsed yorfesm @ in a
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is spun onto the substrate, the coated substrate is preferably baked in an
oxygen contai ni ng anbi ent at about 250 r for about one to ten

m nut es. E'Th_e baki ng can be perforned oré)gAWa!téylpl ate, or alternatively,
in a 35 convection oven. The bake drives of the 2-MXE solvent and the
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pen at nospheric

10 concentration of Lanthanum Isopropoxide in 2- MOE was prepared
by dissolving 65 grams of Pb-Ac anhy and 5.68 grams of
Lanthanum Isopropoxide in 325 ml of 2-MOE preheated to about
90-100C (solution A). In accordance with previously described
procedures, the solution was stirred for about 5 minutes and

15 brought to a boiled for about 30 minutes at about 130C.

A Zr/Ti solution was prepared by dissolving 56.1 ml of
Zirconium n-Butoxide Butanol complex and 20.8 grams of Titanium
Isopropoxide in 75 ml of 2-MOE (solution B). The solution was
stirred for about 5 minutes.

20 In accordance with previously described procedures, a sol-
gel solution (solution C) was prepared by adding solution A to
solution B while maintaining the solution temperature at 90 to
100<C. After stirring for about 5 minutes, solution C was boiled
at about 130-C for about 30 minutes to form a sol-gel solution.

25 After a stabilization period, sol-gel solution was diluted with 40
ml of 2-MOE and filtered through a 0.2 micron filter.

The anhydrous sol-gel solution was then used to form a
perovskite PZT film on a semiconductor substrate according to
the previously described spin-coating and sintering techniques.

30 Thus it is apparent that there has been provided, in
accordance with the invention, a method of making a
semiconductor device having a PZT thin film formed from an
anhydrous sol-gel solution which fully meets the advantages set
forth above. Although the invention has been described and

35 illustrated with reference to specific illustrative embodiments
thereof, it is not intended that the invention be limited to those
illustrative embodiments. Those skilled in the art will recognize



5 crystallization is carried out in an oxygen containing anbient at a
tenperature of about 550 to [err] for about 5 to 30 mnutes. A particular
advant age of the present invention is the relatively |ow tenperature at

whi ch formation of perovskite crystalline phase takes place. As a result of
the reduced steric hindrance 10 wthin thq precursor nol ecul es and good
honogeneity in the sol- gel solution, a filﬁlhaving a nore uniform netal
concentrati onthiat vatiations. ahd avstifications heanebel matlg fwitlhoubrdepeatidg v
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el abor at i on, mbd.ﬁcmfu@w faawithiie thisi sbepei of the appendsd olime ahe

pr ecedi ng descri tlon I|z the invention to its fullest extent. The

fol |l owi ng pré?%? éﬁegﬁ%c r9°'rrbod|msnts are, therefore, to be construed as
merely illustrative, and not limtative of the remainder of the disclosure
25 in any way whatsoever. EXAMPLE | A 0/50/50 PZT sol -gel sol ution having
excess Pb is 30 synthesized according to the foll ow ng procedure. The
precursors and solvent are conmmercially available fromProchem Inc. of
Rockford, 11l1., as, Lead (Il) Acetate Anhydrous, F.W = 325. 2,



Lant hanum | sopr opoxi de, F.W = 316.2, Zirconi um n-But oxi de But anol Conpl ex,
F.W = 387.7, Titanium I|sopropoxide, F.W = 35 284.3, and 2- Met hoxyet hanol ,
F.W = 76.03, normal b.p. about [err]. First, about 325 m of 2-MXE is
preheated to about 90 to [err]. To the first presel ected qu | - ., an
anount of Pb- Ac anhy is added suffici enggt o form 07 to
1.23 nol al solution, and nost preferably, a 0.615 nol ﬁl ﬂﬂ Iﬂt"%m
nentioned previously, it is often desi fal@igg o add excessec Ph- to

i nprove filmsintering. Accordingly, preferably, about 5 0 to 20 nole %
excess Lead jnd!ﬂrmst preferably about 10 nole % excess lead is added to the

solution. Th M on of 0.061 noles of Pb-Ac anhy results in a solution
having 0.676 noles per 1000 cubic centineters of 2-MOE. This solution

correspongs t 0 ' ' : 19 . £ di.ssol ving
t he Pb- Acganh‘@,ﬁt @tb@ﬁp@gﬁgg@g go%gﬁ'gé.%&ﬁ?%‘ﬂcﬁo?o'i%’fﬂﬁfnﬁgdﬁ% nut es
wi t hout stirSt@Bs 9fie boiling volatilizes a portion of the 2- MOE and
reduces the solution v i bQdm 9 .volume. The vol une
of solvent which is vofﬁa?m@gd%duri H%‘%@l i%ﬁ%ﬁﬂgﬁgﬁu@d by nmeasuring
the 15 sol ution vol umPrepafiRghan.ABhXAPYS (RLT L3plrgelgsolution nehereini st
tenperature sel ected w thin domigreate isffo?thdd in @he] abdénce ¥l aki on
correspopgds to solution A's k.t he FI GURE. . Next . about. 75 of 2- MOE
s hea'?e Hto about 40 to [e?ﬁ%ﬁ?oh&lé step %JI a thermal reacﬁon waeen

Lead Acetate Anhydrous and Zirconium and

Titanium precursors and wherein each precursor

is solubilized in an anhydrous organic solvent;

and

15 applying the anhydrous sol-gel solution onto the
substrate to form an anhydrous sol-gel coating

overlying the substrate.

2, The method of claim 1 wherein the step of applying the
20 anhydrous sol-gel comprises spin coating the anhydrous sol-gel
onto the surface of the semiconductor substrate.

3. The method of claim 1 further comprising the step of
crystallizing the anhydrous sol-gel coating by thermally treating
25 the coating at a temperature of 5500C to 650-C.

4. The method of claim 1 further comprising baking the sol-gel
coating in an oxygen containing ambient prior to crystalizing.



To the second preselected quantity of 2-MXE, first,—an anount of 20 Zr

n- But oxi de Butanol conplex is added sufficient tio a 0.67
to 2.67 nolal solution, and nost preferably a 1.3 ’mnm‘ lmml‘ml“l)f Zr

n- But oxi de But anol corrpl ex. Then, an amount of Ti [xsopropoxtdesi s added

the second presel ected quantity of 2-MCE g form preferably a 0.67 to 2 67
nolal 25 solution, and nost preferably ?33 nol sol u{lon 0

| sopr opoxi ded. Sifndaethod 50de!;€!|?|@§ aofqu‘ﬂ%l\eﬁff"‘e(ﬁﬂ r1§at¢i oh QPPLFaH?\B Ti,
the nolar angud s¥mibiorRikesr rgwstmgeaampriyngetﬁdﬂ%tepgeons the nol ar

anount of Zr. The conbin Zr. and Ti curs r I irred for
about 5 mnutes while ﬁ‘é\e Iglﬂgnﬁntﬂ% Mp?%%eﬁ iﬂ@gﬁl‘ ébout 40
to [err]. This solution corflﬁstpcthd!s:LtreosoBolutwnB shown in the FIGURE. The

Zr/Ti solution is then G'ﬁzr'}e‘g %tﬂg%@&soggcwtgﬁgﬂﬁ HH] %tﬁﬁilhﬁ\ mai nt ai ni ng

the tenpérature of t heS mxturels
then boiled at about [err] peacursors tosfomn & seeerd  piecsisortsalutiag; t o

fromthe sol -gel sol ut qfp in Thﬁebﬁtét' AAdVebabhdi pREcLBORSBINtioRE o MOE
reduci ng the volune of t xture about 5 to 10% of total volune. After

boiling, the 12 concentr &y %om' Wresol ution is cooled to room
tenperature and the flmmﬁ. gt condensatee bys applying ebeatr o stheo imikture

CorreSpOﬂFS to solution Cs e Bb58fcs' W'ﬁ@drolysm and thermally
inducing a condensation reaction between the
metal precursors to form a complex condensate.

6. The method of claim 5 wherein the metal precursors forming
15 the second precursor solution are selected from the group

consisting of metal alkoxides, metal acetates, metal

betadiketonates, metal chlorides and metal nitrates.

7. The method of claim 5 wherein the Titanium precursor is
20 Titanium Isopropoxide and the Zirconium precursor is Zirconium
n-Butoxide Butanol complex.

8. The method of claim 5 wherein the precursors are solubilized
in anhydrous 2-Methoxyethanol.

25
9. The method of claim 5 further comprising solubilizing one or
more metal precursors selected from the group consisting of Iron,
Niobium, and Aluminum in the second precursor solution.

30 10. The method of claim 5 further comprising solubilizing a
Lanthanum metal precursor in the first precursor solution.



After a cooling period of not |ess than about three hours, the 5 sol-gel
solution is diluted to forma sol -gel solution preferably having nol ar
precursor concentrations of, 0.2 to 0.8M Pb-Ac anhy, 0.1 to 0.4M Zr

n- But oxi de But anol conplex, and 0.1 to 0.4M Ti | sopropoxi de, and nost
preferably, 0.4M Pb-Ac anhy, 0.2M Zr n- bufa)xi de butanol conplex, and 0.2M
Ti |sopropoxide. 10 The diluted sol-gel solutionis then filtered
through a 0.2 mcron filter. The sol-gel is now ready for application to a
sem conduct or substrate. However, if necessary, the sol-gel solution can be
stored in brown glass bottles Aor a‘gerigﬁl ob.tilrre Prior to use. 15

After dilution and filtration,AP#Eaghefdhne sBISHIPSHS s di spensed directly
onto a sem conductor substrate using a conventional spin-coating process.

SubstrateSi s rotMEIHAD FOI AR ASERRCONBUCTOR BEVICELAVINGAN'C
substrate. 20 Foll ow ng ANI—WDRQUS‘ERBQE%H|&T@N EllBhked at about 250

to [err] for about one to 15 mi nutes. The baki ng oxi dizes the organic

| i gands bonded to the netal atons and driyes off t% 2- %.so’l vent | eaving
an anor phous PzT A Imethed fer H"@HPGkﬁe%%mEﬁo'!iﬁ'!ﬁ?r Viee IRYIRG et er s.
Thosg sl(;i Il e%ﬂf{}'drbﬁsaférr%léctﬁé tHiacfitmi obtdined &t annanhydyeus s61-PZT
can be deposi

eanp o, 1Buc el olltiphy e An nirolsc RAT. 381Gl MG o Brordiehl o'
120 nanonet elseat gl)eAcstated Anhydrousawhichal ist themnally acieduwithso to 750
nanometers. Brnaldidm WM FHERiGA" Précurdbhd beforh 9el condensate. The
sol-gel condensate is prepared without hydrolyzing the sol-gel
solution to obtain precursor complexes which do not contain
15 water. The formulation of the sol-gel exclusively by thermal
condensation and in the absence of hydrolysis yields an anhydrous
amorphous sol-gel having a uniform condensate composition. The
anhydrous PZT thin film formed by the anhydrous sol-gel exhibits
improved durability and substantially complete low-temperature
20 conversion to the perovskite crystalline phase.

FIG. 1 accompanies this abstract.



30  exygen containing anbi ent at about 550 to [err] for-about' 5 to 30
m'nutes to forma PZT crystalline filmhaving a thickness of about 150 to )
500 nanoneters. EXAMPLE Il 35 A 0/20/80 PZT sol -gel solution having 10 nol e
% excess Pb was prepared by the foll ow ng procedure. Using the previously
13 described starting materials, a | ead precursor solution (solution A was
prepared by first preheating 325 mllilite b@ (mM) of 2-MOE to about [err]
in a graduated flask. About 79.3 grans (g)~0f Pb-Ac anhy was added to the
2- MOE and the solution was gently 5 stirred for about 5 m nutes. The vol une
of solution was then about 360 ml at 11 OGoC. The solution was then brought
to a boil at about [err] and boiled for about 30 minutes w thout stirring.
After 30 mnutes, the volune of the boiled solution and the solution

t enperature was recorded The solution tenperature 10 was then reduced to
about [err] wher
precursor solutifjon (solution B)
m of 2-MOE to

Zi r coni um n- But X|g%ogy¥i%“aﬁg

| sopr opoxi de wene

4t preheating abouff 75-
grfaduat ed fl ask. Then 1 n1 of
onpl ex and about %2 é%ﬁﬁﬂggiﬂ$
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added to the 2-MOE. The solution was stirred for about 5 m'ngtes and the
vol ume was about 165 nl at [err]. A sol-gel solution (sol utflef2Z)3wés tgjég)
prepared by mxing the Pb and Zr/Ti precursor solutions (solutions A an
together. 20 Wiile maintaining solution A at about 90 to [err], solution A
was gently poured into solution B formng a mipgure having a volunme of
about 515 m. The m xture was stirred for about- 5 m nutes while maintaining
the tenperature at about 90 to [err]. After stirring, the m xture was

boil ed at about [err] for about 25 15 nmi nut@®iIMSt hout stirring. The vol ume
of solution at the end of the 15 mnute boiling period was about 475 m at

. Th I |yt | s then cogled t.o roomtenperature and the
1[%;} vol &:&ég‘%{ﬁéﬁt&w . %’?‘8?"‘3“@%5%‘%1"8%1 *ion period, the
sol - gel sol uti on pravidity adidmicendustdr substrated. The dil ution was carried out
by addi ffici - | ot al - t to
abot 508 m . FolfehaAnd gh arftyelrby PTCeotid sollfioniierefl &' dfiehatd R,
about 5 ninutes and t HeAMedin meeabwnqurarahndwlyﬂs:stm by atkermalireaction
filtration procedure W@ﬁ@%ﬁ@&ﬂ%&&%ﬂ Aircoritti® £ Tﬁaﬂi@u?n m

brown gl ass bottles. 14 T oys Sso pq | soluytion was then used to
form a perovskite PZT RTEPISORS: £ BEFIR RECH PTecHISOF is solubiizediim@n: o
anhydrous organic solvent;

10 applying the anhydrous sol-gel solution onto the substrate to form an
anhydrous sol-gel coating overlying the substrate; and
U crystallizing the anhydrous sol-gel coating.

2. The method of claim 1 wherein{applying the anhydrous sol-gel comprises
15  spin coating the anhydrous sol-gel onto the surface of the semiconductor
substrate.

3. The method of claim 1 wherein (crystallizing the anhydrous sol-gel coating

comprises thermally treating the anhydrous sol-gel coating at a temperature of
20 550°C to 650°C.

4. The method of claim 1 further comprising baking the sol-gel coating in an
oxygen containing ambient prior to crystallizing.

\— 25| 5. A method for making a semiconductor device comprising:

solubilizing a selected amount of anhydrous Lead Acetate precursor in
an anhydrous solvent to form a first solution;

solubilizing selected amounts of metal precursors of Titanium and
Zirconium in the anhydrous solvent to form a second solution;

30 mixing the first and second solutions to form a mixture;

forming a condensate in the absence of hydrolysis by heating the
mixture, then cooling to room temperature;

diluting the boiled mixture with the anhydrous solvent to form an
anhydrous sol-gel solution;

35 applying the anhydrous sol-gel solution to a semiconductor substrate;
and _

crystallizing the anhydrous sol-gel solution.




t he previously described spin-coating and sintering techniques. 5

EXAMPLE 11 A 9/65/35 sol -gel solution having 10 nole % excess Pb was
prepared by the foll ow ng procedure. A solution having a 0.616 nol al
concentration of Pb-Ac anhy and a 0.055 nolal 10 concentration of

Lant hanum | sopr opoxi de in 2- MOE was prepared-jy di ssol ving 65 grans of
Pb- Ac anhy and 5.68 grans of Lanthanum | sopropoxide in 325 m of 2-ME
preheated to about [err] (solution A). In accordance with previously
descri bed procedures, the solution was stirred for about 5 m nutes and 15
brought |}t o &.bdheauethod cflolaim 8Gunhercamprsing baking thergol-gal §ouﬂ'bni<mlant i Ion
was prepare m  of Zirconium n-But oxi de Butanol conpl ex
and 20 do"x&&eﬂ @ﬁéﬁ%aﬁm%?topom de in 75 m of 2-MOE (solution B). The
solutio was stirred for about 5 m nutes. 20 -~ I n accordance with

Previ ouplsy dESThaliREBHASIMAIPS futhérUomBifding fhsfing the aAhironS sol-gbrs

pr epare by |,ng SP utlop to so Intaining t esolutlon
t enper g before applying the s%'fQ?'rtPﬁgsqrﬂlcoﬁgﬁﬁlor§uhﬂﬁﬁtﬁes solution C
was boill d at about [err] for about 30 mnutes to forma sol-gel solution.

of 2. h] and TeapBRoek s & Yundiin ESseaRing e aifiurbln JhPORLS Aoy o

sol uti gnf wascamprisassibermelly treating the solsgelte fOMAT afpdravskiteecrysial phase at ar
subst r ayg aqgﬁfﬁyrmrégfhbgupsggucpﬁbgo@scr| bed spin-coating and sintering
t echni gye It 1s apparent that there has been provided, in

W 9. The method of claim 5 further comprising solubilizing a Lanthanum metal
precursor in the first solution.

15 10. The method of claim 5 further comprising solubilizing a metal precursor
selected from the group consisting of Iron, Niobium, and Aluminum in the
second solution.

11. A method for making a semiconductor device comprising:

20 dissolving a predetermined quantity of anhydrous Lead (ll) Acetate in
about 325 ml of 2-Methoxyethanol preheated to about 90°C to
100°C to form a first solution;

boiling the first solution at 125°C for a perlod of time not less than 30
minutes;

|| 25 dissolving predetermined quantities of Zirconium n-Butoxide and
Titanium Isopropoxide in 2-Methoxyethanol preheated to about
40°C to 50°C to form a second solution.

mixing the first solution into the second solution with stirring to form a
third solution at about 90°C to 100°C;

30 boling the third solution at about 130°C for about 15 minutes;

diluting the third solution with 2-Methozyethanol to form an anhydrous
PZT sol-gel;

applying the anhydrous PZT sol-gel to a semiconductor substrate; and

crystallizing the anhydrous sol-gel solution. -

35 -
12. The method of claim 11 further comprising filtering the PZT sol-gel through
a submicron filter before applying the sol-gel to a semiconductor substrate.




accor dance with the invention, a nethod of making a sem conductor device
having a PZT thin filmforned from an anhydrous sol -gel sol ution which
fully neets the advantages set forth above. Al though the invention has been

described and 35 illustrated with reference to specific illustrative
enbodi ments thereof, it is not intended that .tyg. i nvention be limted to
those illustrative enbodi nents. Those skilled in the art will recognize

15 that variations and nodifications can be nade wi thout departing fromthe
spirit qfi the invention. For exanple, other deposition nethods can be used
to appl % t hel3& oThg ehethodaof ctaiimc bhwherein 15 16 COtmoleL%exeess My apetatd YSi S

and t he rc’n?s ‘sh%ﬂcﬁ;djf eth% qr;sp%ang@gf to i npl ude wthin the invention
an

all such varl a I'oNns odIc | Ca all within the scope of the
appended cl aims and equi val ents thereof. 1. A nethod of meking a

seni condgct ofg, dAVrhéthda%m’hhﬁthih fé@fdévg?&haaoﬁd SEk g&gé@ fRatisN s & at e;

preparing an a dro uti1on ensate S forrred
in the abserﬁ,eé"'ﬁg R[/&PB?%tF %F%S'Bq a thermal reaction between
anhydr ouLLead Acsttlabilizing @nZanitnairousrLead phe¢@sorto form a first precursor

solution;
§ solubilizing amounts of Titanium and Zirconium precursors to form a
1 second precursor solution; |
j‘ - mixing the first and second precursor solutions to form a mixture; _g&
U forming a condensate by applying heat to the mixture in the absence of

hydrolysis and thermally inducing a condensation reaction
between the metal precursors to form a complex condensate.

15
N> 15, The method of claim _14 wherein the metal precursors forming the second
\ precursor solution are selected from the group consisting of metal alkoxides,
J metal acetates, metal betadiketonates, metal chlorides and metal nitrates.

,g\o 16. The method of claim 14 wherein the Titanium precursor is Titanium
%{ Isopropoxide and the Zirconium precursor is Zirconium n-Butoxide Butanol

complex.
5,§ 17. The method of claim 14 wherein the precursors are solubilized in
2

anhydrous 2-Methoxyethanol.

18. The méthod of claim 14 wherein forming a condensate comprises heating
l the mixture to about 130--C for a period of time not less than 15 minutes.

gg 19. The method of claim 14 further comprising solubilizing one or more metal .
‘\2" precursors selected from the group consisting of Iron, Niobium, and Aluminum
\f in the second precursor solution.

20. The method of claim 14 further comprising solubilizing a Lanthanum metal
3% precursor in the first precursor solution.

\ 21. A method of making a semiconductor device comprising :



precursors, and wherein each precursor is solubilized in an anhydrous
organi ¢ solvent; 10 appl yi ng the anhydrous sol -gel solution onto the
substrate to form an anhydrous sol -gel coating overlying the substrate; and
crystallizing the anhydrous sol-gel coating. 2. The nmethod of claim1
wher ei n appl yi ng the anhydrous sol -gel conpri.ggs. 15 spin coating the
anhydrous sol-gel onto the surface of the sem conductor substrate. 3. The
met hod of claim1l mhe ein crystalli 2|n he anhydrous sol -gel coating
conpri ses t rnaﬂ”?v NG, & @ﬂ@dgﬂﬂya §“§0I gel coating at a tenperature.

01;] 20 I [elr rf to ;iremdjng éan afihydneushPZT cfol-gjehsolutioh whbegi nQI@@BbI-gehgl lbakl ng
the sol -gell lcoating i o crystallizin
250 20 Almekhod for SR GRS b aNdBRSBYoRe g A shBen&a Bl Ani | 71 no
a sel ected |dnount of M@WQ%@EM atharmal reaction kbetween anhydioysiLead
orma firshcdtate'hh@Zi Z'rcéﬁiuﬂphhﬁzl’ﬂ!&%hlﬁﬁ Ip‘?éét‘ﬁ‘go t\ﬁh@éelr'lmt al

sol vent §o
precursors [¢pf Titani um and Zi rconi.um e an ous sol vent orm a
ion; 30 €ach pracursqy is ﬁ@ ubjlfzed igan 3@'(%11’9%6“9@"'6@'@5‘& orma

second so
m xt ure; I m ng alqopmntgenéahnydmsfuol-ty@:seemgo?fotnlrdm@éuﬁstﬁat?&ghefnﬁ 'ta'hg thet ]
m xture, n cooling om rature; di i Iled mxture w
the anhydrQus sol vent %’ﬁ‘yf’g?‘fﬁ %ﬂe'ni Bgso"?gw@el?'%sﬂrhﬂriagﬁra%

, anhmsiahzmglthganl”gdmus sol-ged caatingi conduct or substrate; and
crystal kpzi ng the anhydrous sol -gel solution.




17 6;--The : -chal-m S further _conprising baking the sol -gel qgehyi+pHn
in g:n oxyhen RFHAGTYENT SHERES: . 5G 7. rr?’he nmet hod of claim5 furprﬁr os
conprisin g@qﬁ_@'ﬁ%@ thagedinytdrpaged sal Jgel sol uti on bef ore applying '_li?le

sol -gel tp R {3dm@ondueged. Bubgtaged 44 4. The_ggthod of claim5 wherein
crystall i;ziﬁmgi_rtlwialgﬁﬂhmgems...mlpagﬁi WSolfution conprises thermally treating
the sol - gell tAbsfrestm a ppgedV.sks tpaged y.st phase at a 10 umﬂnm “mlclnlll
about [ery] to [err]. 9. The nethod of |cl ai rﬁlﬁlmfart her b e S,
sol ubi l'i zj nleptpepup et @ (precurs¢r in the first 'sofutfon . e
net hod of* ARD OF RECHIPTE. AR |l ubi li,zing a netal precursor

sel ect.ed frénﬂ'ﬁ@ti%gpw Semjcondycterdevige somprisingy Al umi numin the
second sol uti on. ptdvidihgn®isbaicdriductorksulsstiate;eni conduct or devi ce conpri sing:

20 di ssol yi L.ne uant i . anhyvdrous Le 1]).
Acetate In about ﬁg%@&éﬁ%%egﬁ hsﬁ-&eﬁ %P&E\'Q.Qt e Qlﬁ%"%def‘é?{% 18 o
[err] to forma first femned irothe abseancepftanchydmlysissteptbyoa thermiai rehction a
period of time not | cheniban aiflydidid!Ssad ABstate and Afctiflel Aty Rigflfcht" ™ ned
quantities of Zirconium n-Butoxide and Titanium[sopropoxide 1n
2- Met hoxyet hanol  pr eh PERGUTSOES, aRduwhersin pach preeyrsor is soubilizeddnend
sol ution. mxing the Gnhydroud gfdaﬁib solvent;he second solution with stirring
to for k[ applying the anhydrous sol-gel solution onto the substrate to form an

- anhydrous sol-gel coating overlying the substrate; and

crystallizing the anhydrous sol-gel coating.

2. The method of claim 1 wherein applying the anhydrous sol-gel comprises
15 spin coating the anhydrous sol-gel onto the surface of the semiconductor
substrate.

3. The method of claim 1 wherein crystallizing the anhydrous sol-gel coating

compriseg thermally treating the anhydrous sol-gel coating at a temperature of
20 550°C to 650°C.

4. The method of claim 1 further comprising baking the sol-gel coating in an
oxygen containing ambient prior to crystallizing.

25 5. A method for making a semiconductor device comprising:
solubilizing a selected amount of anhydrous Lead Acetate precursor in
an anhydrous solvent to form a first solution;
solubilizing selected amounts of metal precursors of Titanium and
Zirconium in the anhydrous solvent to form a second solution;
30 mixing the first and second solutions to form a mixture;
forming a condensate in the absence of hydrolysis by heating the
mixture, then cooling to room temperature;
diluting the boiled mixture with the anhydrous solvent to form an
anhydrous sol-gel solution;
35 applying the anhydrous sol-gel solution to a semiconductor substrate;
and
crystallizing the anhydrous sol-gel solution.
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third solution at about [err] to [err]; 30 boling the third solution
at about [err] forf about 15 mnutes; diluting the thirdsoluotiomrwth :
2- Met hozyet hanol to form an anhydrous PZT sol -gel; appl yi t r

PZT sol -gel to a sem conductor substrate; and, gpystallj g‘iﬂaﬂtj Iwm V"W
sol -gel solution.. 35 12. The method of claim 11l further TNy s =
filtering the PZT sol -gel through a submcron filter before applying the
sol -gel to a sem conductor substrate. 18 13. The nethod of claim 1l

wherei n an 56! TPmSed & ehafrs SSfurthiad caﬁ@iralr@ Bk G 8 Sol-Gol AR érfgr

first solutign. 5 14 _A nmethaod of making a ferroelectric condensate
application 8&%’%89{‘%89&'&'egﬁbst rate conprising: solubilizing an
anhydrous Lead precursor to forma first precursor solution; solubilizing
anmount s Tht aRd m ; idlmlﬁ ' for ]

second p?gecu?é??iésjoeut [ oé‘t 6'%“% ngl;‘ ﬁggﬁﬁgﬁﬁg]@teg@gghg %&'é{g[ﬁl?ﬁo'sgﬁlu_t I ons
to form a ni Relutien befiererapplying the sohgehtosa semjicenshiciorrsybisirate.t o t he ni xture

in the absence of hydrolysis and thernmally inducing a condensation reaction

n the | precursors . to forma conplex condensate. 15 .
bet wee ge Lﬁme Rlethoc; oip claim 5 wherein crysrt]glllzmg the anhydrous sol-gel solution

comprises thermally treating the sol-gel to form a perovskite crystal phase at a
10 temperature of about 550°C to 650°C.

9. The method of claim 5 further comprising solubilizing a Lanthanum metal
precursor in the first solution. )

15 10. The method of claim 5 further comprising solubilizing a metal precursor
selected from the group consisting of Iron, Niobium, and Aluminum in the
second solution.

11. A method for making a semiconductor device comprising:

20 dissolving a predetermined quantity of anhydrous Lead (lI) Acetate in
about 325 ml of 2-Methoxyethanol preheated to about 90°C to
100°C to form a first solution;

boiling the first solution at 125°C for a period of time not less than 30
minutes;

25 dissolving predetermined quantities of Zirconium n-Butoxide and
Titanium Isopropoxide in 2-Methoxyethanol preheated to about
40°C to 50°C to form a second solution.

mixing the first solution into the second solution with stirring to form a
| | third solution at about 90°C to 100°C;
30 boling the third solution at about 130°C for about 15 minutes;
diluting the third solution with 2-Methozyethanol to form an anhydrous
PZT sol-gel;
applying the anhydrous PZT sol-gel to a semiconductor substrate; and
crystallizing the anhydrous sol-gel solution.

35

12. The method of claim 11 further comprising filtering the PZT sol-gel through
a submicron filter before applying the sol-gel to a semiconductor substrate.
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15. gfhe method of clai,m 14 wherein the netal precursors formng the second
precursor solution are selected fromthe group consi sting—ef-retal

al koxi des, metal acetates, nmetal betadi ketonates, netal chlorid ftal
nitrates. 20 16. The nethod of claim 14 wher_qian_ t he T| ’wwmm)ﬁik E‘iﬁl S
Ti tani um | sopropoxi de and the Zirconium precursor is Zi M Bt Ox L te
But anol conpl ex. 17. The method of claim 14 wherein the precursors are

sol ubilized in 25 anhydrous 2-Methoxyethanol. 18. The nethod of claim 14
or & per i o B B b S T s e ol o
or a perio | Ne, no S A i nut es. :

14 further %ﬁé{?{%‘!ﬁfaiﬂiﬂ@ﬁhﬂ}ﬁ%ﬁéﬂw nore metal precursors sel ected
fromthe group consisting of Iron, N obium and Alumnumin the second
precursog sqlsut A : : . al f e [lsing

sol ubi | ioszi ng4é1 éﬁ?‘@ﬁfﬁﬁ@f‘ﬁﬁ%'@%Eieéﬁ?é@&%#%igﬁé?@@gﬁ%i% _f"‘sor

sol ution. 2semiconduaiar sabstrate epmprising:conduct or devi ce conpri si ng: -19-
providing a sem RNt aﬁlg}ﬂ-@m s LBAG Wirsl A1 MY e i 15 | - gel

sol ut.ii on, wherein the SIQ?: el sol ultﬁ\sl onétg?rrr%%}ggsfba con%e'ﬁé’st}t eé'?_rgrafred in the
absence of an hydrol yﬁ"i“t'ﬁ »p by a thermal reaction between anhydrous Lead

5 Agelubiikzing dmourts of Titanideth aht ZiiceRTum PredSHEs toofmvder ei n
each prfgur sor i s sol %gboha%qeéﬁlrsgpsgm%%ﬁ;rous or gani ¢ sol vent;
mixing the first and second precursor solutions to form a mixture; and
forming a condensate by applying heat to the mixture in the absence of
hydrolysis and thermally inducing a condensation reaction
between the metal precursors to form a complex condensate.

16 :
15. The method of claim 14 wherein the metal precursors forming the second
precursor solution are selected from the group consisting of metal alkoxides,
metal acetates, metal betadiketonates, metal chlorides and metal nitrates.

20 16. The method of claim 14 wherein the Titanium precursor is Titanium
Isopropoxide and the Zirconium precursor is Zirconium n-Butoxide Butanol
complex.

17. The method of claim 14 wherein the precursors are solubilized in
25 anhydrous 2-Methoxyethanol. -

18. The method of claim 14 wherein forming a condensate comprises heating
the mixture to about 130--C for a period of time not less than 15 minutes.

30 19. The method of claim 14 further comprising solubilizing one or more metal
precursors selected from the group consisting of Iron, Niobium, and Aluminum
in the second precursor solution.

20. The method of claim 14 further comprising solubilizing a Lanthanum metal
35 precursor in the first precursor solution.

21. A method of making a semiconductor device comprising :
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applying the anhydrous sol-gel solution onto the substrate to forman
anhydrous sol -gel “coating overlying the substrate; and crys t he

anhydrous sol -gel coating. 10 -19- /{”/Ic”/l'/”’////’/”””

Ly A
providing a semiconductor substrate;
providing an anhydrous PZT sol-gel solution, wherein the sol-gel
solution comprises a condensate formed in the absence of an
hydrolysis step by a thermal reaction between anhydrous Lead
5 Acetate and Zirconium and Titanium precursors, and wherein
each precursor is solubilized in an anhydrous organic solvent;
applying the anhydrous sol-gel solution onto the substrate to form an
anhydrous sol-gel coating overlying the substrate; and
crystalizing the anhydrous sol-gel coating.
10 :
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