DESCRIPTION
METHOD FOR FORMING PZT FERROELECTRIC FILM

TECHNICAL FIELD
[0001]

The presentinvention relates to a method for form ing
a PZT ferroelectric fiim by CSD (Chemical Solution

Deposition) method.  More specifically, the present

inventionrelatestoamethodforformingaPZTfer roelectric
film having not only thickness of 150 nm or more wi thout
formingcracksafterfiringaliquidcompositionfo rforming

a PZT ferroelectric film that is coated by one appl ication
(hereunder, this composition is sometimes referred to as
simply “liquid compaosition”) but also high crystall inity,
thereby having excellent dielectric characteristics and
piezoelectric characteristics. Meanwhile, the pres ent
international application claims a priority right o n the
basis of the Japanese Patent Application No. 168480 filed

on August 28, 2015 (Japanese Patent Application No.
2015-168480); and the entire content of Japanese Pa tent
ApplicationNo0.2015-168480isincorporatedintoth epresent

international application.

BACKGROUND ART
[0002]



Upon forming a PZT ferroelectric film having a

perovskite structure by a gel-sol method

typically
represented by the CSD method, when a precursor fil
ferroelectric film which contains more Pb than the
stoichiometric composition thereof is fired under a
condition(forexample,inanairatmosphere),aqu

phase called a pyrochlore phase is formed. When th
pyrochlore phase is remained, the PZT ferroelectric
havingtheperovskitestructurecannotbeobtained.

reason, it has been known that in order to transfor
pyrochlore phasetothe perovskite phase, thefirin
begenerallycarriedoutathightemperatureof600

[0003]

In order to avoid this high-temperature firing, a
method for producing a PZT film is disclosed wherei
methodcomprisesastepofformingaprecursorfilm
it at the temperature of 300
compositionforformingthePZTferroelectricfilm
to a substrate and a step of forming the perovskite
byfiringatlowtemperatureinanoxidativeatmosp
adivalentleadion (Pb
to a zero-valent lead (Pb
thepyrochlorephase(forexample,seePatentLiter
Thismethodischaracterizedbythatthereduction
outbyheatingthesubstratehavingtheformedprec

to300to450 °Cwiththetemperaturerisingrateof5
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or higher in a non-oxidative atmosphere, or the sub strate
having the formed precursor film is heated to 300 t 0450 °C
with the temperature rising rate of 5 °C/second or higherin

an oxidative atmosphere.

[0004]

On the other hand, a method for forming the

ferroelectricthinfilmisdisclosedwhereinafter asol-gel
solution comprising a metal alkoxide and a solvent or a
solution of ametal organic agentis appliedtoone surface

of a supporting substrate, in an ozone-containing g as
atmosphere UVraysareirradiated toa coatfilmco mprising
thesol-gelsolutionorthesolutionofametalorg anicagent,
and then, the supporting substrate is subject to a heat
treatment, orUVraysareirradiated with simultane ous heat
treatment of the supporting substrate (for example, see
Patent Literature 2). In Patent Literature 2 in wh ich
production of a (Ba «Sr1x)TIO 3 film is explained, it is
describedthatthesameeffectcanalsobeobtained evenwhen
thismethodisusedinproductionofotherferroele ctricthin
films such as PZT film and the PLZT film. In addit ion, in
PatentLiterature2,itisdescribedthatbecauseu nnecessary
compounds in the coat film can be effectively remov edbya
photochemical reaction with ozone, which is generat ed by
interaction of a free radical or an excited molecul e
liberated fromthe coatfilm by irradiation of UV r ayswith

an oxygen and UV rays, the formation method of the



ferroelectric thin film having less inhibitory fact
crystalgrowthinthe heattreatmentprocessthereb

excellent electric characteristics can be realized.

PRIOR ART LITERATURES
PATENT LITERATURES
[0005]

[Patent Literature 1] Japanese Patent Laid-Open

PublicationNo0.2011-086819 (claim 1, claim 3, clai
paragraph [0006])

[Patent Literature 2] Japanese Patent Laid-Open

Publication No. H06-234551 (claim 4, claim 5, parag

[0016], and paragraph [0018])

DISCLOSURE OF INVENTION
PROBLEMS TO BE SOLVED BY THE INVENTION
[0006]

ItisdescribedinPatentLiteraturelthatwhenf
iscarried outathightemperature of 600to 700
a problem that the substrate to form the precursor
thereonislimitedtothoseendurabletothehigh-t
firing, and whenthe PZT ferroelectric filmis form
integrated circuitorthelike of various electroni
thereareproblemsthatnotonlythehigh-temperatu
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the circuit but also an internal diffusion takes pl
between the PZT ferroelectric film and the substrat
[0007]

The production method of the PZT film described in
Patent Literature 1 can solve these problems; howev
because the reduction is carried out by heating the
precursorfilmat300to450
thistemperatureatapredeterminedtemperatureris
iftheamountofapplicationineachapplicationis
a stress caused by volume shrinkage which takes pla
decomposition of organic substances in the liquid
composition is not sufficiently relaxed, so that th
beenaproblemofformationofcracksafterfiring.
with one application the liquid composition cannot
thick film of 150 nm or more without causing cracks
firing; and thus, there has been a margin for furth
improvement.

[0008]

InPatentLiterature2,itisdescribedthatthem
described therein can also be used in formation of
ferroelectric film; however, this method mainly aim
effectively remove unnecessary compounds in the coa
Therefore,thereisneitherdescriptionaboutthep
phaseinherenttothe PZTferroelectricbodywhich
under usual condition, nor is clearly described the

temperature condition during the UV irradiation as
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the condition of the heat treatment after or during

irradiation; and thus, it does not show the way how
the PZT ferroelectric film having the perovskite st

without the pyrochlore phase.

[0009]

Thefirstobjectofthepresentinventionistopr
amethodforformingaPZTferroelectricfilmhavin
thickness of 150 nm or more without forming cracks
firingaliquid compositionforformingaPZT ferro
film that is coated by one application but also hig
crystallinity, thereby having excellent dielectric
characteristics and piezoelectric characteristics.
secondobjectofthepresentinventionistoprovid
forformingaPZTferroelectricfilmhavingalower
currentdensityoftheferroelectricfilmthatisf
the liquid composition by suppressing an excess amo

lead in the liquid composition.

MEANS FOR SOLVING THE PROBLEMS
[0010]

Afirstaspectofthepresentinventionisametho
forming a PZT ferroelectric film, wherein the metho
comprises: a step of applying a liquid composition
forminga PZT ferroelectric film; a step of drying
applied with the liquid composition; a step of irra

UV raysontothedried film atatemperature of 150
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in an oxygen-containing atmosphere; and after
application step, the drying step, and the UV irrad
steponce,ormoretimes, astepoffiringforcrys
aprecursorfilmofthe UV-irradiatedferroelectric

raising a temperature with a temperature rising rat
0.5 °C/secondorhigherinanoxygen-containingatmosphe
by raising a temperature with a temperature rising

0.2 °C/secondorhigherinanon-oxygencontainingatmos
followed by keeping the temperature at 400 to 500
further, an amount of the liquid composition in eac
applicationissetsuchthatthickness oftheferro

film be 150 nm or more for each application and 0zo
supplied during the UV irradiation.

[0011]

Asecondaspectofthe presentinventionistheme
for forming the PZT ferroelectric film based on the
aspect, whereinan atomicratio of Pb, Zr,and Tim
the liquid compositionis Pb: Zr: Ti=100to 125
80 : 80 to 20.

[0012]

Athird aspect of the presentinventionis the met
for forming the PZT ferroelectric film based on the
or the second aspect, wherein the liquid compositio
comprises a precursor of the PZT ferroelectric film
solvent, and a reaction controlling substance which

polyvinyl pyrrolidone (PVP), polyacrylamide, or pol
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acetamide; and an amount of the reaction controllin
substance relative to 1 mole of the precursorisin

of 0.0025 to 0.25 mole.

ADVANTAGES
[0013]

In the method for forming the PZT ferroelectric fi
according to the first aspect of the presentinvent

irradiating UV raysto the dried film at the temper

150to 200 °Cinthe oxygen-containing atmosphere, not only

ozone is generated but also ozone is supplied furth
that organic substances decomposed by the ozone gen

by the UV irradiation and the ozone supplied are co

toH ,0andCOorCO ,;therefore,mostoftheorganicsubstances

in the liquid composition are decomposed. The film
decompositionoftheorganicsubstances(precursor
thickerthanthefilmafterthe decomposition (oxid
whereinthevolumedifferencetherebetweenisusual

ormore, atleastabout 2 times. With decompositio
organicsubstances, the precursor’'svolumeshrinks.
method of Patent Literature 1, during reduction the
temperatureisraisedatapredeterminedtemperatur
ratefollowedbyheatingatahightemperatureof3

so that the organic substances decompose rapidly an
crystallizationtakes place withrapid change ofth

and structure of the precursor film. Therefore, wh

arange

Im
ion, by

ature of

er, so
erated

nverted

before
film)is
efilm),
ly3times
nofthe

Inthe

erising
00to450 °C,
d
evolume

en the



amount of application of the liquid composition in each

applicationissetsuchthatthickness oftheferro electric
filmbel50nmormoreforeachapplication,thest ressduring
the volume shrinkage of the precursor film cannot b e
satisfactorily relaxed thereby causing the cracks w hen the
precursorfilmisfired. Ontheotherhand,accord ingtothe
formation method ofthefirstaspect, evenifthet hickness
is set so as to be 150 nm or more, because the orga nic
substancesaredecomposedatalowtemperatureofl 50t0200 °C
by the ozone in the step of the UV irradiation, the reisno
rapid change of the volume and structure of the pre cursor
film, and in addition, the organic substances can b e

satisfactorily decomposed by the ozone even at low

temperature. Therefore, the stress can be satisfac torily
relaxed during the volume shrinkage, so that there are no
cracks formed when the precursor film is fired. Up on
decompositionofthe liquid composition, partofC (carbon)
and H (hydrogen) remains as free radicals in the fi Im.
Because the divalent lead ion (Pb *) is converted to the
zero-valent lead (Pb %) due to reducing actions of these C
(carbon)andH (hydrogen), and also becausethetem perature
is not higher than 200 °C, the pyrochlore phase cannot be

formed in the film. Subsequentto this UV irradiat ion, by
raising thetemperature withthetemperaturerising rate of
0.5 °C/secondorhigherinanoxygen-containingatmosphe reor
byraisingthetemperature withthetemperatureris ingrate



of 0.2
atmosphere, followed by keeping the temperature at

500 °C, the precursor film of the ferroelectric film can
crystallized without passing through the pyrochlore
andwithoutformingthecracks,sothatthePZTfer

film having the perovskite structure with excellent
dielectric characteristics and piezoelectric
characteristics can be obtained.

[0014]

In the method forming the PZT ferroelectric film
according to the second aspect of the present inven
becausetheatomicratioofPb,Zr,andTimetalsi
compositionisPb : Zr: Ti=100to 125:20to 80
20, the leakage current density of the ferroelectri
thatisformedfromthisliquidcompositioncanbe
to a low level.

[0015]

In the method of forming the PZT ferroelectric fil
according to the third aspect of the present invent
becausetheliquidcompositioncomprises,inadditi
precursorofthePZTferroelectricflmandthesol
reaction controlling substance, which is polyvinyl
pyrrolidone (PVP), polyacrylamide, or polyvinylace
with the amountthereofrelativeto 1 mole ofthe p

being in the range of 0.0025 to 0.25 mole, the stre

relaxation accompanied with the volume shrinkage of
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precursor PZT film during the UV irradiation canta ke place
more surely; and thus, the cracks are not formed wh en the

precursor film is fired.

BRIEF DESCRIPTION OF DRAWINGS
[0016]
[Fig. 1]
Fig. 1 is the X-ray diffraction chart of the PZT
ferroelectric film obtained in Example 2.
[Fig. 2]
Fig. 2 is the electric field —polarization hysteresis

curve of the PZT ferroelectric film obtained in Exa mple 2.

BEST MODES FOR CARRYING OUT THE INVENTION
[0017]
Next, the embodiments for carrying out the present

invention will be explained.

[0018]

[Liquid Compositionfor Formingthe PZT Ferroelectr icFilm]
Theliquidcompositionofthe presentinventionis the

liquid composition for forming the PZT ferroelectri c film.

The PZT ferroelectric film is a film of a composite metal

oxidehavingaperovskitestructurerepresentedby ageneral

formulaofPb(Zr x 11 1 )O3(0<x<1). Theliquidcompositionof
the presentinventionis asol-gel solutionincludi ngaPZT

precursor for forming the PZT ferroelectric film (P ZT

11



precursor solution). The atomic ratio of Pb, Zr, a
metals in the liquid compositionis preferably Pb:
=100t0125:20t080:80to020. Whenthe ratio
lessthan100,anon-perovskite phaseispronetob

on the other hand, when the ratio of Pb is more tha
the leakage current density is prone to be increase
atomic ratio of Pb : Zr : Ti= 105t0 120 : 20to 8

to 20 is more preferable.

[0019]

The PZT precursor is a mixture that raw materials
eachmetalelementofPb, Zr,and Tiare mixed such
each metal element may give the mass ratio to form
ferroelectric film, wherein as the raw materials, m
compoundshavinganorganicgroupbondedtothemet
via an oxygen atom or a nitrogen atom of the organi

are preferably used. For example, one, or two or m

compounds selected from the group composed of a met

alkoxide,ametaldiolcomplex,ametaltriolcompl
carboxylate salt, a metal

[-diketo ester complex, a metal

metal amino complex may be used. Especially prefer

compoundsareametalalkoxide,apartialhydrolysa
and an organic acid salt.

[0020]

Raw materials of each Pb, Zr, and Ti metal element

wellasasolventaretakenintoareactionvessel;
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the resulting mixture is heated under reflux in an inert

atmosphere to form the PZT precursor solution. The raw
materials of each metal element are mixed so asto givethe
metal element ratio to form the PZT ferroelectric b ody.
[0021]

Concentration of the PZT precursor in the liquid

composition is, on the basis of the oxide-converted

concentration, preferablyintherangeof17t035% bymass,
whilemorepreferablyintherangeof20to25%by mass. When
the concentration is less than 17% by mass, a satis factory
film thickness cannot be obtained; on the other han d, when
the concentration is more than 35% by mass, the cra cks are

prone to be formed.
[0022]
The solvents that can be used are diols such as
propylene glycol, ethylene glycol, and 1,3-propaned iol.
Whenthediolisused as the solvent, the storage s tability

of the liquid composition can be enhanced.

[0023]

[llustrativeexampleofthesolventotherthanthe diol
thatcanbeusedincludesacarboxylicacid,analc oholother
thanthediol,anester,ketones(suchasacetonea ndmethyl
ethyl ketone), ethers (such as dimethyl ether and d iethyl
ether),cycloalkanes(suchascyclohexaneandcyclo hexanol),
aromatic compounds (such as benzene, toluene, and x ylene),

and tetrahydrofuran.

13



[0024]

Whenthealcoholisusedasthe solventforadilu
purpose, in view of applicability and drying proper
the liquid, a linear monoalcohol having a carbon ch
1 to 4 carbons is preferable. In addition, in the
making the film dense, it is preferable to use a li
monoalcoholhavingacarbonchainof6tol2carbon
with the linear monoalcohol having a carbon chain o
4carbons. Bysodoing,thegelfilmcapableofef
dischargingtheorganicsubstancestooutsidethef
UVirradiationatthetemperatureof150to200
sothatthedense PZT film having excellentcharact
can be obtained even if the coat film is made thick
only the alcohol having the carbon chain with less
carbons is used, the boiling point thereof is not s
satisfactorily high that densification of the film
insufficient; on the other hand, when the carbons i
carbon chain is more than 12, the solubility thereo
thesol-gelsolutionissolowthatitisdifficult
the sufficient amount, and in addition, viscosity o
solutionbecomessohighthatthesolutioncannotb
uniformly.

[0025]
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composition of the present invention include, in ad dition

to the above-mentioned, polyvinyl pyrrolidone (PVP) ,

polyacrylamide, or polyvinyl acetamide, as the reac tion
controllingsubstance. Meanwhile,thereactioncon trolling
substanceisthesubstancethatcontrolsthereacti ontoform
the ferroelectric structure by incorporating oxygen during
firing. The amount of this reaction controlling su bstance
relativetolmoleoftheprecursorispreferablyi ntherange
of 0.0025 to 0.25 mole, while more preferably in th e range
of 0.0025 to less than 0.2 mole. When the amount o f the
reactioncontrollingsubstanceissmallerthanthe suitable
amount, the stressinside the film cannotbe satisf actorily
relaxed, sothatthe cracks are prone to be formed. Onthe
other hand, when the amount of the reaction control ling
substance is more than the suitable amount, the den se thin

film having high crystallinity cannot be obtained.
[0026]

[Method for Forming the PZT Ferroelectric Film]

The method for forming the PZT ferroelectric film by
usingtheliquidcompositionproducedbythemethod described
above will be explained. This formation method is the
formation method of the ferroelectric film by the s ol-gel
method.

[0027]
Firstly, the liquid composition is applied to a

substratesoastoformthecoatfilmhavingapred etermined

15



thickness. The amount of the liquid composition in each

applicationissetsuchthatthicknessoftheferro electric
filmbeinthe range of 150 nm ormore foreach app lication.
Bysodoing,thefilmthicknessnotcausingthecra cksafter
firing canbe obtained with less number of the appl ication.
Here,"“thickness”isthethicknessoftheferroelec tricfilm
after firing; this matter will be mentioned later. The
application method is not particularly restricted, while
illustrative example thereof includes the spin coat ing
method, the dip coating method, the LSMCD (Liquid S ource
Misted Chemical Deposition) method, and the static spray

method. With regard to the substrate on which the

ferroelectricfilmisformed, nottomentionheat-r esistant
substrates such as a sapphire substrate and a silic on
substrate formed withalower electrode, the substr atesuch
as a synthetic quartz substrate, a fused quartz sub strate,
and a non-alkaline glass may also be used. The low er
electrode formed on the substrate has conductivity of Pt,
TiO, Ir, Ru, and the like, and is formed of a material not
reactivetothe ferroelectricfilm. Forexample,t he lower
electrode may have atwo-layer structureofa TiO «layerand
aPtlayerinorderfromthesubstrateside. Asth especific
example of the TiO « layer, the TiO » layer may be mentioned.
Furthermore, when a silicon substrate is used as th e
substrate, a SiO > film may be formed on surface of the

substrate by thermal oxidation of this substrate.

16



[0028]

Next,theliqguidcompositionappliedontothesubs trate
isdriedat80to250 °Cforsto30minutesinanairatmosphere,
in an oxygen gas atmosphere, or an atmosphere conta ining
water vapor. By this drying, the solvent in the li quid
composition evaporates; and with this, the metal co mpound
forms a network in the film so that the liquid comp osition
turnstoagel. Itistobe notedthat, especially inorder
toremovealow-boilingpointsolventandtheadsor bedwater
molecule, before drying a low-temperature heating ( drying)
atatemperature of 70t0 90 °C may be conductedforaperiod
of about 0.5 to 5 minutes by using a hot plate ort he like.
[0029]

Next, UV rays are irradiated to the gelated dry fi Im
on the substrate in an oxygen-containing atmosphere for5
tol5minutesinthetemperaturerange of150t020 0°C,while
preferably in the temperature range of 180 to 200 °C. With

regard to the oxygen-containing atmosphere, an air
atmospheric or an oxygen gas atmosphere may be ment ioned.

When UV rays are irradiated in an oxygen-containing

atmosphere, not only ozone is generated but also oz oneis
supplied;andthus,theorganicsubstancesdecompos edbythe
ozonegeneratedbytheUVirradiationandtheozone supplied
areconvertedtoH 20andCOorCO ,,whicharethenliberated

from the PZT precursor film. At this time, when th e UV
irradiation is carried out with the atmosphere temp erature

17



of lower than 150 °C for a period of shorter than 5 minutes,

the organic substances in the liquid composition ar e
difficult to be decomposed. On the other hand, whe n the
temperatureis higherthan 200 °C, the organic substancesin

the liquid composition are rapidly decomposed so th at the
stress relaxation during volume shrinkage of the pr ecursor
filmisinsufficientthereby easily formingthecra ckswhen
the precursor film is fired. As mentioned before, most of
the organic substances in the liquid composition ar e
decomposedbythe UVirradiation,butpartofC(ca rbon)and

H (hydrogen) remains as free radicals in the film. Because
the divalent lead ion (Pb ") in the liquid composition is

converted to the zero-valent lead (Pb % due to reducing
actionsoftheseC(carbon)andH(hydrogen),anda Isobecause
thetemperatureisnothigherthan200 °C,thepyrochlorephase
cannotbeformedinthefilm. Inthisway,thepre cursorfilm

of the PZT ferroelectric film can be obtained.
[0030]

Next,theprecursorfilmofthe PZTferroelectric film
obtained by the UV irradiation is fired. The firin gis

carried out by raising the temperature in an

oxygen-containing atmosphere such as an air atmosph ere or
an oxygen gas atmosphere with the temperature risin g rate
of0.5 °C/secondorhigher, preferablyintherangeof0.5 to
10°C/second, or by raising the temperature in a non-ox ygen
containing atmosphere with the temperature rising r ate of

18



0.2 °C/second or higher, preferably in the range of 0.2 to

10°C/second, followed by keeping the temperature at 40 Oto
500 °C,preferably420to450 °C,foraperiodof5to60minutes

inthe same atmosphere asthe atmosphere during the time of
temperature raising. When the temperature is lower than
400 °Cortheperiodislessthan5minutes,theprecurs ordoes
notcrystallize;andwhenthetemperatureishigher than500 °C
ortheperiodismorethan60minutes thereoccurs theproblem
thatthemetalwiringpatternmeltsorPdevaporate stocause

a change in composition. Under the firing conditio ns
mentioned above, the precursor film can be fired wi thout
oxidizingthe zero-valentlead (Pb %9inthefilmnorpassing

through (notforming) the pyrochlore phase, so that the PZT
ferroelectric film having the crystallized perovski te
structure canbe formedwithoutformingcracks. Th ereason
thatthetemperatureisraisedwiththerate of0.5 °C/second
or higher in the oxygen-containing atmosphere, or w ith the

rate of0.2 °C/second or higherinthe non-oxygen containing
atmosphereisbecauseformationofthe pyrochlorep hasecan
be avoided in this way. Itis to be noted that the reason

that the pyrochlore phase is not formed even if the

temperaturerisingrateis0.5 °C/second,whichisslowerthan
5°C/second or higher, the temperature rising rate in Patent
Literature 1, is as follows. The outermost surface of the
PZTprecursorfilmisoxidizedbytheozonetoform theouter
shell which keeps the reduction atmosphere inside t he

19



precursor film. Therefore, penetration of oxygeni
precursor film is difficult; and thus, even if the
temperature rising rate is slow, the reduction atmo
formed by the UV irradiationis keptsothatthe py

phase is not formed. Because the diffusion rate of
isslowedbythethickfilm,thepyrochlorephasei

even if the temperature rising rate is slow.

[0031]

Alternatively, from the step of application of the
liquid composition to the step of UV irradiation ma
repeated twice or more so as to obtain a predetermi
thickness followed by firing at once in the end. W
liquid composition mentioned above is used and the
irradiation is carried out with supplying the ozone
oxygen atmosphere, because, among other things, the
derivedfromthefilmshrinkagewhichtakesplacea
offilmformationcanbe suppressed, athickfilmh
thickness of about 150 to 200 nm may be formed by e
application without causing cracks. By repeating t
applicationtwiceormore,theferroelectricfiimh
filmthicknessof300nmormore,suitableforaPZ
may be formed. In other words, a thick ferroelectr
having the thickness of, for example, 600 nm may be
with a small repeating number.

[0032]
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By way of the steps mentioned above, the PZT
ferroelectric film can be obtained. By using this PZT
ferroelectricfilm,electronicpartssuchasapiez oelectric
MEMS (Micro Electro Mechanical Systems), a ferroele ctric
memory, a ferroelectric a transistor, a capacitor, and a
piezoelectric sensor may be manufactured.

EXAMPLES
[0033]

Next,Examplesofthepresentinvention,together with
Comparative Examples, will be explained in detail.

[0034]
<Example 1>

After lead acetate trihydrate, titanium (iv)
tetra-isopropoxide, zirconium (iv) tetra-butoxide, acetyl
acetone,andpropyleneglycoleachwereweighedso astogive
Pb:Zr:Ti=120:40: 60 as the elemental ratio of Pb,
Zr, and Ti metals in the PZT precursor, they were ¢ harged
into a reaction vessel, and then heated under reflu xina
nitrogenatmosphereat150 °Cforlhour. Afterheatingunder
reflux, unreacted substances were removed by distil lation
under reduced pressure. After the solution having the
unreactedsubstancesremovedwascooledtoroomtem perature,
water with the amount of 2 moles relative to 1 mole of the
PZT precursor was added to the solution; and then, the
resultingmixturewasheatedunderrefluxat150 °Cforlhour.
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Then, thiswas cooled to room temperature to obtain the PZT

precursor solution (liquid composition). To this P ZT
precursorsolutionwasadded0.025mole(intermso fmonomer,
relative to 1 mole of the PZT precursor) of polyvin yl
pyrrolidone(PVP)asthereactioncontrollingsubst ance;and
then, theresulting mixturewas stirred atroomtem perature
for 24 hours. After the stirring, ethanol, 1-butan ol,and
1-octanol were added to dilute the PZT precursor so lution
soastoresultinthe concentration of 25% by mass interms
ofthe oxideinthesolution. Thesolutionthusdi lutedwas
droppedontothePtsurfaceoftheSi/SiO oITiO ,/Ptsubstrate,
andthenspin-coatedat5000rpmfor60secondsso astogive
150 nm as the thickness of the ferroelectric film a fter
firing.
[0035]

Next, the film of the PZT precursor solution (liqu id
composition) applied onto the substrate was heated (dried)
at low temperature of 80 °C for 3 minutes on a hot plate in
anairatmosphere. Thereafter,the substrateis mo vedtoa
differenthotplate,andthenthecoatfilmwasdri edat250 °C
forlOminutesinanairatmosphere. Next,thesub stratewas
placed in an apparatus provided with an air-tight ¢ hamber
andalow-pressure mercurylampstoirradiate UVra ysof184
nm and 254 nm as the light source (UV Ozone Cleaner model
UV-300H-E, manufactured by Samco Inc.); and then, t he
substrate having the dried film was heated at 150 °Cinan
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oxygen atmosphere. Under this condition, the dried
gelatedfilmwasirradiated with the UV rays for 10

with charging the ozone into the air-tight chamber
discharging it therefrom at the flow rate of 3to 1

[0036]

The application and drying of the precursor soluti
and the UV irradiation were repeated for 3 times.
completion of the third UV irradiation, the substra
taken out from the air-tight chamber and cooled to
temperature. Thereafter,withflowinganairthep

filmonthesubstratewasheatedwiththetemperatu

and
minutes
and

0 sccm.

on
After
te was
room
recursor

rerising

rate of 10  °C/second in the RTA (Rapid Thermal Annealing)

apparatus (model number of MILA-5000, manufactured

ULVAC-RIKO, Inc.); and when the temperature reached
thistemperaturewaskeptfor60minutesforfiring

the PZT ferroelectric film.

[0037]

<Example 2>

Except that at the time of the UV irradiation the

substrate having the dried and gelated film was hea

200°C, the procedure of Example 1wasrepeatedtoobtai

PZT ferroelectric film.
[0038]
<Example 3>
AtthetimeoftheUVirradiationthe substrate hav

the dried and gelated film was heated at 200
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temperatureduringfiringwaskeptat500 °C. Exceptforthese

changes, the procedure of Example 1 was repeated to

the PZT ferroelectric film.

[0039]

<Example 4>
AtthetimeoftheUVirradiationthe substrate hav

the dried and gelated film was heated at 200

temperaturerisingrateduringfiringwassetatO.

Except for these changes, the procedure of Example

repeated to obtain the PZT ferroelectric film.

[0040]

<Example 5>
AtthetimeoftheUVirradiationthe substrate hav

the dried and gelated film was heated at 200

atmosphereduringfiringwasmadeanitrogenatmosp

thetemperaturerisingratewassetat0.2

obtain

ing
°C, and the
5°C/second.

1 was

ing
°C, and the

here,and

°C/second. Except

for these changes, the procedure of Example 1wasr epeated
to obtain the PZT ferroelectric film.
[0041]
<Example 6>

AtthetimeoftheUVirradiationthe substrate hav ing
the dried and gelated film was heated at 200 °C, and the
temperatureduringfiringwaskeptat400 °C. Exceptforthese
changes, the procedure of Example 1 was repeated to obtain

the PZT ferroelectric film.

[0042]
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<Comparative Example 1>

Except that at the time of the UV irradiation the
substrate having the dried and gelated film was hea
140°C,the procedure of Example 1 wasrepeatedto obtai
PZT ferroelectric film.
[0043]
<Comparative Example 2>

Except that at the time of the UV irradiation the
substrate having the dried and gelated film was hea
250°C, the procedure of Example 1wasrepeatedtoobtai
PZT ferroelectric film.
[0044]
<Comparative Example 3>

Atthetime oftheUVirradiationthe substrate hav
the dried and gelated film was heated at 200

temperaturerisingrateduringfiringwassetatO.

Except for these changes, the procedure of Example
repeated to obtain the PZT ferroelectric film.
[0045]
<Comparative Example 4>

Atthetime ofthe UVirradiationthe substrate hav
the dried and gelated film was heated at 200
atmosphereduringfiringwasmadeanitrogenatmosp
the temperature rising rate during firing was set a
0.1 °C/second. Except for these changes, the procedure

Example lwasrepeatedtoobtainthe PZTferroelect
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[0046]

<Comparative Example 5>

AtthetimeoftheUVirradiationthe substrate hav ing
the dried and gelated film was heated at 200 °C, and the
temperatureduringfiringwaskeptat300 °C. Exceptforthese
changes, the procedure of Example 1 was repeated to obtain

the PZT ferroelectric film.
[0047]

<Comparative Example 6>

At the time of the UV irradiation, without supplyin g
the ozone into the air-tight chamber, the substrate having
the dried and gelated film was heated at 200 °C. Exceptfor
these changes, the procedure of Example 1 was repea ted to

obtain the PZT ferroelectric film.
[0048]

<Comparative Example 7>

Withoutirradiatingthedriedandgelatedfilmwith the
UVrays,thisdriedfilmwasfired. Exceptforthi schange,
the procedure of Example 1 was repeated to obtain t he PZT

ferroelectric film.

[0049]

The UV irradiation conditions and firing condition S
until the PZT ferroelectric film is obtained in Exa mples 1
to6and Comparative Examples 1to 7 are summarized inTable
1.
[0050]
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[Table 1]

UV irradiation

Firing condition

condition
Temp.
Ozone Kept
Temp. Atmo-sph rising
supply temp.
(°C) ere rate
(yes/no) (°C)
( °Clsec)
Example 1 150 Yes Air 10 450
Example 2 200 Yes Air 10 450
Example 3 200 Yes Air 10 500
Example 4 200 Yes Air 5 450
Example 5 200 Yes Nitrogen 0.2 450
Example 6 200 Yes Air 10 400
C. Example1 140 Yes Air D 450
C. Example 2 250 Yes Air D 450
C. Example 3 200 Yes Air 0.3 450
C. Example 4 200 Yes Nitrogen 0.1 450
C. Example 5 200 Yes Air D 300
C. Example 6 200 No Air 0 450
No UV
C. Example 7 Air 10 150
irradiation
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[Table 1(Continued)]

PZT ferroelectric film
Thickness Crack Degree of
(nm) (yes/no) crystallization
Example 1 450 No Excellent
Example 2 450 No Excellent
Example 3 450 No Excellent
Example 4 450 No Excellent
Example 5 450 No Excellent
Example 6 450 No Excellent
C. Example 1 450 Yes Not good
C. Example 2 450 Yes Not good
C. Example 3 450 No Not good
C. Example 4 450 No Not good
C. Example 5 450 No Not good
C. Example 6 450 Yes Not good
C. Example 7 450 Yes Not good
[0051]

<Comparative Evaluation: Part 1>

The PZT ferroelectric films obtained in Examples 1 to
6andComparative Examples1to7wereevaluatedwi thregard
tothefilmthickness, formation of cracks (yes/no) ,degree
of crystallization, and dielectric property by the methods
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describedbelow. Thedielectricpropertyresultis
Fig. 2, and the rest results are summarized in Tabl
[0052]
[Evaluation Methods: Part 1]
(1) Film Thickness:
Filmthickness (totalthickness)oftheferroelect
film was measured with the wet etching method using
hydrofluoric acid and with a contact-type thickness
(Alpha-Step 500, manufactured by KLA-Tencor Ltd.).
[0053]
(2) Formation of Cracks (Yes/No):
The tissues of the film surface and the cross sect
of the film were observed with a digital camera DP
optical microscope (BX51, manufactured by Olympus C
and from the picture with magnification of 200, for
of cracks (yes/no) was observed. And, the conditio
observingthecrackswasjudgedtobe“No”andthe
observing the cracks was judged to be “Yes”.
[0054]
(3) Degree of Crystallization:
Degreeofcrystallizationwasevaluatedbymeasure
using the X-ray diffractometer (X'Pert PRO MRD Epi,
manufactured by PANalytical B.V.). Whenthe peak
near2 0=38degree,correspondingtothePZTperovskitepha
(111), was clear, degree of crystallization was jud

be “Excellent”, when the peak could be distinctivel
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degree of crystallization was judgedtobe “Good”, andwhen
the peak was not confirmed, degree of crystallizati on was
judged to be “Not good”.

[0055]

(4) Dielectric Property:

AfteranAulayerwasformedontheferroelectric film
by avapor-deposition method, the filmwas heatedi nanair
atmosphere at 450 °C for 10 minutes to obtain a capacitor
(ferroelectricelement). The hysteresis characteri stic of
the capacitor thus obtained was studied.

[0056]
[Evaluation Results: Part 1]
(1) With Regard to the Film Thickness:

As itis clear from Table 1, the film thicknesses of
alltheferroelectricfilmsofExampleslto6and Comparative
Examples 1 to 7 were 450 nm.

[0057]
(2) With Regard to the Cracks:

AsitisclearfromTable 1, the crackswere forme din
theferroelectricfilminComparative Example 1in whichthe
temperature during the UV irradiation was 140 °C, in
Comparative Example 2 in which the temperature duri ng the
UVirradiation was 250 °C, in Comparative Example 6 in which
the ozone was not supplied during the UV irradiatio n, and
inComparative Example 7inwhichthe UVirradiatio nwasnot
carriedout. Thecrackswerenotformedinthefer roelectric
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filmintherestofExamplesand Comparative Exampl es,i.e.,
Examples 1 to 8 and Comparative Examples 3 to 5.
[0058]

(3) With Regard to Degree of Crystallization:

AsitisclearfromTablel,alltheferroelectric films
of Comparative Examples 1to 7 were “Notgood”ind egree of
crystallization. On the contrary, all the ferroele ctric
films of Examples 1 to 6 were “Excellent” in degree of
crystallization. AsitisclearfromFig. 1, cryst allinity
of the ferroelectric film of Example 2 was “Excelle nt”
because the peak strength at 2 0=38 degree was clear.

[0059]

(4) With Regard to the Dielectric Property

The hysteresis characteristic of the capacitor

obtained by using the ferroelectric film of Example 2 was
studied. As itis clear from Fig. 2, the hysteresi s shape
of rectangular was confirmed, indicating that this is the
capacitor having excellent dielectric property. Th e same

were true for Example 1 and Examples 3 to 6.
[0060]

Next, Examples 7 to 16 are shown below in which th e
elemental ratio of each metal of Pb, Zr, and Ti in the PZT
precursor was changed.

[0061]

<Example 7>
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Except that each metal of Pb, Zr, and Ti was weigh
soastogivePb:Zr:Ti=95:40:60asthemetalelemen
inthePZTprecursor,theprocedureofExamplelwa
to obtain the PZT ferroelectric film.

[0062]
<Example 8>

Except that each metal of Pb, Zr, and Ti was weigh
soastogivePb:Zr:Ti=100:40:60asthemetaleleme
inthePZTprecursor,theprocedureofExamplelwa
to obtain the PZT ferroelectric film.

[0063]
<Example 9>

Except that each metal of Pb, Zr, and Ti was weigh
soastogivePb:Zr:Ti=105:40:60asthemetaleleme
inthePZTprecursor,theprocedureofExamplelwa
to obtain the PZT ferroelectric film.

[0064]
<Example 10>

Except that each metal of Pb, Zr, and Ti was weigh
soastogivePb:Zr:Ti=110:40:60asthemetaleleme
inthePZTprecursor,theprocedureofExamplelwa
to obtain the PZT ferroelectric film.

[0065]
<Example 11>
Except that each metal of Pb, Zr, and Ti was weigh

soastogivePb:Zr:Ti=115:40:60asthemetaleleme
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inthePZTprecursor,theprocedureofExamplelwa
to obtain the PZT ferroelectric film.
[0066]
<Example 12>

Except that each metal of Pb, Zr, and Ti was weigh
soastogivePb:Zr:Ti=125:40:60asthemetaleleme
inthePZTprecursor,theprocedureofExamplelwa
to obtain the PZT ferroelectric film.
[0067]
<Example 13>

Except that each metal of Pb, Zr, and Ti was weigh
soastogivePb:Zr:Ti=130:40:60asthemetaleleme
inthePZTprecursor,theprocedureofExamplelwa
to obtain the PZT ferroelectric film.
[0068]
<Example 14>

Except that each metal of Pb, Zr, and Ti was weigh
soastogivePb:Zr:Ti=105:20:80asthemetaleleme
inthePZTprecursor,theprocedureofExamplelwa
to obtain the PZT ferroelectric film.
[0069]
<Example 15>

Except that each metal of Pb, Zr, and Ti was weigh
soastogivePb:Zr:Ti=105:52:48asthemetaleleme
inthePZTprecursor,theprocedureofExamplelwa

to obtain the PZT ferroelectric film.
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[0070]

<Example 16>

Except that each metal of Pb, Zr, and Ti was weigh ed
soastogivePb:Zr:Ti=105:80:20asthemetaleleme ntalratio
inthePZTprecursor,theprocedureofExamplelwa srepeated
to obtain the PZT ferroelectric film.

[0071]
<Comparative Evaluation: Part 2>

The PZT ferroelectric film each obtained in Exampl el
and Examples 7 to 16 was evaluated by the methods d escribed
below with regard to the leakage current density, t he peak
clarity ofthe PZT perovskite phase (111), andthe presence
orabsenceofthephasedifferentfromtheperovski tephase.
Theseresultstogetherwiththeelementalratioof eachmetal
ofPb,Zr,andTiinthePZTprecursoraresummariz edinTable
2.

[0072]
[Table 2]
Presence of
Pb:Zr:Ti Leakage phase
(metal current Clarity of different
element density PZT (111) from
ratio) (A Bm?) peak perovskite
phase
(yes/no)
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Example 1 120:40:60 8.3 x107 | Excellent No
Example 7 95:40:60 1.7 x107 | Excellent  Slightly
present
Example 8 100:40:60 1.2 x10" | Excellent No
Example 9 105:40:60 4.4 x10® | Excellent No
Example 10 110:40:60 5.6 x107 | Excellent No
Example 11 115:40:60 7.4 x107 | Excellent No
Example 12 125:40:60 8.1 x10°® | Excellent No
Example 13 130:40:60 1.2 x10° | Excellent No
Example 14 105:20:80 5.2 x10”7 | Excellent No
Example 15 105:52:48 2.1 x107 | Excellent No
Example 16 105:80:20 1.8 x10”" | Excellent No
[0073]
[Evaluation Methods: Part 2]
(5) Leakage Current Density:

After an electrode with 200 pmp was formed by the
spattering method on surface of the obtained ferroe lectric
thinfilm,itwassubjectedtothedamagerecovery annealing
by using RTA in an oxygen atmosphere at 450 °C for 1 minute
to obtain a thin film condenser as the test sample. Then,
theleakage currentdensity was measured by applyin gtheDC

voltage of 5 V to this sample.
[0074]
(6) Clarity of the PZT Peak (111):
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This was evaluated in the same way as that for (3)
evaluationofdegreeofcrystallizationasmentione
[0075]

(7) Presence or Absence of the Phase Different from
Perovskite Phase:

Thiswasevaluatedonthebasisofpresenceorabs
ofthePZTpyrochlorephasebyusingtheX-raydiff
mentioned before.

[0076]
[Evaluation Results: Part 2]

Asitis clear from Table 2, all the peaks of the
perovskite phase (111) of the PZT ferroelectric fil
obtained in Example 1 and Examples 7 to 16 were cle
thus, they were all “Excellent”. On the other hand
Example 7 in which the ratio of Pb was 95, the peak
PZTperovskitephase(111)wasclear,butthephase
from the perovskite phase (non-perovskite phase) wa
slightly formed. Also, in Example 13inwhich the
Pbwas 130, theresultthatthe leakage currentden
increased to 1.2 x10™ A [6m? was obtained.
INDUSTRIAL APPLICABILITY
[0077]

ThePZTferroelectricfilmofthepresentinventio
beusedintheelectronicpartssuchasapiezoelec

(MicroElectroMechanical Systems),aferroelectric
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aferroelectrictransistor,acapacitor,andapiez oelectric

sensor.
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CLAIMS

[Claim 1]

AmethodforformingaPZTferroelectricfilm,wher ein
the method comprises:

a step of applying a liquid composition for forming a
PZT ferroelectric film;

a step of drying the film applied with the liquid

composition;
a step of irradiating UV rays onto the dried film a t
a temperature of 150 to 200 °C in an oxygen-containing

atmosphere; and

after the application step, the drying step, and th e
UV irradiation step once, or more times, a step of firing
for crystallizing a precursor film of the UV-irradi ated

ferroelectric film by raising a temperature with a

temperature rising rate of 0.5 °C/second or higher in an
oxygen-containing atmosphere or by raising a temper ature
with atemperature rising rate of 0.2 °C/second or higherin
anon-oxygencontainingatmosphere,followedbykee pingthe
temperature at 400 to 500 °C; and further,
anamountoftheliquidcompositionineachapplica tion
is setsuchthatthickness of the ferroelectricfil mbe 150
nmormoreforeachapplicationandozoneissuppli edduring

the UV irradiation.
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[Claim 2]

The method for forming the PZT ferroelectric film
accordingtoclaim1,whereinanatomicratio of Pb ,Zr,and
Ti metals in the liquid composition is Pb : Zr : Ti =100

to 125 : 20 to 80 : 80 to 20.

[Claim 3]

The method for forming the PZT ferroelectric film

according to claim 1 or 2, wherein the liquid compo sition
comprises a precursor of the PZT ferroelectric film , a
solvent, and a reaction controlling substance which IS
polyvinyl pyrrolidone (PVP), polyacrylamide, or pol yvinyl

acetamide; and an amount of the reaction controllin
substance relative to 1 mole of the precursorisin arange

of 0.0025 to 0.25 mole.
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