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Abstract

Sol-gel processing represent a promising method for the fabrication of dizle=tric
materials. In’ this study we review the preparation and characterization of l=ad
and barium titanate derived materials in form of gels, powders and films The
relative merits and problems of the different processing  techniques are
investigated The phusical properties of these materials cbtained either in the
amorphous or crystalline form  and possible applications of technologica: irterest
are finally presented
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¢ Intr nustion
The fabrcat:on of high quality ceramic materials and devices has received much

attenhion i the recent years The chemical methods appear very attractive as
they offe potenlial advantages over the traditional mixed pride routes. °-
rarticular the purity, the chemical homogeneily and particle size characteristics
may be all enhanced by adopting these processing techniques. These methods may
als? lowrr considerably the ceramic processing temperatures and therefore
facilitate their integration with semiconductor devices, microelectronic
packagiry) integrated optics devices etc.  This will include thin or thick layer
dovices and multilayer configuration. On thz other hand the preparation of
submicron powders with w2ll defined and controlled granulation may lead to the
rbtentine of  bhetter  and mrre  roliable  ceramice  with  reoroducible
characteristics
In this parer we review the studies realized during the last decade using the
sol-gal route for obtaining lead and barium-titanate derived materials in form of
gels, powders, and films We first diccuss the relative merits and problems of
the different chemical processes used for the preparation of adequate
frecursors and for which beo basic methods can be visualized:
¥ 3 mullicomponent alicxidz can be prevared by reacting a combination of single
alkonide  The reaction of a partially hudrolised alkoxide of species M  with
anather alkoxide nf species M forms a double alkoxide and an alcohol

' ¢ oR' &3]

OF - M +HD-M_OR 4 O -M-0-M-0OR + RN w

oR* OR Oor' R
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This method reauires alkoxides of both species and an understanding of thair
relative rates of hudrolusis and reaction products.

B) a soluble salt such as a nitrate, acetate, etc can be added to a single or a
complex alkoxide. An understanding of the solution and reaction chemistry of the
species is important Lo determine the nature and the structure of these compler
alkoxides and to obtain a stable sol.

We also discuss how to obtain specific sols from these precursars in ordsr to
prepare specific products such as gels, powders and films, Finally the phusical
croperties of these materials obtained either in the amorphous or crustalline
form are presented and possible applications of high technolegical relevance

are commented

Lead Titanate derived materials

Pure lead titanate has not proved to b= an importart technological material
when prepared via conventional orocessing procedures However it 1s the base
constituent of important electrical ceramics such as PZ1, PLZT, and its
obtaining in thin film form of high optical quality and high refraction index may
be fundamental for the development of electronic and optical devicas.

2.1 Precursors and sols preparations
The first preparation of FbTi0, precursor was made by Gurkovich and Blum
) through the reaction of lead acetat= Fb iCoHD,k dissolved :n
methoxyethanol C.H.0; with titanium isopropoxde TIOCH,), Tre synthesis
Srocess was rather comolicated and the final p~oduct hughiy “ascous st
high moisture reactivity. Sols were pregared by dissolving this comnlex in
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methoxuatharol (17 ratio volume) introducing the water of hudrolusis as a
=olution of methaxyethanol and water (2:1 ratio) with 0.002 mole HNO./mole
siatey added Galation occurred in 3 few minutes and transparent gels vere

sutamed after druing at 31°C for 2-3 weeks. Tetragonal FbTiOs was recorted
after firina at 600°C

The oprecursor preparation process was later modified by Budd et al [2,3]
who recognized, through gas chromatoaraphy analysis, the occurrence of an
evchana= reicticn between the titanium alkoxide and the methoxuyethano! :

TR » AROMD - THOR), - 4R0OH @)
L LI if::,!‘:? and R/ = CH]DC"'ZCHE ’

The titaruum metnoxuethoxide orepared in this wau a! 125°C was then
combined wi'h a 2-methoxruethanol solution of dehudrated lead acotate,
reacted and concentrated bu repeated vacuum distillations. Sols for gel
formatirn and thin film preparation were prepared by combining equal volume
of Wty stock =olutich with a solution of water-catalust (acid or base) -
methrauetiharal %a give 05 molar gel Stable sols wer= obtained for a
HOUTERTID:? ratio smalle- than 15 For higher ratio gelation occured in a
“ert minutes with a rate increasing with the water amount and pH

2 oornpnss an pazie methad particulariu useful to prepare precurcor sol
For the attoining of dense material in film form. It is based on the chemical
mhifizabion oF titamum asnorogonds TIOPr), by acetylacetone AcacH , a
~athe-- s'rony chelating lhigand and stabilizing agent [4,5.6]. The preparation
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TUOP-1; + 2 AcacH - Ti 0PrYy, (acac); + 2 Frw. ey

The yellomw and homogeneous solution is mixed for 30 minutes until s
temmerature lowers to 25°C. A solition of lead aceiate PhDAc), 3H,D 1n
acetic acid (concentration 720971 is then added under 30 minules stirring
This =2l does not exhibit gelation or precipitation for at least 6 months Itc
colour however changes from clear yallow to orangs in 3 few dau- rmdicatine
gither an evolution of the Ti complexation or 3 change in the particlec s1ze
Both precursor sols can be mixed in any proporticr: to prepare lead-titanats
material of other compositions (Table 1)

Table 1
Typical composition for the preparation of PbTi0, and TiC; - 055 kD spl

_ _ Ph acetates
Prococt Prox acarH Til.'ﬂ'\'r‘!‘ snijutjnn o
{ml) {ml) (=D (ml)
PoTic, an ] ] 72a 17
Ti0,-025FPb7 40 3 4 19 b

2. Gel ta ceramic conversion

Whatever is the process pf sol oreparation, the dried g2ls are zmerphous te

Xrau wo to ~ 300°- - the:r cyruchisre shows however difterences analoanus



REFRACTIVE INDEX

Figure 1 - Refractive index for amorphous PbTiO, thin films
prepared by the sol-gel process as a function of
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sre2d of 5 to 13 om/min whatever is the ambient humily Their index of
refraction n =~ 205 is however slightly smaller Due to the easiness and the
lon3 life shelf of the sol preparation the PbTi0; and TiD; - PbD amorphous
films are perfect candidates for the preparation of reflective coating (up to
4570 with flat characteristics in the visible or near infra-red region Figure
2 The films deposited on glass have a lower index of refraction because of
the diffusion of Na ions from the substrate during the heat treatment .

The fabrication of passive optical devices using the sol-gel method is simple
and inexpensive. It has great advantages as the method allows to chose the
index of refraction and the thickness of the layers. Hermann et al [10] have
shown the feasibility of the method by fFabricating planar optical waveguides
using Si0, - Ti0, Lipicoat Merck solution. Using a rutile prism coupler, a He-
Ne laser beam was successfully coupled to a thin planar TiO, - 0,25 PbOD film
Oﬁzwuthickdeunsitedmacmmonglasssbstrate.ﬁmasfncsthe
schematic arrangement and the dispersion relation of the thickness versus the
effective mode numbers Ny = np sin (& + arc sin (sina/n) ) w1 for the TE
modes only. The values measured experimentally are in good aoreement (Table
D :

Table
Ema-inmtalvalmsol’uwN.(smalsoﬁgS)

TE, s Ny
TE, 18°3g° 242
TE, 1142 204
TE, -0°45 189
TE, not chserved
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EFFECTIVE INDEX

Dispersion relation for a TiO; ~ 0,25 Pho
waveguide (ny = 2,15 at )= 623.8 nm)
deposited on a glass substrate (n_ = 1 517)

dashed line refers to a film 0.82 um thick
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These results are extremely promis. 3 and open a new field of applirtion a-
the layers were prepared without special substrate cleaming,  saluticr
filtraticn and clean room facilities and confirm the high cptical quaiity of
these lead-titanate derived Films..

Embossing technigues used in integrated optics to fabricate surfare rzhie?
gratings ard channel waveguides would be another promising possikcilit 5

The techmicue was first developed for hard and resistant Si0; - Tif). sol-as)
film (Liouicoat ZL1 1685 Merclo by Lukosz et al [12, 131 and more rerentlu by
Tohge =t al for SiQL film [143 The techeugue involvas the pressirvyy 3 ) filo
against an aluminized reflective arating o~ stamper followed b3 b Jana gt
500°C. Th= replica may function az nput or outout aratina coumler Hraaa
reflecter, pregroovas of optical memory disk or any other opiics]l desasz
which reqguires an engraved pattern. Recently . using 2 micro processor
con‘rolled dippirg arm to withdraw a SiG; - Tid, film from tne salitun kot
varyina cspeeds, Hewak et al [15], fabricated tapered and lenclike wavezurk
The xucceesfull and easier preparation of thin lead iitanate fiin i bpees
cotical quality combined with their high refraction index are :sbacot e
doubt aocd candidates for future research and apolications . Shi< cpiscs!

field

3 Barium-Titanate derjved material

eversl compounds r the BaG - TiD; system are ngar $s b te—reicoas il

Ty

wportan'  electroceramics BaTiD, is a3 dislectric ceram:- ads Iy s o -
marufacture of capacitors BaT: Dy and Ba,Tigi;; hava irieresting o-op srte-

for microwae applications (Filters, etc) However the comwentipnal orocosceg nf

5 s S

S
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thes - matarials ralies on relatively high temeeraturs 1100 - 1300°0Y. It is
tharaior e et curprasing Lo find several sol-ael studies in the literature since
tha e of organometallic compounds allows in prirciple a low temperature
orepoarate. anid processing of homogeneous thin films and powders without the
vrvlesirable irpurities such Al;D,, SiD, S, P etc  whick have deleterious effects

“m e alecte jcal properties of these ceramics

rar =z ow 5nls asd g2] bo ~aramic conversine
I Broraration gsing tio alkocides
fre there cignaorara work, Mazdigasni =4 al (16,171 prepared BaTilD, powder b
e vinmdtaneous  hudeoluti:  decompositicn of high purity titanium tertiary
varsloxge T M, . and barium  bis  isopropoxide BalCCaH,),  The
stenciucmete e mivbire nf Fo'h alkoxides wae rofluxed for 23 n. After adding
Ao . uater  and isoprops! alcohol theu obtained a barium titanate
vedneiog eracizatyio whizs adizr waching and druing at S3°C gave z + 9990
Suie Lalal, powdsr of SG - 150 A eiza Dooing with Se an Ln oxide were
prepar=t bw o additien of the respective isopropoxides The powders were
<aicined zt 500°C fer 30 minutss, srournd and then cold pressed Sintering of
uompal bodias wers done in air at 1200 - 1500° for §h
o filrs have bhzen orepared by Yanouvskaua 2t al (1931 by hud-olyt:s
Teowgreitee s oF alocholic solution ~fF BalDE! 'z ard TilOEL, Thesz solutions
oot cenTiip= ta o mopstura ared carbon oxide. the fermatior: ~f tho

Vierrta . Tl i tnouabt 'L arise fren the hudrolysis of SaTifDEL:,

il rrstallization wed Batlil, aczurred arcund "00°C and  saveral
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polytitanates such as BapTids BaTi0; and BaTid, were observed at

higher annsalina temperature.

Rehspringer [19) prepared BaTiO, powders bu mixing the same ethcuades 10

presence of a large excess of alcoholic water (400%) The reaction led ta the
formation of veru fine amorphous powder (~ 30nm) 3lreadu agaregated
Crystallization occurred at ~700°C. Monolithic aels [19.20] were obtained ba
controlling the chemical reactions of hudrolusis and polucendensaticn by
working at lower temcerature (~ 45 - 0°0). After druina the aslz =an bz

sransformad at 725°C into a glassu matrix containing smzll ean-shaps3 BaT:0_

orystals

3.1 2 Preparation using BaD and Ti alkoxide

Ritter ot 31 [21] proposed 3 novel and inexpensive technioue thal uses
technical grade BaD to prepare a bariws extract under argon atmasphers,
this compound is thought to be a 11 mixture of BalOCHg, and (C-}.0'BazD
and has been used in the preparation of barium polytitanates o3 reachion
with titanium 1sopropoxids, ethanol and water. The powder which reculterd was
separated by centrifugation, washed and finally dried The mathcd was used
ta prepare and characterize various polutitanates such as Ba;TaC, 2 1

BaTi0; 1.2, Ba.Ti 0, 617, BagTijaly, t4 : 13), BaTi,0, 1 9 BT 0.

29, PaTi0,, (15 and BaTi,0,, 16

3.1.3 Preparaticn using BalGD;
Claschen [272] proposed an agueous sunthesis of BaTill, o2 the Fopwse

addition of tetrapropyl Litanate to a desassed rater solution of barne
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hodroxnde ol 11 9 14) This tecnigue was found useful for introducing
desirable mmpurities and for the partial substitution of barium. The process

1= nmeede ared 15 simmarized as follows -

RYM; o TIOTH, H,D o BaTily + 4C,H,O0H =

The same process was later used by Dosch [23] to prepare thin Ffilm on Si, MNi

anid 1i sub=tratoc .

Prevaratien using Bar:um carkonate and Ti alkoxida

Salze et al! [24) prepared powders with the following reacticn : titanium was
it oiiced i the form of Ti isopropoxide dissolved in ethylene glycol and
citric acid. at BO - 100°C. The clear and water soluble comnlex is nat yat
ko Barium was introduced as a solution of carbonate dissolved in citric
acid Al BO°C The fina! soluticn is clear, water soluble and stable; a polumer
tar, by sttamed Lo Raatina 2t 160°C which after elimination of tha organic
fraclions is pyrolyssd in ai~. Crystalline BaTil, is noted around 550°C
toaether wath BaCh, and other polytitanates The powder is constituted of
small platas 104m thick composed of clusters of BaTiD, (~ 05 pm) associated

vitth e emall crystallites ( 20 - 40 nm).

Frenar stion using Fa acetate and T: alkaxide
Tt revs ] mothnd := guite interesting since it allows the preparation of

powirée=- 3nd thin films from simple  chemical polumerization betlween
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inexpensive and moisture insensitive materjals.

The process involves the mixing at room temperaturs of a solution of 1:
isopropoxide in isopropanol [2526,27]1 or Ti-ethoxide [28,29) with an 0ueoLs
solution of Ba acetate Gnolar ratio 1:1). Acetic acid ard Zor acetularetons
ars also added in order to avoid precipitation These sols are relatisely
stable and gel in a few days. The white opague gels transform ir!c povde-
whan dried at 100°C. Thin films can be orenared bu the dig coatira technigus
at a withdrawal speed & - 20 cm/min for a 5ol viscosity 23 - 4 -p .o boll.
products crustallizaticn starts around SS0° - 600°C Tha evolutit:: of tri=
local structure of the Ba- Ti environment of the complex has be=n stuhed ba
Mosset et al (28] by laree angle X-ray scattering method They sitwrd that
for T : 250°C Ba, HC,COD), wunits are associated to Ti; ard T:, consl=
n'r::let::a.mi= Pyrolysis of the organic ligands with Ba-0-Ti bond= br eaking
otowrs hatween 2Z50°C and 400°C. The oresence of BalD. around 4007 a-d =
theoratical analysis of the radial distributicn function which exciustas Bal®
BaTi, 04 and Ba;TiD, as precursors indicate that BaTi0; is probacly forme-~
bu BaCO, - Ti0, reaction. Gels dried hyparcritically at 2BG°C, 200 bar and
analysed by TEM and X<ray diffraction showed a needle structurs —oapoced
of crustalline barium acetate and titanium oxide In thiz casze oure BTl we

anly observed after roat treatment at 200°C 251
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s itber o opar-ation
Aty ot 3P 1IN21Y hae recently developed a promising new route to sunthesize
fit anal . rompound cowider=s from catecheolate complexes throush the following
ey b gy

dry toluene

VT, e R OO, - Hp [Ti (CH 02041 + 4HC1 (3]

e iz (71T higligsai + BaCllia ﬁ ) BalTi T Hglaigl + HU + CGp
Aftne remoyingy the unroacted  carbonate phasas by Filtration thic =0l was
fewnss ckasd baoasolate the comolexr i solid form and transformed by

calonat:an st E00°Z ) b into a crystalline BaTiO, fine powder.

el nmunetez ard f-lms characterization
Mt .0t e 5oailable characterization of the Ba-titanate derived materials

sl bkt gy by X oray diffraction and TEM studiec. Differences in alkoxide

crennres vt aly s and mslucondensation sonditions, druing and calec:nabion
~rndtheee s W by a5 imporiar! effect on the solymeric structure and

tuteer L orersmiz mrractiructure b is therefore difficull to sunthesize the
rocult

Lhaterw (- ‘he precurs:t  preparation the “BaTiD,” initial produ=t ic
Fnorphene: but the structure of the chemical complex is not w21l known; when
2l b -L 570 - GOTCC it trancsformes inte crustalline BaTi0. with tetrazonal
b & R Adaztir 3 b e stowhiometrs i 15 possible $9 obtain oth~ B3-T;

crmeeamibees A0 b s stage Yhe peweners are usually composed of fine particles
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! - BaTiO, powders structure obtained by the Ba acetate
Ti isopropoxide method (see 3.1.5) and calcined at
7004C for 2h:
al scl prepared at a pH
b) sol prepared at a pH
©1 =1 prepared at a el

4.3 and dried at 1ggQ°C
9.4 and dried at 100°C

4.3 and hvper~risi-ayt..
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Figqur: 1 - BaTiQ, powders structure obtained by the Ba acetate
Ti isopropoxide method (see 3.1.5) and calcined at
T00VC for 2h:
al sol prepared at a pH -
b} sol prepesred at a pH
~} =1 preprared at a pH

4.3 and dried at 100°C
9.4 and dried at 100°C
4.3 and hvpereyris i~} y.-
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bitnan ; Sirlree s ety irG
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=mall discontinuity 3t the Curie nm.nt. Phule et al [20]1 have also .r'enur'ted that
.thr- vordrr calcined at 700“6 ard sintered at 1350°C for 6h have a dislectric
constant »f 4000

Uritil now and in spite of their fundamental technological importance For the
rreparation of multilayer capacitors, BaTiDs cbtained ih'tl'l;ix;l films '_'Furm has
been poorly charasterized Dense amorphous éingle 1at_-,vér* 30 to 120nm thick
nith indox of refracticn n = 20 can be daﬂusitgd bQ dip coating tler::!ﬂiuue on
3lass, a-5if; ard metallic substrates. Thick layers can be prepared by
renaatirg the pracess Acccsr‘di’ng t.o'x-ra!g diffraction and DTA-TS recults,
erastallization into tetragonal BaTi0; strusture occurs in the temperatire
rang= 450 - S00°C [23, 251 or 700°C 161 Annealing at higher temperature only
irrreases  the grain sizes ard no other titanate have been repacted
arorphgus films have an electrical break&nwn strength of the order of 940°
Yeom, oarmats: than o crystalline films -~ 10° Wem, the values however are
dererdenit of the substrate material (23, 48] Manifestation of ferroelectric
troeeriizT nas snl: bezn reportod afisre a heat treatment al ESO"Z whers
= ficiory c;lrairs size of Oium has been obtained. Hisﬁer terperatures
merer o *ha araips size byt s accompanied by films cracking and formation
“f aeatr=z The dielectri response is poor f&f ~ 50 - 60, tan & - 2-3 ) and
shois a broad Curie paint at 11F°C with littis increase of the dieleckriec

STt and [T

{ o HIRS TS
e BN fracetsiny <0 lead ard baaum titanat= matorials i pos=ibie  gne?

FAURL qeeernrnos precarations recices are now available and  have becn
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reviewsd These materials can be better obtained in form of gels, powders and

films  amorphous products are obtained at iuw temnera_ltw‘es but - their chemi-al -

compositions and their thermal evolution are usually not known with ce~tainty

Basic and arduous work is still necessary in order to elucidale theseo

All tha materials crystallized at relatively low temperatura ( 500 - 700°C:. Tre
transition temperatures depend mainly of the precursor preparation and tha
prncessiné conditions.

However intmgting dielectric propecties seem only ubtainablg- _at terpa-alures
...""Iose ¢ those used in conventional processes but no detailed and susctemat 1
studies have yst been l"E:.'!QI""t&ﬂ to optimize the procescing conditions

Th2 sol-gel process definitively lower the temperature gf formatic;n of pure
lead and barium titanate derived materials but it not proven at ail that dosices
having physicaj characteristics similar ar better to those obtaine:s todey b
tconventional processss can be prepared by this method.

Tha me=t interesting results are reported for a@rans thin fila-: rirn:iﬁ.e“
at low temperatures . BaTiD; films present sood electric insulatien croperties
and lead-titanate films are promising sgstens for optical applicstions 3ng

Ppassive integrated-optical devices fabrication.
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