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Conventional MOCVD techniques require mole-
cules displaying volatility and constant vapor
pressure. Metal oxide precursors, i.e.,b-diketo-
nates, or classical or functionalized metal alk-
oxides are mostly solids. The various approaches
used to tailor volatility are discussed with
barium derivatives as an example. The relation-
ships between sublimation temperature and
molecular weight suggest that volatility can be
optimized on the basis of molecular weight.

Aerosol-assisted CVD (AACVD) can use a
larger range of precursors since volatility is no
longer crucial. The solvent is an undesired
ballast in a CVD process. High solubility of the
precursors in the selected solvent is thus desir-
able. ‘Stability’ here includes the absence of
precipitation which would change the stoichio-
metry of the feed solution for multicomponent
oxides. Precipitation is often promoted by
hydrolysis; stability toward moisture is thus
desirable. The use of mixtures of precursors
based on different ligands (b-diketonates, b-
ketoesterates, alkoxides) can lead to ligand
exchange reactions giving homometallic species,
sometimes of low solubility, or mixed-metal
species by self-assembly, thus improving solu-
bility and stability toward moisture. These
aspects are illustrated in compositions related
to high-Tc superconductors. Novel copper, yt-
trium, cerum(IV), barium-copper, yttrium-
copper and praseodynium-copper species are
reported.# 1998 John Wiley & Sons, Ltd.
Appl. Organometal. Chem.12, 221–236 (1998)
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INTRODUCTION

The current trend in advanced materials technology
is to produce devices which are compact for
(integrated circuit technology) and reliable, with
fast responses. The processes for film-making or
coating processes are therefore increasingly in
demand.1 Common thin-film processing techniques
are physical methods or chemical routes, namely
metal-organic deposition (MOD), the sol–gel
process and chemical vapor deposition (CVD).2

Although the sol–gel process offers unique oppor-
tunities for hybrid (organic–inorganic) materials,3

metal-organic chemical vapor deposition
(MOCVD) is a more appealing technique for
electronic applications. It has been established as
a very useful fabrication process for the deposition
of high-quality epitaxial films, for conformal step
coverage and for selective growth, which are
unique attributes of CVD. MOCVD is also a cheap
and versatile method, working without expensive
vacuum equipment by comparison with physical
methods. However, volatile precursors with a
sufficient thermal stability during the evaporation
process are required to function as a carrier for the
material to be deposited. Being non-reactive with
each other in the vapor phase is an additional need
for multimetallic materials.

Molecular chemistry offers a large flexibility for
the choice of ligands in order to fulfill the
requirements of MOCVD precursors. However,
meeting the criteria is still challenging for some
elements, e.g. for barium4,5 or cerium6–8 oxide
precursors, and significant deficiencies still exist
with respect to vapor pressure and vapor-pressure
stability. Indeed, a low charge on a metal ion
combined with a large ionic radius (e.g. Ba2�)
causes considerable problems when attempting to
achieve volatility. The demands for large ligands —
for limitation of the nuclearity—and low molecular
weight are conflicting and not easily achieved. For
precursors of low volatility, viable alternatives to
the classical transport methods have recently been
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proposed.9 They include spray pyrolysis, direct
liquid injection, aerosol-assistedCVD (AACVD),
supercriticalfluid transport(in carbondioxide),10

and flash evaporation of the solid. For these
emergingdelivery technologies,liquid precursors
or solutionsof precursorsin organicsolventsare
used.A wider variety of metal-containingcom-
poundsin termsof thermalstability andvolatility
canbeconsidered.

After a brief survey of the state-of-the-artfor
conventionalMOCVD, we wish to illustratesome
of thestrategieswhich canbeusedfor thetailoring
of suitableprecursorsfor AACVD of superconduc-
torsand/orof their buffer layers.Indeed,for many
importantapplications,it wouldbeusefulto deposit
YBCO layers directly on a metallic substrate;
buffer layersmay thus be required.This report is
not intendedto be an extensivereview and the
structuraldataon barium derivativeswill only be
briefly outlined since the structural chemistry of
bariumb-diketonateshasbeenreviewedrecently.11

STATE-OF-THE-ART FOR THERMAL
MOCVD

General considerations

Novel technologiesarelikely to rely on integrated
multicomponentoxides(titanates,niobates,tanta-
lates) and high-Tc superconductors.The formula-
tions of theseperovskite-typematerialsare based
on large elements,alkaline-earthmetals, lead or
bismuth,andearly transitionmetalsor lanthanides.

The precursorsfor CVD of such materialsare
predominantly metal alkoxides M(OR)n and b-
diketonatesM(RCOCHCOR')n and, to a lesser
extent, alkyl or cyclopentadienyl derivatives.2

Volatile hydroxylamidesM(ONR2)4 (R = Me, Et)
have also been reportedfor Group 4.12 Most of
thesecompoundsare solids and their stability is
usually estimatedby repeatedsublimations.The
traditionaldelivery techniquesusedfor solidsand/
or liquids with low vapor pressuresare direct
sublimationor inert or reactivegas-bubblermeth-
ods. Theserequire well-controlled, high-tempera-
ture delivery lines they can be in order to avoid
condensationof the precursors.The complexityof
the delivery systemsincreaseswith the numberof
linesrequiredfor amulticomponentmaterial.13 The
masstransportof asolid is a functionof thesurface
area of the powder and therefore the effective
transport rate drops as the solid is consumed.

MOCVD precursors which are liquid at the
temperatureof usewould thus offer greaterfilm-
growth efficiencyandvaporpressurestability.14,15

Moreover, some precursorsare unstableat high
temperatureover long periodsof time. The quest
for more stable and more volatile barium oxide
precursorsneeded for ferroelectrics or high-Tc
superconductorsis an exampleof the challenges
in precursorchemistryin order to ensurereprodu-
cibility of thedeposits,scale-upandthusindustrial
applications.This surveyis focusedessentiallyon
barium derivatives.SuitableCVD precursorsare
availablefor mostlanthanidesexceptcerium.16

The volatility of a compound is a complex
function of intermolecularforces (van der Waals
interactions,p-stackingor hydrogenbonds)which
areaffectedby molecularweightandgeometryand,
for solids, lattice structure.Control of the oligo-
merizationin thesolidstateandin thevaporby the
steric bulk of the ligands,manipulationof Lewis
acid–basereactionsandthusformationof adducts,
and useof fluorinatedligandsrepresentthe main
directionsfor tailoring volatility.

Scheme1 collectssomeof the O- andN-donor
anionicandneutralligandswhich havebeenused
for molecularoxideprecursors.

b-Diketonates and their adducts

b-DiketonatesM(RCOCHCOR'n representthepre-
dominanttype of precursorsusedso far for access
to high-Tc superconductorsby thermalMOCVD. It
is well knownthatsterichindranceon thea-carbon
atom favors volatility. 2,2,6,6,-Tetramethyl-
heptane-3,5-dionatesM(thd)n, based on b-di-
ketones where R = R1 = tBu and which are
commerciallyavailable,are thus usually the best
choice for non-fluorinatedderivatives.2 Whereas
the vaporpressuresaresatisfactoryfor yttrium (as
well as for trivalent lanthanides) and copper
tetramethylheptanedionates, the situation is less
favorablefor barium.Thelargesizeof thealkaline-
earth metals, especially for barium, results in
coordinativeunsaturation,andbariumtetramethyl-
heptanedionatecannot be describedby a simple
formula such as Ba(thd)2.

3 By contrastwith the
monomeric nature of the yttrium and copper
derivatives, barium tetramethylheptanedionate
actuallycorrespondsto a tetramer[Ba4(thd)8],

17,18

to pentanuclearclusters [Ba5(m5-X)(thd)9(H2O)n]
(X = OH, n = 3;19 X = C1, n = 7)20 or
[Ba5(thd)9(piv)] (piv = pivalate= tBuCO2),

21 or to
the hexamer[Ba6(thd)12(H2O)13],22 dependingon
themethodof preparation.Of particularimportance
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are the naturesof the solvent, aqueousor non-
aqueous,andof the bariumsource,bariumhydro-
xide,chlorideor nitrate.Themethodof purification
canalsobecrucial.Gleizesetal. obtainedthedimer
[{Ba2(thd)4(MeOH)6}(MeOH)2]. The compound
waspreparedin a queousmediumusingBa(OH)2
and recrystallized from methanol,23 a synthetic
procedurewhich was also reported to lead to
[Ba5(m5-OH)(thd)9(H2O)3] by recrystallization in
pentane.19 Thedifferenttypesof aggregationallow
themetalto increaseits coordinationnumberto six,
sevenor even eight. ‘Ba(thd)2’ can thus display
quitedifferentstructuresandthuspropertiesin term
of volatility andstability.Thevariationsof physical
propertiesare revealed,for instance,by the large
rangeof melting points reported.The presenceof
residual solvent (often an alcohol), acting as a
Lewisbasein somecommercialsamples,is another
aspectof the poor control of the propertiesof the
barium oxide precursor.Sampleprehistory is an
important featurefor volatility and stability char-
acteristics.A decreasein thevolatility with agingis
also common for these precursors.Neutral or
anionichexanuclearperoxoderivativesbasedon a

[Ba6(O2)2(thd)10] core have been reported and
structurally characterized.24,25 Their formation
might alsoaccountfor the unstablevaporpressure
characteristics.Thefactorsfavoringtheir formation
remainpoorly known.

Sterically hindered methoxy-(b)-diketones
RR'C(OMe)COCH2COR@ have been developed
recently for barium. The introduction of bulky
end-substituentsinto theliganddoesnot reducethe
degreeof oligomerizationin the vapor phase,but
increasesthe thermalstability of thecompounds.26

Numerousattemptsto synthesizevolatile barium
compoundshavebeendescribed.Complexationhas
beenwidely usedas a meansto obtain a second,
more stable,generationof precursors.The forma-
tion of complexesof barium tetramethylheptane-
dionateproceedsreadily with nitrogenor oxygen
donors. The nuclearity of the precursors is
decreased.Dimers such as [Ba(thd)2L2]2 (L =
NH3, Et2O, ½ diglyme,27 (½ bipy) andmonomers
such as [Ba(thd)2(TMEDA)2] (TMEDA =
N,N,N',N'-tetramethylethylenediamine)28 or
[Ba(thd)2(triglyme)] are representativeexamples
of the complexesobtained.11 The melting points

Scheme1 SomeO- andN-donoranionicandneutralligandsusedfor molecularoxide precursors.
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decreaserelative to [Ba4(thd)8]; this is a common
and interestingfeature.23 However,a critical and
lessfavorableaspectis their thermalbehavior.

Indeed, the thermal behavior of these Lewis
acid–baseadductsis plaguedby liganddissociation
reactionsoccurring during the transport into the
vapor phase.The extentof dissociationduring or
beforesublimationdependson the stability of the
complexes.29,30 The complexesbasedon mono-
dentate donors dissociate completely, whereas
those based on tridentate ligands are partially
dissociated.Dissociationof ca65%hasfor instance
been reported for [Ba(thd)2(deta)] (deta= di-
ethylenetriamine = NH2C2H4NHC2H4NH2).

29,30

Addition of the Lewis basein the carrier gas in
thereforerequiredfor improving the transportinto
the vapor.The presenceof Lewis basesimproves
the storagestability of Ba(thd)2 (the coordination
numberof themetalis higher),but theformationof
hydratesremainspossibleasshownby the forma-
tion of [Ba2(thd)4(diglyme)2(m-H2O)] in which two
Ba(thd)2(diglyme) moietiesare assembledwith a
water molecule,and which has beenstructurally
characterized.31

Barium fluorinated b-diketonatesare stronger
Lewis acids,so their complexesare more stable.
[Ba(tfa)2(tetraglyme)] (tfa = tetrafluoroacetate)for
instance,is transportedinto thevaporasthe initial
adduct.32,33 An appropriatechoice of the Lewis
basecan allow a notabledecreasein the melting
point of the complex and useas a liquid barium
precursor.34 Indeed,whereasthe melting point of
[Ba(hfa)2(tetraglyme)] is 152°C,32,33 that of the
unsymmetricalpolyether adduct [Ba(hfa)2{MeO-
(C2H4O)6nBu}] is only ca 52°C, makingpossible
its usefor long time periodswithout the interrup-
tion necessaryfor pulverizingthesinteredsamples
to restoretheir volatility.34 SecondaryBa���F bonds
areoftenobservedin thesolid statefor fluorinated
-diketonates.35,36 However, if such bonds are
favorablefor saturationof thecoordinationsphere,
theycanalsopromotecontaminationof thedeposits
by barium fluoride. Defluorinationby heatingthe
films in an H2O–O2 atmosphereis thennecessary.
Suchprecursorscan howeverfind applicationfor
fluorideglassesor photo-ionicmaterials.37,38

The sizesof calcium or strontiumions, smaller
than that of barium, are more favorablefor vola-
tility sincethey havelower coordinationnumbers.
On the otherhand,bariumcanbestaccommodate
Lewis basesin termsof size.However,the acidity
of the metal centeris alsoa determiningfactor in
thestability of acid–baseadducts.Acidity variesin
the order Ca2�>Sr2�>Ba2�. The effects of size

andacidity on the thermalstability lie in opposite
directions;thestabilityof theadductwill thusoften
bedeterminedby theligands.39 Whereasnodefinite
evidencehasbeenfoundfor aBa(thd)2(thd)x adduct
althoughsuchaspecieshasbeensuggestedto favor
transportinto the vapor, the strontium derivative
[Sr3(thd)6(thdH)] hasbeensuggestedto favor the
transportinto the vapor, the strontium derivative
[Sr3(thd)6(thdH)] has beenstructurally character-
ized.40

Alkoxides and aryl oxides

Saturation of the coordination sphere can be
achievedby using encumberedanionic ligands,
alkoxidesor aryl oxidessubstitutedin the2- and6-
positions, for instance. Such ligands offer the
advantageover b-diketonatesof being relatively
easily tailored with appendage,‘spacer’andaddi-
tional donorsitesthe last affording the possibility
of forming complexesstabilizedby intramolecular
coordination.16,41 Severalattemptswith ether or
amine donor sites have been reported. Metal
alkoxidesor aryl oxides are, however,moisture-
sensitive and thus require more care in their
handlingthanb-diketonates.

Barium alkoxides, including derivatives sup-
ported by functional or fluorinated alkoxides or
bulky aryl oxides,aregenerallyeithernon-volatile,
or volatile in conditions too drastic for CVD
applications,as they usually correspondto oligo-
mers. Typical compounds are [Ba5(m-OH)
(OAr)9(THF)5] (Ar = C6H3(tBu)2-2,6 THF = tetra-
hydrofuran),42 [Ba5(m5-OH)(ORf)9(THF)4(H2O)]43

[Rf = CH(CF3)2] or [H4Ba6(m6-O)-
(OC2H4OMe)14].

44 (H4 standsfor hydroxyl hydro-
genwhich couldnot be located.)Thenuclearityof
bulky alkoxides or aryl oxides has been in part
controlled by the presenceof THF, affording
monomersor dimers. No data on their volatility
and/or thermal behavior have been reported.45

Volatile solvent-freealkaline-earthmetalalkoxides
basedon trifunctional alcoholssuch as OHCtBu
(CH2OR)2 (R = Et, iPr) have been reported re-
cently.46,47 They are dimeric in the solid stateas
well as in the gasphase,anddisplaywell-defined
sublimationtemperatures(185°C/7.5� 10ÿ3 Torr
for R = iPr).

Thepartialsubstitutionof alkoxideligandsby b-
diketonates,thelatteractingessentiallyaschelating
ligands,couldbeameansto reduceoligomerization
andthusto increasethevolatility. Lowerhydrolytic
susceptibility could be an additional benefit.
However,barium b-diketonatoalkoxidesalso dis-
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play a high nuclearity,generallyfour or five, even
for functionnalalkoxideligands.Compoundssuch
as [H2Ba4(thd)6(OC2H4OiPr)4]

48 (H2 = unlocated
hydroxyl hydrogen)and [Ba5(m5-OH)(thd)5(OCH-
MeCH2NMe2)4]

49 illustrate that trend. Finally, if
such compoundscan display propertiespertinent
for sol–gel applications,the combinationof alk-
oxide and b-diketonateligands has generallynot
achievedbettervolatility and/orstability of barium
derivatives. TGA data show that the alkoxide
ligand is generallymore thermally labile than the
-diketonate.

Siloxide ligandsOSiR3 aregenerallyconsidered
to decreasethe hydrolytic susceptibility with
respectto commonmetal alkoxides.2 Their steric
effect canbe tunedby the choiceof R. However,
even ligandsas sterically demandingas triphenyl
siloxide form oligo- and poly-nuclearcompounds
of low volatility for barium.50 Oligomerizationcan
be limited if the synthesis is achieved in the
presence of a polydentate ether, namely 15-
crown-5. The barium and strontium monomers
[M(OSiPh3)2(15-crown-5)(THF)]THF are ob-
tained.51 However, none of these complexes
sublimes intact, and undefined polymers
‘M(OSiPh3)2’ are obtainedafter ligand dissocia-
tion. Moreover, thermogravimetricanalysesindi-
cate that the solids are actually MSi2O5 silicates.
Silyl ethereliminationcanbeachievedin solution,
however,in thepresenceof titanium isopropoxide,
giving a mixed-metal oxo intermediate whose
thermolysis leads to crystalline barium titanate.
These observations indicate that the thermal
behavior of a precursorcan be modified by the
other metallic species,the OR groupsof titanium
isopropoxideassistingtheeliminationof theSiPh3
groups.

Miscellaneous

Non-volatile barium and strontium fluorinated
carboxylates have been reported as polyether
adducts.52 Their thermaldecompositionin thesolid
stategivesmetalfluorides.However,thereactivity
is different in the presenceof Ti(Oi Pr)4 and
BaTiO3 is thenobtained.

Monomeric or dimeric barium b-ketoiminate
complexescontainingappendedether‘lariats’ have
been reported. Ba[RCOCHC(NR')R@]2 (R = tBu,
R' = C2H4OMe(C2H4O)2Me, (C2H4O)3Et and
R@ = Me or tBu) specieshave been used as a
volatile sourceof barium oxide to obtainBaPbO3
films.However,thesecomplexesdisplay,aswell as
the b-diketonates,a limited thermal stability, as

shownby theresidues(upto 39%;theoreticalvalue
for BaO= 20%) in the atmospheric-pressure TGA
experiments.53

Hydridotris(3,5-dimethylpyrazolyl)borateshave
been reported for calcium, strontium and bar-
ium.54,55 The tridentatecharacterof the ligand (as
shown by X-ray diffraction studies)protectsthe
metalsfrom externalreagents,moistureand oxy-
gen. The compoundsare volatile (sublimationat
200°C, 10ÿ3 Torr) but no other data concerning
their thermalbehaviorare available.Whereasthe
bariumderivativedisplaysgoodsolubility proper-
ties in commonorganicsolvents,the calcium and
strontiumanalogsareonly sparinglysoluble.

Calcium, strontium and barium metallocenes
MCp'2 basedon bulky cyclopentadienylligands
suchas tBuC5H4 or C5Me5 or encapsulatingones
suchasC5H(iPr)4 havebeenisolatedandthetrends
of theirphysicalpropertiesdiscussed.39 Derivatives
with a pendantpyridine functionality on the ring
havealsobeendeveloped.56Thenitrogendonorsite
interacts with the metal and thus limits the
nuclearity.

Volatile mixed-metal precursors

Single-sourceprecursorsin which different metals
are associatedwithin the same molecule are
accessibleby a variety of strategies.Such com-
poundscanbe a meansto increasestability and/or
volatility of the barium precursors.57,58 A number
of Ba–Cu,59,60 a few Y–Ba61 and Y(Ln)–Cu62,63

species (Ln = lanthanides) have been reported.
Requirementsfor classicalMOCVD imply the use
of assembling ligands forming strong bridges
between the metals. Fluorinated alkoxides only
have so far been able to retain the association
between the different metals related to high-Tc
superconductorformulations in the vapor phase,
andto stabilizevolatile species.64 The effect of b-
diketonateligandson volatility andstability is well
illustrated with Y–Ba fluoroisopropoxide species.
[Ba2Y(ORf)7(THF)3] is volatile (200°C/10ÿ3 Torr,
decompositionca 200°C) [Y2Ba(thd)4(m-ORf)4]
whereassublimesat 150°C/10ÿ3 Torr but decom-
posesat only 170°C. Othervolatile heterometallic
species, namely [BaCu2(thd)2(ORf)4] and
[YCu(thd)3(ORf)2], have been obtained in high
yield.65 Their vaporpressuresarehigherthanthese
observedfor thehomometallictetramethylheptane-
dionates(Fig. 1) and the associationbetweenthe
metalsis retainedin the vapor,asshownby mass
spectrometry.SecondaryBa���F bondscomplement
thebariumcoordinationsphere,allowing themetal
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to reacha coordinationnumberof 12. The Ba2�

center is actually encapsulatedbetween two
Y(ORf)2(thd)2

ÿ units (Fig. 2). The coordination
sphereof thecentralbariumatomcanbemodified
by variousLewis bases,decreasingthe numberof
Ba���F interactionsdue to the fluoroisopropoxide

groupswhich, in fact, act as semilabile ligands.
Complexessuchas[Y2Ba(thd)4(ORf)4(TMEDA)2]
or [Y2Ba(thd)4(ORf)4(Me2CO)2] have been iso-
lated.65 The stability and volatility of the Y2Ba
speciescan thus be tuned and the temperature
window for effective useincreased.One can also
noticethatBa���F interactionsin thesolidstateand/
or in the vapor phasedo not always imply the
presence of fluoride residues in the material
resulting from the decomposition.For instance,
thermolysis of [Ba5(m-OH)(ORf)9(THF)4(H2O)]
givespureBaF2.

43 On the otherhand,the decom-
positionof [Y2Ba(thd)4(ORf)4] in a hot-wall glass
reactorleavesY2Ba4O7 andY2O3 with only traces
of BaF2. Alkaline-earthmetal fluorideshavebeen
obtainedevenin the absenceof M���F interactions
in the solid state,by using [M(hfa)2(tetraglyme)]
for instance.56 These observationsindicate that
furtherstudiesarerequiredfor anunderstandingof
the factors favoring the formation of fluoride
residues.However,largedifferencesin thestability
are observedfor the two mixed-metalprecursors,
[BaCu2(thd)2(ORf)4] and [Y2Ba(thd)4(ORf)4], re-
quiredfor the nominalYBa2Cu3O7ÿx composition
and the parametersfor obtaining films are thus
difficult to adjust. Most of the YBa speciesare
hygroscopic;[Y2Ba(thd)4(ORf)4(THF)2(H2O)] has
been obtained,for instance,and this affects the
long-term stability and the reproducibility of the
thermal behavior. Finally, if volatility can be

Figure 1 Comparisonof the vapor pressuredata of the
mixed-metal fluoroisopropoxides Y2Ba(thd)4(ORf)4,
BaCu2(thd)2(ORf)4, YCu(thd)3(ORf)2 andof thehomometallic
tetramethylheptanedionates.

Figure 2 Structureof Y2Ba(thd)4(m-ORf)4 showing the encapsulationand high coordinationnumberof barium (broken lines
indicateBa–Finteractions).
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achievedthrough fluorinated ligands, the super-
conductingpropertiesof the layers are generally
poor,evenin theabsenceof fluoridecontamination.
The conceptof the useof fluorinatedligands for
improving volatility andmass-transportcharacter-
istics hasthusnot beenpursuedin our group.

Relationships between volatility
and molecular weight: predictive
trends?

The volatility of a compoundresults from con-
tributions from many factors. Enthalpiesof sub-
limation have not been reported and relative
volatilities are thereforeestimatedon the basisof
sublimation temperatures.These data are semi-
quantitative at best, especially regarding the
different pressuresat which these temperatures
have been reported (usually 10ÿ2–10ÿ3 Torr).
Nevertheless,qualitativecomparisonsof volatility
as a function of the ligandsset aroundthe metal
could be instructive. Sublimation temperatures
indicate that an increasein the bulkinessof the
ligands does not always improve volatility. At-
tempts to find correlationsbetweensublimation

temperatureand molecularweight were madefor
yttrium andbariumderivatives.

Figure 3 summarizesthe results for yttrium
compounds.One can notice the high sublimation
temperatureof the aryl oxide [Y(OC6H3(tBu)2-
2,6)3(THF)3] (255°C/10ÿ3 Torr). Its monomeric
characterhasbeenachievedat the price of a high
molecular weight and the species is thus less
volatile than dinuclear ones. The figure also
suggeststhat specieshaving molecular weights
around600–700Da (g molÿ1) shoulddisplayhigh
volatility. The effect of fluorinatedligandscanbe
seen with Y[OCMe(CF3)2]3(THF)3, which sub-
limesat120°C/10ÿ2 Torr. Themonomeric,ligand-
free trimethylsilylamide Y[N(SiMe3)2]3 is highly
volatile but also very moisture-sensitive.Figure 4
summarizes the data for barium derivatives.
Although the representative points are quite
scattered,the highestvolatility accordingto sub-
limation temperaturesseemsto be obtained for
molecular weights covering the range 700–
1000Da. The [Ba4(thd)8] or Ba5(OH)(thd)9(H2O)3

Figure 3 Sublimation temperaturesof yttrium compounds,
fluorinated (*) and non-fluorinated(~), as a function of
molecular weight. 1, Y[(N(SiMe3)2]3;

67 2,
[Y(ORf)3(NH3)0.5];

68 3, Y(thd)3;
69 4, [Y(mpa)3(bipy)];** 5,

[Y[OCMe(CF3)2]3(diglyme)];68 6, [Y2(OCMeiPr)6];
70 7,

Y[OSi(tBu)2(CH2)3NMe2]3;
71 8, [Y[OCMe(CF3)2]3(THF)3];

72

9, [Y2(OCMeEiPr)6];
70 10, [Y2(OCEt3)6];

70 11,
[Y(OAr)3(THF)3];

73 12, [Y3(OtBu)9(tBuOH)2];
70 13,

[Y5O(OiPr)13].
74

Figure 4 Sublimation temperaturesof barium compounds,
fluorinated(*) andnon-fluorinated(~), asa functionof mol-
ecularweight. 1, Ba[C5H(iPr4)4]2;

39 2, Ba(thd)(OR'n)(R'NOH)
(H. Guillon and L.G. Hubert-Pfalzgraf,unpublishedresults);
3, [Ba(tfa)2(tetraglyme)];32,33 4, [Ba(tfa)2(Me2NC2H4-
NMeC2H4NMeC2H4NMe2)];

75 5, [Ba(thd)2(Me2NC2H4NMe-
C2H4NMe2)];

29,30 6, [Ba(hfa)2(tetraglyme)];32,33 7, [Ba-
(hfa)2(18-crown-6)];76,77 8, [Ba2(OCtBu(CH2OEt)2)4];

46,47 9,
[Ba2(OCtBu(CH2OiPr)2)4];

46,47 10, [Y2Ba(ORf)4(thd)4];
65 11,

[Ba2(thd)4(ArOH)4(THF)2];
78 12, [Ba4(thd)8]; 13, [Ba5(OH)-

(ORN)4(thd)5];
49 14, [Ba5(OH)(thd)9(H2O)3];

19 15, [Ba5(OH)-
(ORf)9(THF)4(H2O)].43
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oligomers have quite high molecular weights
(>2000Da) and a number of more volatile
derivatives basedon trifunctional alcohols have
beenreported,such as [Ba(thd)(OR'N)(R'NOH)].
(H. Guillon andL.G. Hubert-Pfalzgraf,unpublished
results) However, the barium derivativeshaving
low temperaturesof sublimationarequitemoisture-
sensitiveor susceptibleto dissociation.The useof
theoligomersrepresentsa compromisein termsof
absenceof fluoride contaminationand easyhand-
ling.

AACVD PRECURSORS

Requirements of precursors and
solvents

Dissolution of solid precursorsin an appropriate
solvent can be an alternative to the limitations
describedabove. Different approachesfor their
transport into the evaporationchamber can be
envisioned.They include mainly direct injection,
spraypyrolysisor aerosolsobtainedvia ultrasonic
nebulization.Criteria for the selectionof solvents
for the nebulizationprocessare high solubility of
the precursors, low vapor pressure and low
viscosity. Various alcoholsor acetylacetonehave
often been used.79 Diethylene glycol dimethyl
ether, Me(OC2H4)2OMe (diglyme, boiling point
160°C) or other glymesare also of interest.The
solventis anundesirableballastin a CVD process.
Thereforeit shouldcontainfew carbonatoms,the
partialpressureof thecarbondioxidegeneratedby
thedecompositionof thesolventand/orprecursors
being generallythe limiting factor for the growth
ratesof thefilms.

Solubility thusbecomesa critical issuewhereas
volatility is the most important one for classical
MOCVD. Compoundswith poor volatility suchas
acetateshavebeenusedasprecursorsfor AACVD
experiments.Stability remainsan importantpoint
but coversaspectsdifferent from thoseof conven-
tional MOCVD. The precursorsolutionsaremain-
tainedat room temperatureduring the processbut
evolutionof thesolubility propertiesandprecipita-
tion canoccur,especiallyduringstorage,asaresult
of impurities (hydrolysis generated by trace
amountsof water)or by reactionsif different types
of precursorsareusedfor multicomponentsystems.
Thesereactions,namelyligandexchangereactions
or formation of mixed metal species,canoccur if
metal alkoxidesare associatedwith b-diketonates
or carboxylates in the feed solution and the
homogeneityof the systemcanbe modifiedTable
1 comparesthe requirementsof precursorsfor
classical MOCVD and for AACVD. Readily
synthesized,low-cost chemicals, which can be
manipulatedonopenbenches,arealsoanimportant
objective.

Design of precursors for liquid-
delivery techniques

How can the quest for solubility and long-term
stability in solution be addressed?By contrastto
metal alkoxides,b-diketonatesof different metals
do not form stablemixed-metalspecies(although
redistribution reactions between b-diketonates
based on different ligands are observedin the
vapor)80,81 and therefore solubility properties
cannotbemodified.
b-Diketonatesare,at first glance,alsoattractive

precursors for aerosol-assistedMOCVD tech-
niques. They are easy to handle by comparison

Table 1 Requirementsfor MOCVD precursors(for thermalandaerosol-assistedCVD)

ClassicalMOCVD Aerosol-assistedCVD

Specificcriteria
Sufficientvaporpressureandmasstransport(T<200°C) High solubility
Thermalstability in thecontainer Somevolatility
Liquids ratherthansolids Stability in solution(no precipitation)
Low temperatureof decomposition(thermally labile) Low temperatureof decomposition(thermally labile)
Similar volatilities of theprecursorsfor multimetallic systems No formationof insolublespeciesbetweenprecursorsfor

multimetallic systems
Generalcriteria
Cleandecomposition
No formationof stableresidues(e.g.fluorides)during pyrolysis
High purity
Easyhandlingandstorage
Non-toxic,non-corrosive(including by-products)
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with other metal oxide precursorssuch as metal
alkoxides and they are reasonably soluble in
organicsolvents.Barium andyttrium tetramethyl-
heptanedionatesform complexeswith polar sol-
ventssuchasalcoholsor glymes.27Y(thd)3(iPrOH)
and [Y2(thd)6(triglyme)] have been reported,for
instance.82,83Cu(thd)2, by contrast,is a poorLewis
acid anddoesnot form stablecomplexes(the first
Cu(thd)2 complexstablein thevapor(with o-phen
asa ligand) hasonly beenreportedvery recently).
Its solubility is also lower thanthat of the yttrium
and barium derivativesand it is more soluble in
solventssuchashexaneandTHF thanin polarones
suchasalcoholsor glymes.Thesesolventsareoften
used for AACVD becauseof their low vapor
pressure.The amount of solvent necessaryfor
accessto high-Tc superconductorsis thusgenerally
determined by the solubility of Cu(thd)2. An
additionalunfavorablefeatureis that the formula-
tions require the largestamountof precursorfor
copper.Stability of the solutionsis determinedby
the handlingof the precursorsandby thepurity of
the solvent used.The compoundsare in general
more moisture-sensitivein solutions than in the
solidstate.AlthoughY(thd)3 is hygroscopic,giving
Y(thd)3(H2O) on exposureto air,69 thedemandlies
essentiallyon the barium derivatives,which are
more hydrolyzable than the other b-diketonates
involved in thepreparationof YBa2Cu3O7ÿx.

The importanceof copperthin-film growth has
motivatedthe synthesisof numerousCu(II)85 and
Cu(I)86 derivatives.Alkoxides supportedby func-
tional R groupssuch as copper(II) dimethylami-
noethoxide[Cu(OC2H4NMe2)2] arehighly soluble
as well as volatile; their drawbackis their sensi-
tivity, however.Rigorousanaerobicconditionsare
required.A large variety of copper(II) b-diketo-
natoalkoxidesareknown.87,88 They aredimeric or
tetranuclear,andtheir solubility andvolatility can
be tunedby thenatureof the OR group.However,
thesecompoundsare still air-sensitive,although
lesssothanthehomolepticcopperalkoxidesof low
nuclearity.

Barium tetramethylheptanedionatecomplexes
can be used as a source of barium oxide for
liquid-delivery techniques.Since volatility is not
crucial for AACVD, the choiceof the Lewis base
will dependon its ability to encapsulatethe metal
for easyhandlingandstorageof theprecursor,and
to form carbon-freedepositswith superconducting
properties.Polydentateethersor polyamineligands
suchas di- or tri-glymes, 2,2'-bipyridyl (bipy) or
1,10-phenanthroline(o-phen) can for instancebe
selected. These complexes are all air-stable.

Although they dissociateduring sublimationor in
diglyme (1H NMR evidence),they are interesting
alternativesto [Ba4(thd)8] in termsof handling,the
chelating Lewis bases precluding facile co-
ordination of water and/or other reactants.
[Ba2(thd)4(bipy)2] is howevera betterchoicethan
[Ba(thd)2(o-phen)2] in terms of solubility and
properties of the coatings. Use of commercial,
non-distilleddiglyme (containingdioxygen) leads
rapidly to insolublebariumspeciesif [Ba4(thd)8] is
used, thus modifying the composition (stoichi-
ometry)of the feedsolution,andto bariumperoxo
species.24,25 Better stability toward hydrolysis is
observedwith Ba(thd)2 complexeswhere barium
displays higher coordination numbers.
[Ba5(OH)(thd)9(H2O)3], a precursorin which the
metals are assembledvia am5-hydroxo ligand,
appearsto be quite stabletowardperoxideforma-
tion.

b-Ketoesterates

Whereasfunctionalalcoholsor carboxylicacidsare
easilyaccessible,b-diketoneswith a donorappen-
dage are of less practical use since they often
requireseveralstepsfor their synthesis.Moreover,
intermolecularrather than intramolecularbinding
of the side chain bearing the Lewis base site
polyethersofar, candestroytheexpectedvolatility
andalsolimit thesolubility of thecompounds.89 b-
Ketoesters ROCCH2CO(OR') are more easily
accessibleand the OR' group could be a handle
for tuning solubility, stability and volatility. Such
ligands (R = Me and R' = Me, Et,tBu, C2H4OMe
andCH2C6H5) wererecentlyusedfor thedevelop-
mentof copperprecursorswith low decomposition
temperatures.90 We haveselectedmethylpivaloyl-
acetate(mpaH, R = tBu, R' = Me) as a ligand.91

Cu(mpa)2 waseasilyobtainedby ligand exchange
reactionsusingcoppermethoxide.The compound
is volatile, air-stableandmoresolublein diglyme
— aboutthreetimesmore— thanCu(thd)2. At first
glance,Cu(mpa)2 couldbeasatisfactoryalternative
to Cu(thd)2. However, ligand redistributionreac-
tions betweenCu(mpa)2 and yttrium or barium
tetramethylheptanedionates are observed in di-
glyme at room temperature.Cu(thd)2 is obtained
after only about30min (UV evidence,Fig. 5) for
solutionshavingthe compositionsrequiredfor the
YBa2Cu3O7ÿx ceramic. Tetramethylheptanedi-
onatesandb-ketoesteratesarethusnot compatible
with eachother if copperis involved. This canbe
overcomeeitherby useof several‘sourcereactors’
or by useof precursorsfrom thesamefamilly. The
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yttrium, cerium(IV) and barium methylpivaloyl-
acetateswere thussynthesized.They areobtained
in high yields(>90%)(Scheme2). Their solubility
is a functionof thesolvent.As observedfor copper,
their solubility is higher than that of the tetra-
methylheptanedionatesin polarmedia.Theyttrium
and barium derivativesare however less soluble
thanthe M(thd)n derivativesin hydrocarbons.The
oligomeric natureof barium and yttrium methyl-
pivaloylacetatescanbereducedby theformationof
complexessuch as [Y(mpa)3(bipy)], [Ba2(mpa)4-
(diglyme)] or [Ba(mpa)2(TMEDA)2], for instance.
Thebipyridyl ligandwasselectedin orderto adjust
the molecular weight according to the trends
observed for Fig. 3. [Y(mpa)3(bipy)] sublimes
without dissociation.Its sublimation temperature

(125°C/10ÿ3 Torr) is in agreementwith the value
expected,thus confirming that someprediction is
possible.Ce(mpa)4 displaysavolatility comparable
with that of Ce(thd)4, but more residues are
observedin theambient-pressureTGA experiment.
The formationof [Ba(mpa)2]m complexesis alsoa
meansof increasingstability towardmoistureand
thusof improving storageandhandling.The main
characteristicsof the various b-ketoesteratesare
summarized in Table 2. Evaluation of their
potentialfor obtainingfilms is in progress.

Mixed-metal species vs heteroleptic
species

The mixing of different types of precursors,for

Scheme2. Synthesesof b-ketoesterates(all reactionsat roomtemperaturein hexane).

Figure 5 UV–visible spectraof Cu(mpa)2 (—), Cu(thd)2 (- -) andCu(mpa)2 mixedwith Ba(thd)2 after30min (—) (all spectrain
diglyme with a copperconcentrationof 10ÿ2 mol lÿ1.
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instancemetalalkoxidesandb-diketonates,results
generallyin theformationof newspeciesasaresult
of thelability of theM–ORbond.Thesespeciescan
be either homometallicheterolepticonessuch as
M(OR)nÿx(b-dik)x or heterometallicones.28 For-
mationof mixed-metalspeciescanbeexploitedfor
the increasein solubility, in the stability toward
moistureand/ordioxygen,and, if the right set of
ligands has been selectedas we have seenpre-
viously, in the volatility.65 However, if b-diketo-
nate ligands are a meansof increasingvolatility,
theycanalsofavor segregationbetweenthemetals
in solution. The use of THF acting as a mono-
dendateLewis basecanbe sufficient for dissocia-
tion andformationof homometallicspeciesin the
caseof OR groupssuchast-butoxide,28 especially
if copperis oneof themetals.Compoundsbasedon
functional alcoholsare more stabletoward disso-
ciation.

Functional alkoxide ligands have been largely
usedfor sol–gelapplicationsin order to increase

solubility andto decreasethesusceptibilitytoward
water.2 Alkoxyalkoxides OC2H4OR are prone to
bridging–chelatingcoordinationmodesandthusto
increasethenuclearityandmolecularweightof the
precursor. Aminoalkoxide ligands such as
OC2H4NMe2 seem more favorable for attaining
volatility and a low nuclearity. This is well
illustrated in the caseof copperby the formation
of an oligomeric, insoluble and non-volatile
[Cu(OC2H4OMe)2]m species, whereas
[Cu(OC2H4NMe2)2] is monomeric and volatile.
No volatility wasreportedsofar for heterometallic
derivatives basedon alkoxyalcoholssuch as 2-
methoxyethoxideas an assemblingligand.59,60,63

Aminoalcoholscan be anothermeansof linking
metalstogether.

Reactions between b-diketonates and metal
alkoxides supportedby aminoalcoholswere thus
investigated.Subtle differencesin the OR group
canleadto a different courseof reaction(Scheme
3). This is well illustratedby theY–Cu andPr–Cu

Table 2 Characteristicsof b-ketoesteratederivatives

Compound
Melting point

(°C)
Sublimationa

(°C/Torr)
Decomposition

temp.(°C) Solubilityb IR: n (CO) (cmÿ1)c

[Ba(mpa)2]m 215–220 nv 230 vs: THF, diglyme 1625,1594
s: toluene
ss:hexane

Ba2(mpa)4(diglyme) 130–135 nv 210–215 vs: THF, diglyme 1651,1643,1602,1592
s: toluene
ss:hexane

[Y(mpa)3]m 120–125 nv 215–220 vs: THF, diglyme 1624,1591,1548,1534
s: toluene
ss:hexane

Y(mpa)3(bipy) 195–200 120–125/
2� 10ÿ3

225–230 vs: THF, diglyme
s: toluene

1647,1620,1576,1585d

ss:hexane
Ce(mpa)4 130 110/10ÿ3 220–250 vs: hexane,toluene,

THF
1619,1593

Cu(mpa)2 110–115 55–60/10ÿ3 220–225 vs: hexane,toluene,
THF

1754s,1709s,1653m,1620m

a nv, not volatile under10ÿ3 Torr andheatedto 230°C.
b vs, very soluble;ss,sparinglysoluble.
c n(CO) (mpaH):1754s,1709s,1653m,1620mcmÿ1.
d And n(C=N).

Scheme3 AlternativereactionsbetweenY(thd)3 andcopperalkoxides(seetext).
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systems.The mixing of Y(thd)3 and Cu(OCH-
MeCH2NMe2)2 providesa single speciesby self-
assembly. Changing the alkoxide to
Cu(OC2H4NMe2)2 leadsto a more complexsolu-
tion with formation of a mixed-metalspeciesas
well as of yttrium and copper b-diketonatoalk-
oxidesresultingfrom redistributionreactions.

YCu(thd)3(ORN)2 is volatile, but less so than
Y(thd)3. Two mixed-metal species of different
stoichiometry(1:1 and1:2) havebeenisolatedfor
thePr–Cusystem(praseodymiumderivativesareof
interest for heteroepitaxy applications). The
copper-rich speciesPrCu2(thd)3(ORn)4 sublimes
(140°C/10ÿ4 Torr) with liberation of copperalk-
oxide giving the more stable PrCu(thd)3(ORn)2
species.Its structurehasbeenestablishedby single-
crystalX-ray diffraction(Fig.6).Theaminoalcohol
acts as an assemblingm, Z2-ligand. The nitrogen
donor sites interact with the lanthanide,allowing
the metal to be eight-coordinate. The diketonate
ligands are terminal and chelating. A benefit of
theseheterometallicspeciesis theirstability toward
moisture by comparison with the hygroscopic
natureof Y(thd)3 or [Pr2(thd)6] and the hydrolyz-
ablecharacterof thecopperalkoxides.Themixing
of an appropriateset of precursorscan thus be a
meansof enhancingthe stability of the metallic

species.The volatility of the MCu(thd)3(OCH-
MeCH2NMe2)2 (M = Pr, Y) species(sublimation
130°C/10ÿ4 Torr and 150°C/10ÿ4 Torr respec-
tively) is also compatiblewith their use as pre-
cursorsfor conventionalCVD. Thesecompounds
represent,to the best of our knowledge,the first
examplesof volatile andstructurallycharacterized
mixed-metalb-diketonatoalkoxidesnot supported
by fluoroalkoxideligands.

Sterically encumberedaryl oxide ligands are
anothermeansof reducingthe hydrolytic suscept-
ibility of the precursors.2 An aryl oxide with
potentiallychelatingaminomethylarmscouldalso
act asan efficient bridging ‘pincer’ ligand. Stable
hydrates have for instance been isolated for
praseodymium.92,93 The potential of the 2,4,6-
tris(dimethylaminomethyl)phenoxyligand(Otamp)
has thus been explored. The reaction between
[Ba4O(Otamp)6]

94 andcoppertetramethylheptane-
dionate(4 equiv) in hexaneaffords [BaCu(thd)2-
(Otamp)2(H2O)], as shown by X-ray diffraction
(Fig. 7). The same species is obtained from
Cu(Otamp)2 and[Ba4(thd)8]. Thepresenceof water
favorstheisolationof [BaCu(thd)2(Otamp)2(H2O)]
in high yield (90%) but is not necessaryfor the
formation of a Ba–Cu derivative. [BaCu(thd)2-
(Otamp)2(H2O)] is solublein diglyme;no dissocia-

Figure 6 Molecularstructureof PrCu(thd)3(ORn)2.
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tion and/orformationof acomplexis observed(UV
evidence).This canbe explainedby the molecular
structure.Eachmetalbearsachelatingtetramethyl-
heptanedionateligand,thearyl oxideligandsactas
assemblingmoietiesvia the oxygenatom but the
metalsare also clampedtogetherby the nitrogen
donor functionalities.The Ba–N(2) and Cu–N(3)
coordinationbondsleadto a tridendatearyl oxide.
The other aryl oxide is of them, Z2 type and thus
only onenitrogencenteractsasa Lewis base.The
watermoleculeis linked to bariumbut interactsby
intra- and inter-molecularhydrogenbondingwith
the adjacentnitrogen sites. The barium atom is
seven-coordinateand the copper center five-co-
ordinatewith a tetragonal-pyramidal surrounding.
The steric crowding around barium makes the
compoundair-stable.The presenceof hydrogen
bonding is prejudicial to the volatility of the
compoundin the solid state.However, transport
into the vaporvia an aerosolcanbe achievedand
evaluationof thecharacteristicsof thedepositsis in
progress. Thermal decomposition starts at
�195°C, a temperaturewhich is quite low for aryl
oxidederivatives.Differentbehavioris observedin
solution if copper acetylacetonatereacts with
[Ba4O(Otamp)6]. Theseobservationsindicate the

needfor preliminary studiesif different types of
precursorsareinvolved in a process.

Table3 summarizessomecharacteristicsof the
novel homometallic and mixed-metal speciesas
comparedwith theusualb-diketonatederivatives.

CONCLUSIONS

The surveyof the volatility data(namelysublima-
tion temperatures)reportedin the literatureshows
that an optimal volatility can be predictedon the
basisof molecularweight in the caseof yttrium
derivatives.This has been confirmed with a b-
ketoesteratecomplex,Y (mpa)3(bipy).The situa-
tion is more complex for barium derivatives,
probablyasa resultof theinfluenceof dissociation
reactionsand of a poor knowledge of the true
molecularformulae.Thelimited numberof volatile
Ce(IV) or Ce(III) derivatives known so far
precludespredictive trends.Novel precursorsare
desirable.

AACVD requireshighly solublespeciesbut their
hydrolytic susceptibilityshouldbe reduced,espe-
cially for technologicalapplications.Stericsatura-

Figure 7 Molecularstructureof [BaCu(thd)2 (m, Z2-Otamp)(H2O)] (brokenlines indicatehydrogenbonds).
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tion aroundthe metal is a meansof ensuringeasy
handling and protection against moisture and/or
dioxygen.The selectionof polar solventsbecause
of their low vaporpressureis interestingsincethey
might alsoensurestabilizationby complexationof
the metal-containingspecies.For multimetallic
systemslikely to be basedon the useof a single
feed solution, the mixing of the same type of
precursorsis a guaranteeof compatibility.Systems
using different types of precursorsmight require
immediate use, or additional studies of their
molecularconstitutionto obtaininformationabout
their long-term stability regardingthe absenceof
precipitation.Ligand exchangereactionsare func-
tions of numerousfactors,amongthemthe metal,
andcanoccurevenfor derivativesassimilar asb-
diketonatesandb-ketoesterates.Volatile, air-stable
and soluble mixed-metal Y–Cu and Pr–Cu b-
diketonatoalkoxidesin which themetalsarelinked
together by aminoalkoxide ligands have been
obtained. They representthe first examplesof
volatile lanthanide–copperspecieswithout fluori-
natedligands;their physicalpropertiesarecompa-
tible with their use in conventionalas well as
aerosol-assistedCVD. Evaluationof theseprecur-
sors is currently in progress.However, if some
tailoring of stability and volatility is possible,a
better understandingof the fundamentalsof the
growthprocessthat involvesa combinationof gas-
phaseand surfacechemistry is required to give
betterpredictionsof characteristicssuchas purity
or epitaxy,especiallyfor multicomponentoxides.
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