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bstract

Metal complexes bearing linked hexafluoroacetylacetonates and ancillary Lewis ligands, have found wide interest as precursors for metal-

rganic chemical vapor deposition (MOCVD) since their first description in 1991. The relationships involving their molecular architectures, mass
ransport properties, decomposition mechanisms of both alkaline- and rare-earth metal precursors are compared to fluorine-free �-diketonates. The
erspectives of applications to MOCVD processes of a large range of advanced materials in thin film forms are discussed in detail. The effects due
o the nature of the �-diketonate moiety as well as of the ancillary ligand on mentioned properties are discussed in detail.

2007 Elsevier B.V. All rights reserved.
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. Introduction
The development of novel and increasingly demanding mate-
ials requires challenging synthetic approaches ultimately suited

� Based on a keynote lecture presented at the 37th International Conference
n Coordination Chemistry, 13–18 August 2006, Cape Town, South Africa.
∗ Corresponding author. Tel.: +39 095 336578; fax: +39 095 580138.

E-mail address: lfragala@dipchi.unict.it (I.L. Fragalà).
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or large scale fabrication of materials with specifically designed
roperties. Among the materials most studied over the last
wo decades have been those with particular electrical prop-
rties such as high-k dielectrics and ferroelectrics [(Ba,Sr)TiO3
BST), SrBi2Ta2O9 (SBT), SrTiO3] or high critical temperature
HTc) superconductors [La2−xBaxCuO4+δ [1], YBa2Cu3O7−δ
2], Bi2Sr2Can−1CunOx [3], TlmBa2Can−1CunO2n+m+2 (where
or m = 1, n = 1–5 and for m = 2, n = 1–4) [4]. In both cases a simi-
ar complex mixed oxide framework is present, which is based on
perovskite-type structure. The fabrication of these systems is

mailto:lfragala@dipchi.unict.it
dx.doi.org/10.1016/j.ccr.2007.04.016
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ot very easy and requires well optimized reproducible synthetic
outes. The success of potentially useful synthetic approaches,
anging from vapor- to liquid-phase routes, mostly depends on
he properties of molecular precursors since their nature and
rchitectures both drive the quality of materials. Nevertheless,
elationships between the precursor molecular architectures and
heir properties still remain a challenge in the arena of materials
cience.

In this context, metal-organic chemical vapor deposition
MOCVD) has proved a great technique due to the use of sim-
lified apparatus, lower deposition temperatures, the capability
o coat complex shapes, the possibility to produce chemically
omplex systems and the adaptability to large scale processing
5]. This technique, in addition, is well suited for simulta-
eously coating both sides of substrates, whilst line of sight
hysical vapor deposition (PVD) techniques require sequen-
ial deposition steps for each of the two sides. Nevertheless,
he quality of any MOCVD process crucially depends on
he apparatus as well as on prerequisites of adopted precur-
ors. Thus, reproducible results are always associated with

careful control of operational deposition parameters and,
ven more importantly, with the use of highly pure precursors
ith clean decomposition pathways and constant mass-transport
roperties.

Fundamental prerequisites of source precursors for any
OCVD process are thermal stability, sufficient and stable evap-

ration and good delivery properties under process conditions.
Metal �-diketonates M(RCOCHCOR)x (where R = alkyl,

ryl, etc.) are amongst the most widely studied coordina-
ion compounds and have adequate characteristics in terms of

ass transport properties [6]. In particular, group II metal �-
iketonates often match the required properties for MOCVD
rocesses and have found wider applications than metal alkox-
des due to their generally higher volatilities, improved chemical
tabilities and better mass-transport properties. They were first
ested as MOCVD sources [7] and, therefore, they are usu-
lly referred as “first generation” precursors. For example,
r(tmhd)2 (Htmhd = 2,2,6,6-tetramethyl-3,5-heptanedione) rep-
esents to date the most used precursor for MOCVD production
f Sr-containing materials such as BST, SBT, SrTiO3 [8–12].
evertheless, despite its widespread use, this source suffers

rom certain drawbacks such as poorly reproducible syntheses,
ide decompositions and finally, a strong tendency to be coor-
inated by water and donor solvents [13,14]. Due to the large
ize and to the strong polarity of the alkaline earth metal centre,
he group II metal �-diketonate complexes can be oligomeric
r polymeric and hence species with low volatility. For exam-
le [Sr(tmhd)2]3 is a trimer with 3 six-coordinate Sr atoms in a
istorted octahedral environment [15]. Moreover, side decom-
osition processes of metal �-diketonate precursors often result
n carbon contaminations incorporated in oxide films grown by

OCVD [16,17].
A similar behavior has been observed for the Ca and Ba homo-
ogues, elements widely present in the HTc superconducting
aterials. In particular, problems associated with Ba are much
ore pronounced due to the larger ionic radius of this metal

ompared to the other alkaline earth metals.

(
M
L
c
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Analogously, the conventional, “first generation”, rare earth
lement precursors, such as Ln(tmhd)3 have shown several draw-
acks, essentially associated with the large amount of residue
eft in commercial evaporators/bubblers and to the poor stability
o the atmosphere [18]. This behavior may be due, also in this
ase, to un-saturation of inner coordination spheres that opens-
p routes for an easy polymerization or reaction either with
onor solvents or nucleophilic impurities (such as water) that
ltimately lead to low volatile polynuclear clusters or involatile
xo- or hydroxo-complexes [19].

This consideration prompted investigations in the 1990s
nto new suited metal complexes with coordination spheres
apable of (i) inhibiting oligomerization and water coordi-
ation processes and (ii) improving the thermal stability,
olatility and mass transport properties. A combined use of
uorinated �-diketonate arrays and of ancillary coordinated
olyethers provided monomeric, volatile and thermally sta-
le alkaline-earth metal sources, called “second-generation”
recursors [14,20–33]. A similar strategy has been applied
o lanthanide ions yielding thermally stable, highly volatile
nd very promising “second-generation” lanthanide MOCVD
recursors [34–54]. In a recent review [55] the volatility,
hermal stability and mass transport properties of “second
eneration” Ln(hfac)3glyme (Hhfac = 1,1,1,5,5,5-hexafluoro-
,4-pentanedione) adducts were widely investigated. Most of
hese exhibit improved properties, in terms of thermal stability
nd volatility, thus being of potential interest for applications
s precursors in the MOCVD of lanthanide containing phases
44,48,56–59]. They are also well suited as single precursors
or the synthesis of fluoride and oxyfluoride phases, appealing
aterials as host matrices for luminescent ions [38,41,54,60].
Herein, we report on the engineering of precursor molecular

rchitectures with specific properties based on an a priori tai-
oring of the coordination environment. A variety of alkaline-
nd rare-earth metal �-diketonate complexes coordinated with
eutral Lewis bases are considered. The relationships involv-
ng molecular architectures, thermal and transport properties,
ecomposition kinetics and mechanisms are discussed in rela-
ion to deposition of advanced materials. The effects due to the
ncillary ligand on mentioned properties are discussed in detail.

Accordingly, this review is divided into two main sections.
ection 2 addresses the tailoring of alkaline earth (Ca, Sr, Ba)
-diketonates for improved MOCVD of electroceramics oxides

ocusing on vaporization, mass transport properties and
ecomposition pathways of Sr(tmhd)2pmdeta (pmdeta = penta-
ethyldiethylenetriamine) and M(hfac)2tetraglyme (M = Sr,
a) precursors during MOCVD experiments. Ferroelectric SBT
lms and double sided TlBaCaCuO superconducting films are
eported as case studies of applications of M(hfac)2tetraglyme
recursors. Section 3 discusses engineering of rare earth
recursors for multi-source MOCVD of functional oxides,
ocusing on decomposition pathways of second generation
a(hfac)3diglyme and classical La(tmhd)3 and La(tmod)3
H-tmod = 2,2,6,6-tetramethyloctane-3,5-dione) sources during
OCVD processes. The in situ synthesis of superconducting

a2−xBaxCuO4+δ thin film is reported as a case study of appli-
ations of the La(hfac)3diglyme complex.
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. Tailoring of alkaline earth �-diketonates for
mproved MOCVD of electroceramic oxides

.1. Vaporization properties

Adducts of fluorine-free as well as fluorinated �-diketonates
ith neutral ligands have often been proposed as group II metal

ources for MOCVD routes. In both cases, the coordination of
ncillary Lewis base ligands causes a better spatial shield of
he metal center and saturates the inner coordination sphere
hereby precluding polymerization and increasing the vapor
ressure [14]. Therefore, as a fluorine-free source, Sr(tmhd)2L
L = pmdeta and tetraglyme) precursors represent suitable alter-
atives to classical �-diketonates and they can be efficiently used
n MOCVD reactors if equipped with liquid delivery systems
61].

The efficiency of the sublimation processes can be evalu-
ted using thermogravimetric analyses (TG). Sr(tmhd)2pmdeta
hows (Fig. 1) two mass losses in the 125–230 ◦C (weight
oss 28%) and in the 230–290 ◦C (total residue left <1%) tem-
erature ranges. The first step represents the depletion of the
mine ligand while the second is indication of the sublimation
f the Sr(tmhd)2 fragment. Similar results have been reported
or Sr(tmhd)2(deta) (deta = diethylenetriamine), Sr(tmhd)2(teta)
teta = triethylenetriamine) and Sr(tmhd)2(tetraglyme) ana-
ogues. In all cases ligand dissociation occurs in the same
emperature range [15,62]. Note that the Sr(tmhd)2pmdeta sub-
imes in a lower temperature range (230–290 ◦C) than the
arent Sr(tmhd)2 (300–400 ◦C [15]; 240–400 ◦C [63]). There
s therefore indication that the pmdeta amine ligand precludes
ligomerization processes and favors volatilization [14,64].
ven more important, the Sr(tmhd)2 leaves a significant residue

pon sublimation [11,65] while the Sr(tmhd)2pmdeta shows
clean evaporation without further side decomposition in the

30–280 ◦C range as indicated by the linear trend of the loga-
ithmic plot of the vaporization rate versus 1/T (Fig. 1, inset).

ig. 1. TG curve of Sr(tmhd)2pmdeta in inert atmosphere in the 30–450 ◦C
emperature range (heating rate 5 ◦C/min). The inset shows the atmospheric
ressure TG vaporization rate as a function of temperature in the 230–280 ◦C
emperature region [68].

t

b
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t
e
r

F
S

ig. 2. TG profiles of Ba(hfac)2tetraglyme, Sr(hfac)2tetraglyme and
a(hfac)2tetraglyme under N2 flow in the 25–350 ◦C temperature range at
60 Torr (heating rate 5 ◦C/min).

Turning to fluorinated �-diketonates, alkaline-earth hexaflu-
roacetylacetonate precursors have improved volatilities [66]
nd, once coordinated with ancillary Lewis bases such as
olyethers, possess even better properties in terms of stabil-
ty upon sublimation and mass transport. In particular the first
dduct of the M(hfac)2L family (the Ba(hfac)2tetraglyme) was
eported by Meinema et al., in 1991. This adduct has been widely
pplied analogously to the Sr and Ca homologues to MOCVD
rocesses due to its excellent thermal properties. In fact the TG
ata of M(hfac)2tetraglyme indicate superior thermal stability
nd great volatility under atmospheric and low pressure condi-
ions [27]. There is evidence that sublimation occurs in a single
tep independently from the operational pressure values used in
he experiments including atmospheric pressure (Fig. 2).

The excellent mass transport properties of these adducts
ecome evident in the Arrhenius relationships in the
00–150 ◦C range (Fig. 3). It is interesting to observe

hat the Ca(hfac)2tetraglyme precursor shows an appar-
nt vaporization enthalpy �Hvap of 69 ± 2 kJ mol−1 with
espect to 94 ± 3 kJ mol−1 and 87 ± 3 kJ × mol−1 obtained

ig. 3. Arrhenius diagram for vaporization of (�) Ba(hfac)2tetraglyme, (�)
r(hfac)2tetraglyme and (�) Ca(hfac)2tetraglyme.
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Fig. 5. Comparison of IR spectra of (a) Sr(tmhd)2pmdeta powders,
(b) Sr(tmhd)2pmdeta in octane/decane solvent vaporized at 190 ◦C, (c)
Sr(tmhd)2pmdeta in octane/decane solution and (d) pure pmdeta. The absorp-
tion of the octane/decane has been subtracted from spectra (b) and (c) to clearly
s
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or the Ba(hfac)2tetraglyme and Sr(hfac)2tetraglyme, respec-
ively. The sizeable differences may be explained by different
aporization processes, namely sublimation of the solid
a(hfac)2tetraglyme (mp 153.6 ◦C), evaporation occurring from

he molten Ca(hfac)2tetraglyme (mp 94.2 ◦C) and an interme-
iate situation for the Sr(hfac)2tetraglyme (mp 138.8 ◦C), that
elts just within the investigated range. Such excellent thermal

roperties remain constant during several sublimation cycles in
acuo.

.2. Mass-transport stability

FT-IR studies performed in situ [67,68] can provide further
nformation on the precursor stability during mass transport in

OCVD processes. A typical apparatus for in situ analysis basi-
ally consists of an MOCVD hot-wall reactor interfaced with an
T-IR spectrometer (Fig. 4a).

These experiments show that the solid Sr(tmhd)2L sources
L = pmdeta and tetraglyme) despite the favorable vaporization
roperties, are not suited for bubbler sublimation and transport
nto the MOCVD reactor. In fact, IR spectra point to detach-
ent not only of the neutral L ligand but also of a much more
assive demolition bringing about the free Htmhd as well as

etone by-products that form even at a temperature as low as
20 ◦C. This behavior has promoted the use of various liquid
elivery systems to vaporize and transport Sr(tmhd)2L precur-

ors [61,68,69]. In situ FT-IR monitoring of direct liquid injector
DLI)-MOCVD (Fig. 4b) adopting Sr(tmhd)2pmdeta dissolved
n octane/decane solutions shows that liquid injection precludes
noticeable decomposition of the Sr(tmhd)2 core during vapor-

ig. 4. MOCVD reactors equipped for in situ FT-IR spectroscopy. (a) Classical
eactor with evaporation/sublimation bubblers [67] and (b) direct liquid injector
DLI)-MOCVD reactor [68].
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how the precursor bands [69].

zation and transport into MOCVD reactors (up to 200 ◦C). Thus,
he spectra of gas phase Sr(tmhd)2pmdeta compared to those of
oth powders and octane/decane liquid solutions (Fig. 5) clearly
how the bands (Table 1) of free neutral ligand at 1036 cm−1,
hile bands at 1598 cm−1 typical of the coordinated tmhd

emain unaffected [68,69]. This trend points to dissociation of
he coordinated pmdeta and agrees well with the shape of the
GA plot.

Similarly Sr(tmhd)2tetraglyme, vaporized from
ctane/decane solution, at 190 ◦C, shows a strong feature
t 1130 cm−1, typical of the C–O stretch of the tetraglyme
igand. Therefore, there is evidence that both Sr(tmhd)2pmdeta
nd Sr(tmhd)2tetraglyme precursors lose upon vaporization the
ncillary ligands (pmdeta and tetraglyme, respectively) even
hough the Sr(tmhd)2 core remains intact and acts as the true
r precursor. To conclude, the coordination of an ancillary

ligand precludes oligomerization [14,64] and although it
enders vaporization and storage more viable, it does not play a
ominant role during the subsequent deposition process.

By contrast, the fluorinated Sr(hfac)2tetraglyme precursor
an be sublimed intact from the powder and related gas-phase
T-IR spectra (Fig. 6a) are similar to those of the powders
Fig. 6c) with no decomposition products visible [72]. Note,
n this context, that a similar behavior was also observed in

he case of other hexafluoroacetylacetonates glyme adducts
73]. In particular, Fig. 6b and d show similar FT-IR spec-
ra for the gas phase and powders of the Ba(hfac)2tetraglyme
dduct.
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Table 1
Typical IR bands of Sr(tmhd)2pmdeta [68–71]

Wavenumber (cm−1) Assignment of vibrations Ligand frame

Powder Gas

2952, 2923, 2855 ∼2950–2850 ν(C–H) tmhd/pmdeta
1598 1598 ν(C–O) tmhd
1460 1440 νas(C–O) + ν(C–C) + δ(C–H) tmhd/pmdeta
1356 1350 sh δ(CH3) + δ(C–H) tmhd
1280 1270 ν(C–C) + ν[C–C(CH3)3] tmhd
1130 1128 ν[C–C(CH3)3] + ν(C–H) tmhd
1080 1080 π(C–C) + π(CH3) tmhd
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1036
024 –

: Stretching; δ: in-plane bending; π: out-of-plane bending; as: asymmetric.

.3. Deposition processes from fluorinated and
uorine-free precursors

Fluorine-free as well as fluorinated �-diketonate adducts with
eutral ligand have been proposed as Sr sources for efficient
nd reproducible deposition processes. In terms of mass trans-
ort stability, hexafluoroacetylacetonate adducts possess better
roperties than the related non-fluorinated adducts, even though
heir use, despite these advantages, has not been widely taken up
n MOCVD processes of electroceramic oxides due to the pres-
nce of undesirable fluorine contaminants in “as deposited” films

17,74]. Such limitations find counterparts in other drawbacks
ncountered in depositions from fluorine-free sources whose
lms often show carbon contaminations [16,17]. The intriguing

ig. 6. In situ gas phase IR spectra of (a) Sr (hfac)2tetraglyme
nd (b) Ba(hfac)2tetraglyme. Spectra of (c) Sr(hfac)2tetraglyme and (d)
a(hfac)2tetraglyme powders (KBr) have been added for comparison.

t
a
N
a
t
r

s
b
r
i
t
d
S
a
a
t
F
a
t

d
r
b
(

w
t

ν(C–N) Free pmdeta
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elations between the precursor nature, experimental conditions,
ecomposition pathways and film properties have been recently
ddressed [68,69,72,75].

Typical DLI-MOCVD processes under Ar/O2 with fluorine
ree Sr(tmhd)2

•pmdeta solutions [68] result in the formation of
trontium carbonate films throughout the investigated deposition
emperatures (300–500 ◦C). Fig. 7a shows the typical grazing
ncidence X-ray diffraction (GIXRD) pattern of films on Pt
deposited at 450 ◦C) indexed as SrCO3 [76].

XPS depth profiles of the same films do not show evidence
f nitrogen contamination in the entire investigated tempera-
ure range [68,69]. Moreover, the C 1s B.E. value (289.0 eV)
fter Ar+ sputtering points to the presence of SrCO3 [77–79].
evertheless, the O 1s feature splits in two bands in both bulk

nd film interface overlaying the substrate (Pt) as expected for
he presence of SrCO3 and SrO phases (at 531.8 and 528.1 eV,
espectively).

The evolution of the shape of O 1s features at various depo-
ition temperatures provides chemical information either of the
ulk (Fig. 8a) or of the interface (Fig. 8b). Thus, the SrO/SrCO3
atio in the bulk (estimated from the ratio of the oxygen signals)
s ∼2:1 and does not depend on the temperature. By contrast,
he SrO amount increases at the Pt-interface upon decreasing the
eposition temperature [68,69]. These observations suggest that
rCO3 forms by reactive adsorption of CO2 by-product upon lig-
nd oxidation [80,81]. Of course, smaller quantities of SrCO3
re formed at lower deposition temperature, where decomposi-
ion to CO2 is less efficient. This conclusion agrees well with
T-IR data (see the following section) that show that greater
mounts of CO2 are produced upon increasing the deposition
emperature.

SrO/SrCO3 films deposited at 450 ◦C are homogeneous and
o not show well-detectable grains at lower precursor flow
ates (Fig. 9a). Inhomogeneous films with very wide grains are,
y contrast, observed upon increasing the precursor flow rate
Fig. 9b).
Typical MOCVD experiments adopting Sr(hfac)2tetraglyme
ith Ar/O2 mixtures (100 sccm1/500 sccm) result in the forma-

ion of randomly oriented SrF2 films throughout the investigated

1 sccm = standard cubic centimeter per minute.
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ig. 7. Typical XRD patterns of (a) SrCO3 phase obtained from Sr(tmhd)2pmde
eposited on Pt substrates.

◦
eposition temperature range (250–500 C) [72]. GIXRD pat-
erns (Fig. 7b) of typical films show the (1 1 1), (2 0 0), (2 2 0)
nd (3 1 1) SrF2 reflections and those of Pt (2 0 0) and (2 2 0) due
o the Pt substrate.

ig. 8. XPS spectra of O 1s region of films obtained from Sr(tmhd)2
•pmdeta at

everal deposition temperatures (350–500 ◦C) and under Ar/O2 flow: (a) bulk
nd (b) interface film/substrate (Pt) [68].
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] and (b) SrF2 phase obtained from Sr(hfac)2 tetraglyme [69]. Both films were

Similarly XPS data, namely the binding energy (B.E.) values
f the Sr 3d spin–orbit doublet (3d5/2 133.9 eV and Sr 3d3/2
35.6 eV) and the F 1s feature (683.9 eV), are consistent with
rF2 [72,82]. Spectra of the surface show also some features
ue to ligand fragments containing CFx groups (F 1s 688 B.E.)
82,83], which are no longer detectable after sputtering.

SrF2 films deposited at low temperature (350 ◦C) have grains
hich are not-well defined in shape, with dimensions ranging

rom 50 to 300 nm (Fig. 10a). Higher temperatures (450 ◦C)
esult in grains with well-defined cubic and octahedral shapes
Fig. 10b) having larger average size (about 200–300 nm).

.4. Decomposition pathways of precursors during
OCVD

FT-IR/MOCVD experiments are viable tools to investigate
recursor decomposition pathways upon deposition.

Typical FT-IR/MOCVD experiments using fluorine-free
r(tmhd)2pmdeta solutions and adopting Ar/O2 as trans-
ort/reacting gas indicate that, besides the ancillary ligand
issociation upon vaporization (see Sections 2.1 and 2.2), no
ignificant decomposition of the Sr(tmhd)2 core occurs below
00 ◦C (Fig. 11). Above this temperature, ligand demolition
ecomes apparent and the absorbance of the C O stretching
1598 cm−1) of the coordinated tmhd decreases and a new
eak appears at 1720 cm−1. The latter can be attributed to
he C O stretching of ketone by-products in the gas phase.
he presence of ketones has often been observed in the
ecomposition of several metal �-diketonates [84–87]. At
00 ◦C, the band at 1598 cm−1 almost disappears and new IR
odes associated with different by-products become evident.
hey consist of two bands centered at 2295 and 2163 cm−1

ssociated with CO2 and CO molecules due to precursor
ecomposition.

Therefore, even though Sr(tmhd)2pmdeta is not transported
ntact to the deposition zone due to the dissociation of the
ncillary amine ligand, the Sr(tmhd)2 core undergoes decom-

osition only above 300 ◦C. Various studies have indicated that
his precursor suffers of a sequence of various bond ruptures,
amely: (1) Sr–O → (2) C–C(CH3)3 → (3) C–C, (see Scheme 1
65,88].
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Fig. 9. SEM micrographs of films deposited from Sr(tmhd)2pmdeta: (a) 2 g/h and (b) 4 g/h mass flow. [69].

Fig. 10. SEM micrographs of films deposited from Sr(hfac)2 tetraglyme: (a) 350 ◦C and (b) 450 ◦C [69].

F lvent absorbances from the spectra of the gas phase (a) at 200–300 ◦C, (b) at 400 ◦C
a ds of Sr(tmhd)2

•pmdeta. (�) νC O of Sr(tmhd)2; (©) νC–N of free pmdeta; (�)
ν

s
F
d
S
s
S

ig. 11. Left: in situ FT-IR spectra of Sr(tmhd)2
•pmdeta after subtraction of so

nd (c) at 500 ◦C. Right: thermal dependence of IR absorbance of typical ban
C O of ketone by-products [68].

The entire deposition pathway to SrO/SrCO3 films evolves as
ketched in Scheme 2. Significant evidence is, in fact, found in
T-IR spectra in terms of ketone by-products and of ligand oxi-

ation/combustion by-products CO2 and CO required to form
rO/SrCO3 films. Higher temperature as well as higher precur-
or partial pressure favors the formation of CO2 and in turn of
rCO3 [68].

Scheme 1. Scheme 2.
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Fig. 12. Left: in situ FT-IR spectra of Sr(hfac) tetraglyme at various reactor temperatures in Ar/O enviroment at (a) T = 200 ◦C; (b) 300 ◦C; (c) T = 350 ◦C; (d)
T hfac)2
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= 450 ◦C. Right: thermal dependence of IR absorbance of typical bands of Sr(
Sr(hfac)2tetraglyme, C O/C C stretches); (�) 1930 cm−1 (CF2O); (×) 2150
72].

To conclude, mechanicistic studies provide suitable criteria
or selection of deposition parameters (temperature and partial
ressure) to obtain either SrO or SrCO3 homogeneous films.
amely lower partial pressure or/and deposition temperatures

avor SrO, whilst higher values of both parameters promote a fast
nd complete ligand decomposition with production of greater
mount of CO2 and, hence, of SrCO3.

Fluorinated sources such as Sr(hfac)2tetraglyme possess
ifferent decomposition pathways, which lead to SrF2 films.
ombined studies including ex situ film characterizations, in

itu FT-IR analyses and kinetic studies [72] suggest that below
00 ◦C the precursor does not decompose in the gas phase
Fig. 12a and b) and that the deposition pathway involves the
dsorption of the precursor on the film surface. Moreover, there
s indication of a zero-order kinetics relative to the precursor
oncentration [72,89] as expected for a heterogeneous process.
ote that temperatures above 300 ◦C increase the surface reac-

ion rate and determine a faster consumption of the precursor

ompared to its feeding. Thus, bands at 1256–1220 cm−1 (C–Fx

tretches) and at 1660 cm−1 (C C/C O stretches) associated
ith the hfac framework decrease in intensities, while main-

aining the same shape (Fig. 12). It is worthy of note that

f
i

w

Scheme 3
2

tetraglyme. (�) 1256 cm−1 (Sr(hfac)2tetraglyme, C–F stretch); (�) 1660 cm−1

(C C O stretch, acylketenes); (�) 2900 cm−1; (C–H stretches, tetraglyme)

odes at 2950–2850 cm−1 (C–Hx stretches) associated with
ither coordinated or free tetraglyme [67] do not show any inten-
ity fall-off and that the observed trend of relative intensities of
–Hx stretches versus hfac features is tuned well with a surface
rocess:

r(hfac)2tetraglyme (g) → Sr(hfac)2(ad) + tetraglyme (g)

(1)

Therefore, adsorption causes the glyme dissociation (Eq. (1))
hile a following surface reaction leads to fluorine transfer to the
etal followed by the demolition of the �-diketonate framework

Scheme 3). The overall result is the formation of the SrF2 film
nd of adsorbed CFx containing species, consistent with the XPS
ata and IR analysis of desorbed species as well as with data
eported for surface decomposition of closely related species
90–92]. Experiments on precursor thermal behavior under Ar
72] show that oxygen does not play a crucial role in the SrF2

ormation. Indeed, O2 simply precludes carbon contaminations
n the films since it governs oxidation of surface species.

Above 400 ◦C a different, homogeneous decomposition path-
ay of Sr(hfac)2tetraglyme becomes dominant and IR spectra

.
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cesses, clearly indicate that deposition temperatures in the
450–500 ◦C range are the most suited for the deposition of
Sr–Bi–Ta–O(F) matrices with the correct stoichiometry. In this
temperature range the Sr, Bi and Ta growth rates are comparable
Sch

how much more complex features due to decomposition pro-
esses. IR absorptions due to precursor become considerably
ess intense (Fig. 12), whilst new features due to ketenes or
cylketenes (>C C O) at 2150 cm−1 and CF2O at 1930 cm−1

93–95] become evident. Note, also, that similar by-products
ave been detected along MOCVD decomposition routes of
imilar fluorine containing hexafluoroacetylacetonate precur-
ors [67]. This pathway probably involves intramolecular
CF3 → Sr) fluorine transfer through switching from bidentate to
onodentate ligand coordination. The thermally activated open-

ng of the chelate ring is not an unexpected issue since it has been
roposed for closely related systems [47,96–98]. The proposed
omogeneous pathway (Scheme 4), finally, leads to SrF2 films
ith CF2O and fluoroacylketens by products.
Closely comparable results have been found with Ba(hfac)2-

etraglyme [73].

.5. Preparation of ferroelectric SrBi2Ta2O9 (SBT) films
rom fluorine containing precursors

MOCVD fabrication of SrBi2Ta2O9 (SBT) ferroelectric
lms for new, non-volatile ferroelectrics memory applications
NVFeRAM), has been extensively investigated because of
he advantages of MOCVD in terms of higher step coverage
99–101]. A suitable choice of a good set of metal-organic
ource precursors often remains the major challenge. The
ost used strontium precursors consist of fluorine-free Sr �-

iketonates often coordinated with neutral ligands (polyethers
nd polyamines). Several studies have reported on the kinetics
f multi-component SBT depositions using fluorine-free
recursor systems such as Bi(CH3)3–Sr[Ta(OC2H5)6]2
102], Bi(C6H5)3–Sr[Ta(OC2H5)6]2 [103] and
r(tmhd)2–Bi(C6H5)3–Ta(OC2H5)5 [104] systems. On the
ther hand, despite the vaporization and stability advantages,
he use of fluorine containing precursors for SBT deposition
as been hampered by fluorine incorporation in as-deposited
lms (see previous section) that seems not to be compatible
ith good electrical properties. The Sr(hfac)2tetraglyme pre-
ursor has been, however, successfully used for fabrication of
erroelectric SBT adopting plasma-enhanced MOCVD [105],
s well as classical MOCVD reactors [89,106,107]. These
tudies showed that the multi-component process adopting the

F
r
s

.

r(hfac)2tetraglyme, Ta(OC2H5)5 and Bi(C6H5)3 precursor
ystem involves complex deposition kinetics. The processes of
ndividual Sr(hfac)2tetraglyme, Bi(C6H5)3 and Ta(OC2H5)5
ources have been addressed in detail in several papers
72,75,106,108]. Thus, depositions from Sr(hfac)2tetraglyme
nd Bi(C6H5)3 lead to formation of polycrystalline SrF2
nd Bi2O3, respectively. By contrast, films deposited from
a(OC2H5)5 are amorphous TaOx oxides. XPS depth profiles
ave shown that in all cases there is no significant carbon
ontamination.

Deposition of SBT adopting the combined
r(hfac)2tetraglyme, Bi(C6H5)3 and Ta(OC2H5)5 sources
as been usefully compared to processes associated with
ach singular precursor [89,106,107]. The logarithmic plots
f growth rates of SrF2, Bi2O3 and TaOx versus reciprocal
emperature (Fig. 13) for the multi-component process are
ompared with similar plots for single component processes.

Trends observed in both single and multi-component pro-
ig. 13. Logarithmic plots of growth rates of SrF2, Bi2O3 and TaOx vs. recip-
ocal deposition temperature during the multi-component process. Inset shows
imilar plots for single component processes: (�) Sr; (�) Bi; (�) Ta [107].
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Fig. 14. Typical XRD patterns in grazing incidence of films deposited on Pt at (a) 450 ◦C and (b) 500 ◦C [107].
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Fig. 15. Typical SEM micrographs of films d

nd, even more important, Sr and Ta rates can be easily controlled
ince both are almost insensitive to the deposition temperature.
he control of the Bi concentration remains, however, much
ore critical since the related deposition rate depends on the

emperature. GIXRD patterns and SEM micrographs provide
vidence that films deposited at 450 ◦C (Figs. 14a and 15a) are
omogenous and amorphous while films deposited at 500 ◦C
Fig. 14b) consist of polycrystalline SrF2 and Bi2O3 and
morphous TaOx. The latter films are not homogeneous since
i-excess grains of about 200–300 nm are present (Fig. 15b). In
ll cases films do not show evidence of carbon contamination.

Post-deposition O2 annealing of Sr–Bi–Ta–O(F) matrix in

he 650–700 ◦C range causes the formation of both SBT and
f a non-stoichiometric fluorite phase [109,110]. By contrast,
nnealing at 800 ◦C forms randomly oriented polycrystalline
BT films without cracks (Fig. 16).

f
w
o
p

Fig. 16. Typical (a) GIXRD pattern and (b) SEM micrograph of SBT films d
ted on Pt at (a) 450 ◦C and (b) 500 ◦C [107].

AFM images (Fig. 17) of (a) as-deposited films at 450 ◦C
roughness ∼4 ± 1 nm) and (b) films annealed at 800 ◦C (rough-
ess ∼13 ± 1 nm), show, in both cases, 250–350 nm size grains
ith an overall thickness around 160 nm.
It is worthy of note that the thermal treatment (800 ◦C) has

roved suitable for the complete elimination of any fluorine-
ontaining phases [107]. The related P–E hysteresis loop
Fig. 18) indicates the ferroelectric character of the SBT film
ith remnant (2Pr = 18.7 �C cm−2) and saturation polariza-

ions (2Psat = 50 �C cm−2 at 500 kV/cm) totally comparable
ith typical values of SBT thin films obtained either by
OD [111,112] or by liquid-delivery MOCVD of fluorine-
ree precursors [113]. Therefore, electrical data agree well
ith the ferroelectric response of a pure SBT phase with-
ut any fluorine contaminant and non-stoichiometric fluorite
hase.

eposited on Pt at 450 ◦C and annealed at 800 ◦C under O2 flow [107].
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curve of the mixture in the 110–160 ◦C temperature range is
Fig. 17. AFM images of films (thickness 160 nm) deposited on P

.6. Fabrication of double sided TIBaCaCuO
uperconducting films from fluorine containing
ulti-element source

Microwave passive devices for telecommunications such as
esonators, filters and antennae are some of the main applica-
ions of high critical temperature (Tc) superconducting materials
114–116]. In particular, the perovskite mixed oxide TlBa-
aCuO system is particularly interesting due to the high
c values of various Tl based phases. Fabrication of dou-
le sided (DS) Tl2Ba2CaCu2O8 (Tl-2212) films on LaAlO3
1 0 0) [117], a substrate with a low microwave loss, repre-
ents a case study of applications of the Ba(hfac)2tetraglyme
nd Ca(hfac)2tetraglyme precursors. In this case the feasi-
ility of the process has been largely associated with the
eculiar properties of the multimetal single-source used for
he preliminary MOCVD fabrication of BaCaCuOF matri-
es. This novel approach, based on a single-source multimetal
ixture in a monocomponent hot-wall reactor, has been

ound ideally suited for a uniform coating of both sides of
he LaAlO (1 0 0) substrate. The multicomponent precursor
3
onsists of a homogeneous mixture of Ba(hfac)2tetraglyme,
a(hfac)2tetraglyme and Cu(tmhd)2 in an appropriate stoichio-
etric ratio.

ig. 18. Hysteresis loop measured on a SBT film (thickness 110 nm) deposited
n Pt at 450 ◦C then annealed at 800 ◦C under O2 flow [107].

l
s
p

F
p

t 450 ◦C and, then, (b) annealed at 800 ◦C under O2 flow [107].

The adopted protocol represents a general purpose route for
abrication of materials containing a large variety of metal ele-
ents using a multi-component single source.
The differential scanning calorimetry (DSC) analysis of a

.0:1.0:0.5 multi-component (Ba, Ca and Cu) source, com-
ared with those of each individual precursor is reported
n Fig. 19. The DSC scan of the multi-component mixture
hows a single sharp endothermic peak at 89.9 ◦C, which
ay be associated with melting of the Ca(hfac)2tetraglyme

omponent, while the sharp peaks observed in the curves of
he Ba and Cu single precursors, corresponding to the melt-
ng of the Ba(hfac)2tetraglyme (153.6 ◦C) and Cu(tmhd)2)
196.3 ◦C) complexes are not present. These data indicate that
he Ca(hfac)2tetraglyme acts, upon melting, as a solvent for
he other companion sources (Ba and Cu) thus giving rise to
homogenous multimetal liquid single source. Nevertheless, it

an not be excluded the possibility that the peak at 89.9 ◦C,
hich is slightly lower than the melting point reported for
a(hfac)2tetraglyme, is the melting of a binary or ternary eutec-

ic mixture. The endothermic broad peak observed in the DSC
ikely associated with Ba(hfac)2tetraglyme and Cu(tmhd)2 dis-
olution. The highest temperature (190–270 ◦C) endothermic
rocess is associated with evaporation of the melt mixture.

ig. 19. DSC curve of the Ba–Ca–Cu mixture compared with data of individual
recursors, Ba(hfac)2tetraglyme, Ca(hfac)2tetraglyme, Cu(tmhd)2 [117].
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magnetoresistance properties (CMR) [136–138]. These mate-

F
p

ig. 20. TG profiles of the Ba–Ca–Cu mixture under N2 flow in the 25–350 C
emperature range at 20, 300 and 760 Torr (heating rate 5 ◦C/min)[118].

ptical polarized light microscopy observations upon heating
onfirm these conclusions.

TG measurements carried out at 20, 300 and 760 Torr indi-
ate that the multi-component Ba–Ca–Cu source vaporizes in a
ingle step, not dependent on the pressure (Fig. 20) [118]. Nev-
rtheless, a significant decrease of vaporization temperature is
bserved under reduced pressure (20 Torr), i.e. under experimen-
al conditions closely comparable to those used in the MOCVD
rocess.

Low pressure (20 Torr) isothermal thermogravimetric anal-
sis (ITG) of the molten Ba–Ca–Cu single source in the
00–150 ◦C temperature range under N2 (Fig. 21a) points to
n almost linear behavior with vaporization time. In particular,
linear dependence is observed in the 100–120 ◦C tempera-

ure range. This is indication of no secondary phenomena that
ould affect mass transport (such as decomposition or poly-
erization). At the highest temperature (150 ◦C) a non-linear

ehavior is observed thus suggesting that contributions of indi-
idual precursors prevail giving rise to differential vaporization
ates.

Similarly, the Arrhenius plot of the same multi-component
◦
ource (Fig. 21b) shows in the 100–120 C range, a linear trend

otally analogous to those of efficient, thermally stable single
recursors.

r
o
f

ig. 21. (a) Isothermal mass (%) vs. time of vaporization of the Ba–Ca–Cu mixture u
lot derived from mass-loss data [118].
istry Reviews 251 (2007) 1931–1950

The DS Tl based films on LaA1O3 (1 0 0) exhibit XRD pat-
erns (Fig. 22) indicative of well-crystallised c-axis oriented
l-2212 phase. The (1 0 7) pole figure of a 5 �m thick DS-Tl-
212 film (inset in Fig. 22) indicates an epitaxial high quality
l-2212 phase. SEM micrographs of both sides (Fig. 22) show
ense and homogeneous structures consisting of smooth over-
apping platelets roughly up to 10 �m diameter.

The transport properties of Tl films, key diagnostics to
lm quality and applications readiness, show good Jc and
c values [Jc,1 (77 K) = 3 × 104 A/cm2, Tc,1 = 98.5 K and Jc,2
77 K) = 7 × 104 A/cm2, Tc,2 = 100 K, with �Tc = 1 in both
ases] (Fig. 23). Surface resistance data similarly indicate that
hese films are very promising for passive filter applications.

To conclude, this class of novel, molecularly engineered pre-
ursors represents a challenging application of a multimetal
ingle source. It offers the best promise for a scalable and repro-
ucible deposition technology due to the overall simplification
f the MOCVD process in terms of both reproducibility and
ccurate control of matrix stoichiometry.

. Engineering of rare earth precursors for multi-source
OCVD of functional oxides

.1. MOCVD processes from fluorinated and fluorine-free
a precursors

In the wide scenario of emerging materials, rare earth ele-
ents are components of several interesting new materials
ith properties ranging from high Tc superconductors, such

s LnBa2Cu3O7−δ [119,120], Pb2Sr2LnCu3O8−δ [121] and
a2−xSrxCuO4 [122] to piezoelectrics such as LaCuO2 [123];

rom buffer layers such as LaAlO3 [56,124,125], YAlO3 [126]
nd CeO2 [127,128] to high k dielectrics such as Pr2O3 [129].
anthanum oxide is also a key material for the development
f ferroelectric material. In particular, La-doped Bi4Ti3O12
BLT) and La-doped (PbxZr1−x)TiO3 represent new materi-
ls for non-volatile ferroelectric memories [130–135]. Finally,
LaxA1−x)MnO3 (A = Sr, Ca, Ba, etc.) oxides show colossal
ials all require suitable fabrication methodologies in the form
f thin films that represent an unavoidable demand for their
unctional applications in emerging technologies. MOCVD is

nder N2 flow in the 100–150 ◦C temperature range at 20 Torr and (b) Arrhenius
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ig. 22. Left side: XRD patterns of a DS Tl-2212 film grown on LaAlO3 (1 0 0) s
lm. Right side: SEM images of the DS Tl-2212 film grown on LaAlO3 (1 0 0)

ow well recognized as a primary road to this manufacture
99–101]. Ideally, suitable precursors are also required not only
n terms of good volatility and thermal stability but also in
erms of decomposition processes suited to deposit good qual-
ty films. Similarly to group II metals, the conventional, “first
eneration”, rare earth �-diketonate precursors have shown low
aporization rates and poor stability to the atmosphere, whilst
econd-generation rare-earth precursors combining fluorinated
-diketonates and polyethers show improved thermal stabilities
nd volatilities compared to classical non-fluorinated La(�-
iketonate)3. Fluorinated precursors were proved well suited

or the synthesis of fluoride and oxyfluoride phases as well
s for the synthesis of multi-component lanthanide contain-
ng oxides. In the case of electroceramic oxides, fluorinated
recursors might, however, have some drawbacks due to the pos-

ig. 23. Tc inductive measurements of a typical DS Tl2Ba2CaCu2O8 film [117].
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te. The inset shows the (1 0 7) pole figure of one side of the DS Tl2Ba2CaCu2O8

rate [117].

ible incorporation of fluorine contaminants which are highly
ndesired. Worthy of note in this context that fluorine-free
first generation” precursors, although less volatile and ther-
ally stable than fluorinated �-diketonate polyether adducts,

ave been widely applied to deposition of lanthanide oxides
dopting both classical and DLI equipped reactors [139–142].
onetheless, La2O3 films grown from classical La(tmhd)3 and
a(acac)3 (acac = acetylacetonate) sources bear heavy carbon
ontamination for reasons which are not yet completely under-
tood [139–143] even though similarities with group II metal
-diketonate seem evident. Some papers have reported that
arbon free La-containing phases can be also obtained from
uorine-free precursors adopting either ALD processes [141]
r slow growth rate MOCVD processes [144]. Thus in the latter
ase, films deposited using La(tmhd)3 and La(tmod)3 consist
Fig. 24a) of different phases, namely La2O3 contaminated with
oticeable amounts of other phases associated with the poor
hemical stability in air of La2O3 that transforms to mono-
linic LaO(OH), La(OH)3 and to lanthanum oxide carbonate
a2O2CO3 [141,142,145–147]. In fact, LaO(OH) is clearly evi-
ent in diffuse reflectance absorption FT-IR (DRIFT) spectrum
Fig. 24b). It shows a strong band at 3450 cm−1 and a doublet at
65 and 700 cm−1 associated with hydroxyl group vibrations.
142,147] Moreover, the doublet at 470 and 515 cm−1 repre-
ents the La–O stretching associated with La2O3 and LaO(OH),
espectively.

XPS in-depth profiles (Fig. 25) of the same films indicate that
he carbonate is a surface phase while no carbon contamination

s present in the bulk. In fact, the C 1s feature disappears after
few minutes of Ar+-ion etching as expected for contaminants
urely due to air exposure and not to by-products accompanying
he precursor decomposition (such as CO2).
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Fig. 24. Typical XRD pattern (a) and DRIFT spectrum (b) of samples deposited on P
monoclinic LaO(OH) phase [144].
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ig. 25. XPS in-depth profile of a La-containing film deposited at 450 ◦C from
uorine-free precursors [144].

Note that the relatively slow growth rate (30–100 nm/h) com-
ared to usual values (250–1000 nm/h) seems to be a key issue to
reclude carbonate contamination since CO2 formation remains
arginal under these conditions.
By contrast, typical MOCVD experiments adopting

a(hfac)3diglyme yield films consisting of the hexagonal LaF3

hase (Fig. 26) from 300 ◦C up to about 600 ◦C independent
f the oxygen flow [148]. The unusually intense (0 0 2) peak,
ompared to the 100% intensity value expected for the (1 1 1)

ig. 26. θ–2θ XRD pattern of a lanthanum containing film deposited at 550 ◦C
148].
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t at 450 ◦C: (©) hexagonal La2O3 phase; (×) hexagonal La2O2CO3phase; (�)

eflection in polycrystalline films, is a clear indication of [0 0 1]
exturing.

.2. Decomposition pathways of second generation
a(hfac)3diglyme compared to classical La(tmhd)3 and
a(tmod)3 sources in MOCVD processes

Information on decomposition pathways of fluorine-free pre-
ursors compared to fluorinated ones has been obtained by the
eal-time monitoring of the nature and composition of the gas-
hase in MOCVD/FT-IR experiments.

Thus, IR absorbance values (namely, the C–H stretch-
ng (νCH) at 2970 cm−1 and the C O stretching (νCO) at
550 cm−1) of gas phase La(tmhd)3 decrease monotonically,
bove 200 ◦C (Fig. 27). Above 300 ◦C, the νCO band broad-
ns and a shoulder appears at 1606 cm−1. These features
an be associated with the free tmhd ligand. Above 450 ◦C,
CO and νCH bands disappear completely and two new IR
odes at 1730 cm−1, associated with ketone by-products, and at

295 cm−1, associated with CO2, become evident [69,84–87].
Similar trends (Fig. 28) are obtained with La(tmod)3. Nev-

rtheless in this case, decomposition of the hydrocarbon moiety
νCH) is less evident than the ring decomposition (νCO). A new
and at 1730 cm−1 due to ketone by-products becomes appar-
nt above 200 ◦C and steadily increases with the temperature.
bove 300 ◦C, the feature at 1604 cm−1 associated with the

ree tmod ligand, becomes apparent. Above 450 ◦C, there is evi-
ence of total demolition of precursor with formation of CO2.
herefore, both La(tmhd)3 and La(tmod)3 precursors decom-
ose at low temperature (T > 200 ◦C). Decomposition, however,
f La(tmod)3 involves the breakdown of the �-diketonate ring
ith the formation of ketones and free Htmhd which both leave
H3 methyl groups intact. By contrast, La(tmhd)3 decomposes

nvolving the oxidation of both the �-diketonate ring and the
H3 moiety probably on the reactor walls leading to oxidation
y-products. Only above 450 ◦C does the decomposition of the
wo precursors become similar since it leads in both cases to
he demolition of both ring and hydrocarbon moieties with the

ormation of CO2 and ketone by-products.

FT-IR/MOCVD experiments of the fluorinated
a(hfac)3diglyme source suggest different decomposition
athways (Scheme 5). Gas phase spectra do not show signif-
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Fig. 27. (a) In situ FT-IR spectra of La(tmhd)3 at several temperatures: 200 ◦C, 300–450 ◦C and 500–600 ◦C. (b) Dependence of the absorbance of the main IR bands
upon temperature during MOCVD under Ar/O2 [144].

Fig. 28. (a) In situ FT-IR spectra of La(tmod)3 at several temperatures 200 ◦C, 300–450 ◦C and 500–600 ◦C and (b) dependence of the absorbance of the main IR
bands on temperature during MOCVD under Ar/O2 [144].

Scheme 5.
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F s in the 200–550 ◦C range. (b) Dependences of the absorbances of important IR bands
v (hfac)3diglyme, C O stretch); (�) 1780 cm−1 (C O stretch, fluorinated ketones);
( , diglyme). All experiments were carried out under Ar/O2 [67].

i
(
a
a
t
t
i
a
t
A
a
f
b
c

3
L

a
t
t
r
a
h
h
e

L
b
t
o
a
p
b
s

m
d
e

F
1

t
and deposition at 800 C. The XRD of a typical in situ grown
La2−xBaxCuO4+δ film is shown in Fig. 31. In these conditions,
monophasic c-axis oriented LBCO films are formed since only
the (0 0 l) reflections are present. In addition, the four maxima
ig. 29. (a) In situ IR spectra of La(hfac)3diglyme at various reactor temperature
s. T ◦C: (�) 1255 cm−1 (La(hfac)3diglyme, C–F stretch); (�) 1650 cm−1 (La
×) 2150 cm−1 (C C O stretch, acylketenes); (©) 2885 cm−1 (C–H stretches

cant changes of the relevant spectral features up to 350 ◦C
Fig. 29a). Above this temperature, the presence of O2
dmixture in the stream favors the polyether dissociation
nd IR spectra at 350 ◦C show the characteristic bands of
he free ancillary glyme ligand (2885 and 1130 cm−1). The
emperature dependence of the dissociative pathway is shown
n Fig. 29b. The C–Hx stretches of unbounded diglyme are
pparent even at 250 ◦C and their intensities increase above
his temperature. A maximum value is observed at 350 ◦C.
bove this temperature much more complex processes occur

nd other reaction products are observed. In particular the IR
eatures at 2150 cm−1, 1780 cm−1 and around 1930 cm−1 can
e associated with ketenes, fluorinated ketones and oxidized
ompounds (such as CF2CO), respectively.

.3. A case study: the in situ synthesis of superconducting
a2−xBaxCuO4+δ thin film

The La2−xBaxCuO4+δ (LBCO) phase is the first high temper-
ture superconducting cuprate discovered in 1986. Even though
he La(Ba)–Cu–O phase has great possibility to achieve critical
emperature (Tc) values as high as 44 K, there are relatively few
eports about the preparation of related thin films. In fact, the
lmost coincident discovery of new superconductors with even
igher Tc values such as YBaCuO, BiSrCaCuO, TlBaCaCuO,
as attracted more attention and these have overshadowed inter-
st in the LBCO phase.

The MOCVD in situ fabrication of superconducting
a2−xBaxCuO4+δ (LBCO) films represents a case application of
oth a rare-earth and an alkaline-earth metal precursor. Again,
he multi-element single source, consisting of a suited mixture
f La(hfac)3diglyme, Ba(hfac)2tetraglyme, and Cu(tmhd)2 in
n appropriate stoichiometric ratio, has been expedient for the
rocess [58]. The molten La adduct behaves as a solvent for
oth the Ba and Cu sources, thus forming a real multi-element
ingle-source.
The linear trend of the Arrhenius plot related to isothermal
ass loss in the 90–110 ◦C interval (Fig. 30) indicates no side

ecomposition thus showing thermal and mass transport prop-
rties suited for MOCVD processes.

F
L

ig. 30. Arrhenius plot for the vaporization of the La–Ba–Cu mixture in the
.8:1.0:0.1 ratio under N2 flow at 20 Torr [58].

Best quality films in terms of structural data and composi-
ion form upon evaporation at 90 ◦C from the molten mixture

◦

ig. 31. XRD pattern of a c-axis oriented La2−xBaxCuO4+δ film grown on
aAlO3 (1 0 0). The inset shows the (1 0 3) pole figure [58].
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Fig. 32. SEM (a) and AFM (b) images of a c-axis oriented
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ig. 33. Variable-temperature resistance data of an in situ grown
a1.85Ba0.15CuO4+δ film [58].

bserved at Ψ = 49◦ of the (1 0 3) pole figure (inset in Fig. 31)
learly point to epitaxial growth of LBCO film on LaAlO3 (1 0 0)
ubstrates.

Surface morphology of LBCO samples (Fig. 32) deposited
n LaAlO3 substrates consists of a fine-grained structure with
rains of about 400 nm. The surface roughness of films has been
nvestigated using AFM (Fig. 32b). The root mean square (RMS)
oughness of the film surface measured on a 2.5 �m × 2.5 �m
rea was 20.2 nm.

Typical resistive measurements performed as a function of
emperature, reported in Fig. 33, indicate that the resistivity of
hese films is metallic (dρ/dT > 0) with an onset of the transition
emperature Tc = 27 K.

. Conclusions

The present review has focused on the relationship between
recursor nature and materials properties through a detailed
tudy of the precursor thermal properties and the decomposition
echanism as well as deposition kinetics. Various precursors

f large ionic radius of both alkaline-and rare-earth metals have
een considered. This study represents a comprehensive view
f characteristics and properties of both fluorine-free and flu-

rinated precursors considering advantages and drawbacks in
elation to MOCVD applications.

In regard to alkaline-earth metals, the comparison
etween MOCVD processes adopting the Sr(tmhd)2pmdeta

c
b
u

La2−xBaxCuO4+δ film grown on LaAlO3 (1 0 0) [58].

nd Sr(hfac)2tetraglyme precursors indicates that the non-
uorinated precursor causes the formation of ketones and other
xidation products (such as CO2) and leads to SrO/SrCO3 films,
hile the Sr(hfac)2tetraglyme produces fluorinated molecules

CF2O and ketenes) and this ligand fragmentation leads to
he formation of SrF2 films. Therefore both precursors require
nnealing treatments to eliminate carbonate or fluoride phases
rom deposited films. In this context it is important to note that
he disadvantage of the use of a fluorinated precursor (due to
he severe annealing conditions often required for fluorine elim-
nation) can be partially counterbalanced by the better transport
roperties of the Sr(hfac)2tetraglyme. In addition, we note that
pplication of the Sr(hfac)2tetraglyme precursor to fabrication
f a multielement system such as SBT has produced fluorine-free
lms without the need of a hydrolysis step. In fact, XRD data

ndicate a pure polycrystalline SBT phase without any remain-
ng fluorite phase. Applications of homologous precursors of
a and Ca have produced good quality fluorine free double

ided TlBaCaCuO films. Also in this case no hydrolysis step
s needed to eliminate fluorine from the BaCaCuO(F) matrices
ince the fluoride phases react with Tl(I) oxide and produce pure
uperconducting TlBaCaCuO films.

Analogously, the La(hfac)3diglyme precursor has proved
o be stable during both the sublimation and transport pro-
esses from the supply reservoir to the reactor. The FT-IR
tudy has demonstrated the important role of diglyme which
ppeared to be strongly bonded to the metal thus providing
he stability required for sublimation and mass transport. On
he other hand, the presence of O2 during the film deposi-
ion process has been proved effective in promoting diglyme
issociation and, hence, in preventing the carbon contamina-
ion in the LaF3 films. Similarly to the Sr(hfac)2tetraglyme,
F2O, ketenes and fluorinated ketones are the main decomposi-

ion products of the La(hfac)3diglyme, while CO2 and ketones
re typical by-products of classical La(tmhd)3 and La(tmod)3
recursors. Although these classical non-fluorinated precursors
ossess lower thermal stability and vaporization rates compared
o hexafluoroacetylacetonate adducts [55] they are also suitable
LI-MOCVD sources since carbon-free films can be obtained

n slow rate MOCVD processes [144].

In regard to the application of fluorinated precursors to a

omplex oxide system, good quality epitaxial LBCO films have
een grown through an in situ MOCVD process. The approach
sed, which takes advantage of a simple multi-metal single
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ource consisting of an intimate mixture of Ba(hfac)2tetraglyme,
u(tmhd)2 and La(hfac)3diglyme in an optimized ratio, can eas-

ly control the stoichiometry of deposited films.
Finally, it is worth noting that examples reported in this

eview demonstrate that fluorine-containing precursors may be
sed to fabricate fluorine-free multielement systems. In fact,
resent data have demonstrated that pure advanced materials
uch as ferroelectric SBT, superconducting TlBaCaCuO and
a(Ba)CuO films can be grown with simple MOCVD processes
dopting M(hfac)nglyme precursors, which are very stable for
torage and manipulation. Thus, the problem of unwanted flu-
rinated phases should be addressed each time, depending on
he metallic nature and thermodynamic stability of the desired
hase.

One of the future challenges in the field of precursors for
abrication of advanced materials regard the syntheses of hetero-
uclear complexes. The aim of these syntheses is to tailor the
olecular structure of the single source MOCVD precursor in

rder to have a metal ratio in the source fitting the stoichiometry
f the final product.
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Chem. 34 (1995) 6233.
[38] G. Malandrino, O. Incontro, F. Castelli, I.L. Fragalà, C. Benelli, Chem.
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Chem. (2001) 1039.
[50] W.J. Evans, D.G. Giarikos, M.A. Johnston, M.A. Greci, W.J. Ziller, J.
Chem. Soc., Dalton Trans. 4 (2002) 520.
[51] S.J. Kang, S.K. Lee, Bull. Korean Chem. Soc. 24 (2003) 535.
[52] S.J. Kang, Bull. Korean Chem. Soc. 25 (2004) 1207.
[53] J. Plakatouras, C. Kavounis, C. Cardin, Acta Crystallogr. E 59 (2003)

m838.



Chem
G.G. Condorelli et al. / Coordination

[54] R. Lo Nigro, R.G. Toro, G. Malandrino, I.L. Fragalà, P. Rossi, P. Dapporto,
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