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Abstract

Metal complexes bearing linked hexafluoroacetylacetonates and ancillary Lewis ligands, have found wide interest as precursors for metal-
organic chemical vapor deposition (MOCVD) since their first description in 1991. The relationships involving their molecular architectures, mass
transport properties, decomposition mechanisms of both alkaline- and rare-earth metal precursors are compared to fluorine-free 3-diketonates. The
perspectives of applications to MOCVD processes of a large range of advanced materials in thin film forms are discussed in detail. The effects due
to the nature of the 3-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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1. Introduction

The development of novel and increasingly demanding mate-
rials requires challenging synthetic approaches ultimately suited
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for large scale fabrication of materials with specifically designed
properties. Among the materials most studied over the last
two decades have been those with particular electrical prop-
erties such as high-k dielectrics and ferroelectrics [(Ba,Sr)TiO3
(BST), SrBi;TayOg (SBT), StTiO3] or high critical temperature
(HTc) superconductors [Lar_xBay,CuO4ys [1], YBazCuzO7_;
[2], BirSrpCa,,—1Cu,, O, [3], T1,,BayCa;,— 1 CuyOgjp4m42 (Where
form=1,n=1-5and form=2,n=1-4) [4]. In both cases a simi-
lar complex mixed oxide framework is present, which is based on
a perovskite-type structure. The fabrication of these systems is
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not very easy and requires well optimized reproducible synthetic
routes. The success of potentially useful synthetic approaches,
ranging from vapor- to liquid-phase routes, mostly depends on
the properties of molecular precursors since their nature and
architectures both drive the quality of materials. Nevertheless,
relationships between the precursor molecular architectures and
their properties still remain a challenge in the arena of materials
science.

In this context, metal-organic chemical vapor deposition
(MOCVD) has proved a great technique due to the use of sim-
plified apparatus, lower deposition temperatures, the capability
to coat complex shapes, the possibility to produce chemically
complex systems and the adaptability to large scale processing
[5]. This technique, in addition, is well suited for simulta-
neously coating both sides of substrates, whilst line of sight
physical vapor deposition (PVD) techniques require sequen-
tial deposition steps for each of the two sides. Nevertheless,
the quality of any MOCVD process crucially depends on
the apparatus as well as on prerequisites of adopted precur-
sors. Thus, reproducible results are always associated with
a careful control of operational deposition parameters and,
even more importantly, with the use of highly pure precursors
with clean decomposition pathways and constant mass-transport
properties.

Fundamental prerequisites of source precursors for any
MOCVD process are thermal stability, sufficient and stable evap-
oration and good delivery properties under process conditions.

Metal B-diketonates M(RCOCHCOR), (where R =alkyl,
aryl, etc.) are amongst the most widely studied coordina-
tion compounds and have adequate characteristics in terms of
mass transport properties [6]. In particular, group II metal 3-
diketonates often match the required properties for MOCVD
processes and have found wider applications than metal alkox-
ides due to their generally higher volatilities, improved chemical
stabilities and better mass-transport properties. They were first
tested as MOCVD sources [7] and, therefore, they are usu-
ally referred as “first generation” precursors. For example,
Sr(tmhd), (Htmhd =2,2,6,6-tetramethyl-3,5-heptanedione) rep-
resents to date the most used precursor for MOCVD production
of Sr-containing materials such as BST, SBT, SrTiO3 [8—12].
Nevertheless, despite its widespread use, this source suffers
from certain drawbacks such as poorly reproducible syntheses,
side decompositions and finally, a strong tendency to be coor-
dinated by water and donor solvents [13,14]. Due to the large
size and to the strong polarity of the alkaline earth metal centre,
the group II metal 3-diketonate complexes can be oligomeric
or polymeric and hence species with low volatility. For exam-
ple [Sr(tmhd);]3 is a trimer with 3 six-coordinate Sr atoms in a
distorted octahedral environment [15]. Moreover, side decom-
position processes of metal (3-diketonate precursors often result
in carbon contaminations incorporated in oxide films grown by
MOCVD [16,17].

A similar behavior has been observed for the Ca and Bahomo-
logues, elements widely present in the HTc superconducting
materials. In particular, problems associated with Ba are much
more pronounced due to the larger ionic radius of this metal
compared to the other alkaline earth metals.

Analogously, the conventional, “first generation”, rare earth
element precursors, such as Ln(tmhd)3 have shown several draw-
backs, essentially associated with the large amount of residue
left in commercial evaporators/bubblers and to the poor stability
to the atmosphere [18]. This behavior may be due, also in this
case, to un-saturation of inner coordination spheres that opens-
up routes for an easy polymerization or reaction either with
donor solvents or nucleophilic impurities (such as water) that
ultimately lead to low volatile polynuclear clusters or involatile
oxo- or hydroxo-complexes [19].

This consideration prompted investigations in the 1990s
into new suited metal complexes with coordination spheres
capable of (i) inhibiting oligomerization and water coordi-
nation processes and (ii) improving the thermal stability,
volatility and mass transport properties. A combined use of
fluorinated (-diketonate arrays and of ancillary coordinated
polyethers provided monomeric, volatile and thermally sta-
ble alkaline-earth metal sources, called “second-generation”
precursors [14,20-33]. A similar strategy has been applied
to lanthanide ions yielding thermally stable, highly volatile
and very promising “second-generation” lanthanide MOCVD
precursors [34-54]. In a recent review [55] the volatility,
thermal stability and mass transport properties of “second
generation” Ln(hfac);glyme (Hhfac=1,1,1,5,5,5-hexafluoro-
2.4-pentanedione) adducts were widely investigated. Most of
these exhibit improved properties, in terms of thermal stability
and volatility, thus being of potential interest for applications
as precursors in the MOCVD of lanthanide containing phases
[44,48,56-59]. They are also well suited as single precursors
for the synthesis of fluoride and oxyfluoride phases, appealing
materials as host matrices for luminescent ions [38,41,54,60].

Herein, we report on the engineering of precursor molecular
architectures with specific properties based on an a priori tai-
loring of the coordination environment. A variety of alkaline-
and rare-earth metal 3-diketonate complexes coordinated with
neutral Lewis bases are considered. The relationships involv-
ing molecular architectures, thermal and transport properties,
decomposition kinetics and mechanisms are discussed in rela-
tion to deposition of advanced materials. The effects due to the
ancillary ligand on mentioned properties are discussed in detail.

Accordingly, this review is divided into two main sections.
Section 2 addresses the tailoring of alkaline earth (Ca, Sr, Ba)
B-diketonates for improved MOCVD of electroceramics oxides
focusing on vaporization, mass transport properties and
decomposition pathways of Sr(tmhd);pmdeta (pmdeta = penta-
methyldiethylenetriamine) and M(hfac),tetraglyme (M=Sr,
Ba) precursors during MOCVD experiments. Ferroelectric SBT
films and double sided TIBaCaCuO superconducting films are
reported as case studies of applications of M(hfac),tetraglyme
precursors. Section 3 discusses engineering of rare earth
precursors for multi-source MOCVD of functional oxides,
focusing on decomposition pathways of second generation
La(hfac)sdiglyme and classical La(tmhd)s and La(tmod);
(H-tmod =2,2,6,6-tetramethyloctane-3,5-dione) sources during
MOCVD processes. The in situ synthesis of superconducting
Lay_,Ba,CuOy4y;s thin film is reported as a case study of appli-
cations of the La(hfac);diglyme complex.
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2. Tailoring of alkaline earth 3-diketonates for
improved MOCYVD of electroceramic oxides

2.1. Vaporization properties

Adducts of fluorine-free as well as fluorinated [3-diketonates
with neutral ligands have often been proposed as group II metal
sources for MOCVD routes. In both cases, the coordination of
ancillary Lewis base ligands causes a better spatial shield of
the metal center and saturates the inner coordination sphere
thereby precluding polymerization and increasing the vapor
pressure [14]. Therefore, as a fluorine-free source, Sr(tmhd),L
(L =pmdeta and tetraglyme) precursors represent suitable alter-
natives to classical 3-diketonates and they can be efficiently used
in MOCVD reactors if equipped with liquid delivery systems
[61].

The efficiency of the sublimation processes can be evalu-
ated using thermogravimetric analyses (TG). Sr(tmhd),pmdeta
shows (Fig. 1) two mass losses in the 125-230°C (weight
loss 28%) and in the 230-290 °C (total residue left <1%) tem-
perature ranges. The first step represents the depletion of the
amine ligand while the second is indication of the sublimation
of the Sr(tmhd), fragment. Similar results have been reported
for Sr(tmhd); (deta) (deta = diethylenetriamine), Sr(tmhd),(teta)
(teta=triethylenetriamine) and Sr(tmhd),(tetraglyme) ana-
logues. In all cases ligand dissociation occurs in the same
temperature range [15,62]. Note that the Sr(tmhd),pmdeta sub-
limes in a lower temperature range (230-290°C) than the
parent Sr(tmhd), (300—400 °C [15]; 240-400 °C [63]). There
is therefore indication that the pmdeta amine ligand precludes
oligomerization processes and favors volatilization [14,64].
Even more important, the Sr(tmhd), leaves a significant residue
upon sublimation [11,65] while the Sr(tmhd);pmdeta shows
a clean evaporation without further side decomposition in the
230-280 °C range as indicated by the linear trend of the loga-
rithmic plot of the vaporization rate versus 1/7T (Fig. 1, inset).
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Fig. 1. TG curve of Sr(tmhd);pmdeta in inert atmosphere in the 30-450°C
temperature range (heating rate 5°C/min). The inset shows the atmospheric
pressure TG vaporization rate as a function of temperature in the 230-280°C
temperature region [68].
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Fig. 2. TG profiles of Ba(hfac),tetraglyme, Sr(hfac)tetraglyme and
Ca(hfac)ytetraglyme under Ny flow in the 25-350°C temperature range at
760 Torr (heating rate 5 °C/min).

Turning to fluorinated 3-diketonates, alkaline-earth hexaflu-
oroacetylacetonate precursors have improved volatilities [66]
and, once coordinated with ancillary Lewis bases such as
polyethers, possess even better properties in terms of stabil-
ity upon sublimation and mass transport. In particular the first
adduct of the M(hfac),L family (the Ba(hfac),tetraglyme) was
reported by Meinemaetal., in 1991. This adduct has been widely
applied analogously to the Sr and Ca homologues to MOCVD
processes due to its excellent thermal properties. In fact the TG
data of M(hfac)tetraglyme indicate superior thermal stability
and great volatility under atmospheric and low pressure condi-
tions [27]. There is evidence that sublimation occurs in a single
step independently from the operational pressure values used in
the experiments including atmospheric pressure (Fig. 2).

The excellent mass transport properties of these adducts
become evident in the Arrhenius relationships in the
100-150°C range (Fig. 3). It is interesting to observe
that the Ca(hfac),tetraglyme precursor shows an appar-
ent vaporization enthalpy AHyy, of 69=£2kImol~! with
respect to 94 +3kImol~' and 87+3kJx mol~! obtained
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Fig. 3. Arrhenius diagram for vaporization of (OJ) Ba(hfac),tetraglyme, (@)
Sr(hfac),tetraglyme and (A) Ca(hfac);tetraglyme.
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for the Ba(hfac),tetraglyme and Sr(hfac);tetraglyme, respec-
tively. The sizeable differences may be explained by different
vaporization processes, namely sublimation of the solid
Ba(hfac);tetraglyme (mp 153.6 °C), evaporation occurring from
the molten Ca(hfac),tetraglyme (mp 94.2 °C) and an interme-
diate situation for the Sr(hfac),tetraglyme (mp 138.8 °C), that
melts just within the investigated range. Such excellent thermal
properties remain constant during several sublimation cycles in
vacuo.

2.2. Mass-transport stability

FT-IR studies performed in situ [67,68] can provide further
information on the precursor stability during mass transport in
MOCVD processes. A typical apparatus for in situ analysis basi-
cally consists of an MOCVD hot-wall reactor interfaced with an
FT-IR spectrometer (Fig. 4a).

These experiments show that the solid Sr(tmhd),L sources
(L =pmdeta and tetraglyme) despite the favorable vaporization
properties, are not suited for bubbler sublimation and transport
into the MOCVD reactor. In fact, IR spectra point to detach-
ment not only of the neutral L ligand but also of a much more
massive demolition bringing about the free Htmhd as well as
ketone by-products that form even at a temperature as low as
120 °C. This behavior has promoted the use of various liquid
delivery systems to vaporize and transport Sr(tmhd),L precur-
sors [61,68,69]. In situ FT-IR monitoring of direct liquid injector
(DLI)-MOCVD (Fig. 4b) adopting Sr(tmhd);pmdeta dissolved
in octane/decane solutions shows that liquid injection precludes
a noticeable decomposition of the Sr(tmhd), core during vapor-
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Fig. 4. MOCVD reactors equipped for in situ FT-IR spectroscopy. (a) Classical
reactor with evaporation/sublimation bubblers [67] and (b) direct liquid injector
(DLI)-MOCVD reactor [68].
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Fig. 5. Comparison of IR spectra of (a) Sr(tmhd);pmdeta powders,
(b) Sr(tmhd);pmdeta in octane/decane solvent vaporized at 190°C, (c)
Sr(tmhd);pmdeta 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
show the precursor bands [69].

ization and transport into MOCVD reactors (up to 200 °C). Thus,
the spectra of gas phase Sr(tmhd),pmdeta compared to those of
both powders and octane/decane liquid solutions (Fig. 5) clearly
show the bands (Table 1) of free neutral ligand at 1036 cm™ !,
while bands at 1598cm™! typical of the coordinated tmhd
remain unaffected [68,69]. This trend points to dissociation of
the coordinated pmdeta and agrees well with the shape of the
TGA plot.

Similarly Sr(tmhd);tetraglyme, vaporized from
octane/decane solution, at 190°C, shows a strong feature
at 1130cm™!, typical of the C-O stretch of the tetraglyme
ligand. Therefore, there is evidence that both Sr(tmhd);pmdeta
and Sr(tmhd),tetraglyme precursors lose upon vaporization the
ancillary ligands (pmdeta and tetraglyme, respectively) even
though the Sr(tmhd), core remains intact and acts as the true
Sr precursor. To conclude, the coordination of an ancillary
L ligand precludes oligomerization [14,64] and although it
renders vaporization and storage more viable, it does not play a
dominant role during the subsequent deposition process.

By contrast, the fluorinated Sr(hfac),tetraglyme precursor
can be sublimed intact from the powder and related gas-phase
FT-IR spectra (Fig. 6a) are similar to those of the powders
(Fig. 6¢) with no decomposition products visible [72]. Note,
in this context, that a similar behavior was also observed in
the case of other hexafluoroacetylacetonates glyme adducts
[73]. In particular, Fig. 6b and d show similar FT-IR spec-
tra for the gas phase and powders of the Ba(hfac),tetraglyme
adduct.
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Table 1
Typical IR bands of Sr(tmhd),pmdeta [68-71]

Wavenumber (cm™!)

Assignment of vibrations Ligand frame

Powder Gas
2952, 2923, 2855 ~2950-2850
1598 1598
1460 1440
1356 1350sh
1280 1270
1130 1128
1080 1080
1036

1024 -

v(C-H) tmhd/pmdeta
v(C-0) tmhd
Va5(C-0) + v(C-C) + §(C-H) tmhd/pmdeta
8(CH3) + 8(C-H) tmhd

v(C-C) + v[C-C(CH3)3] tmhd
v[C—C(CH3)3]+ v(C-H) tmhd
7(C-C)+n(CH3) tmhd
v(C-N) Free pmdeta
v(C-N) pmdeta

v: Stretching; §: in-plane bending; 7: out-of-plane bending; as: asymmetric.

2.3. Deposition processes from fluorinated and
fluorine-free precursors

Fluorine-free as well as fluorinated 3-diketonate adducts with
neutral ligand have been proposed as Sr sources for efficient
and reproducible deposition processes. In terms of mass trans-
port stability, hexafluoroacetylacetonate adducts possess better
properties than the related non-fluorinated adducts, even though
their use, despite these advantages, has not been widely taken up
in MOCVD processes of electroceramic oxides due to the pres-
ence of undesirable fluorine contaminants in “as deposited” films
[17,74]. Such limitations find counterparts in other drawbacks
encountered in depositions from fluorine-free sources whose
films often show carbon contaminations [16,17]. The intriguing

Ba(hfac),tetraglyme powders

d) A
Sr(hfac),tetraglyme powders

9

Ba(hfac),tetraglyme gas

b) WA

Sr(hfac) tetraglyme gas

a) M

vt
. . | ; . L

3200 2700 2000 1500 1000

Wavenumber (cm!)

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

relations between the precursor nature, experimental conditions,
decomposition pathways and film properties have been recently
addressed [68,69,72,75].

Typical DLI-MOCYVD processes under Ar/O; with fluorine
free Sr(tmhd);*pmdeta solutions [68] result in the formation of
strontium carbonate films throughout the investigated deposition
temperatures (300-500 °C). Fig. 7a shows the typical grazing
incidence 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
of nitrogen contamination in the entire investigated tempera-
ture range [68,69]. Moreover, the C 1s B.E. value (289.0eV)
after Ar* sputtering points to the presence of SrCO3 [77-79].
Nevertheless, the O 1s feature splits in two bands in both bulk
and film interface overlaying the substrate (Pt) as expected for
the presence of SrCO3 and SrO phases (at 531.8 and 528.1¢eV,
respectively).

The evolution of the shape of O 1s features at various depo-
sition temperatures provides chemical information either of the
bulk (Fig. 8a) or of the interface (Fig. 8b). Thus, the SrO/SrCO3
ratio in the bulk (estimated from the ratio of the oxygen signals)
is ~2:1 and does not depend on the temperature. By contrast,
the SrO amount increases at the Pt-interface upon decreasing the
deposition temperature [68,69]. These observations suggest that
SrCOs3 forms by reactive adsorption of CO; by-product upon lig-
and oxidation [80,81]. Of course, smaller quantities of SrCO3
are formed at lower deposition temperature, where decomposi-
tion to CO» is less efficient. This conclusion agrees well with
FT-IR data (see the following section) that show that greater
amounts of CO; are produced upon increasing the deposition
temperature.

SrO/SrCO3 films deposited at 450 °C are homogeneous and
do not show well-detectable grains at lower precursor flow
rates (Fig. 9a). Inhomogeneous films with very wide grains are,
by contrast, observed upon increasing the precursor flow rate
(Fig. 9b).

Typical MOCVD experiments adopting Sr(hfac),tetraglyme
with Ar/O, mixtures (100 sccm!/500 sccm) result in the forma-
tion of randomly oriented SrF; films throughout the investigated

! sccm =standard cubic centimeter per minute.
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Fig. 7. Typical XRD patterns of (a) SrCO3 phase obtained from Sr(tmhd),pmdeta [68] and (b) SrF, phase obtained from Sr(hfac), tetraglyme [69]. Both films were

deposited on Pt substrates.

deposition temperature range (250-500°C) [72]. GIXRD pat-
terns (Fig. 7b) of typical films show the (111), (200), (220)
and (3 1 1) SrF; reflections and those of Pt (2 00) and (2 2 0) due
to the Pt substrate.
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Fig. 8. XPS spectra of O 1s region of films obtained from Sr(tmhd),*pmdeta at

several deposition temperatures (350-500 °C) and under Ar/O, flow: (a) bulk
and (b) interface film/substrate (Pt) [68].

Similarly XPS data, namely the binding energy (B.E.) values
of the Sr 3d spin—orbit doublet (3ds, 133.9eV and Sr 3ds;
135.6eV) and the F 1s feature (683.9eV), are consistent with
SrF; [72,82]. Spectra of the surface show also some features
due to ligand fragments containing CF, groups (F 1s 688 B.E.)
[82,83], which are no longer detectable after sputtering.

SrF; films deposited at low temperature (350 °C) have grains
which are not-well defined in shape, with dimensions ranging
from 50 to 300nm (Fig. 10a). Higher temperatures (450 °C)
result in grains with well-defined cubic and octahedral shapes
(Fig. 10b) having larger average size (about 200—300 nm).

2.4. Decomposition pathways of precursors during
MOCVD

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

Typical FT-IR/MOCVD experiments using fluorine-free
Sr(tmhd),pmdeta solutions and adopting Ar/Op as trans-
port/reacting gas indicate that, besides the ancillary ligand
dissociation upon vaporization (see Sections 2.1 and 2.2), no
significant decomposition of the Sr(tmhd), core occurs below
300°C (Fig. 11). Above this temperature, ligand demolition
becomes apparent and the absorbance of the C=O stretching
(1598cm™!) of the coordinated tmhd decreases and a new
peak appears at 1720cm™!. The latter can be attributed to
the C=0 stretching of ketone by-products in the gas phase.
The presence of ketones has often been observed in the
decomposition of several metal [-diketonates [84-87]. At
500°C, the band at 1598 cm™! almost disappears and new IR
modes associated with different by-products become evident.
They consist of two bands centered at 2295 and 2163 cm™!
associated with CO, and CO molecules due to precursor
decomposition.

Therefore, even though Sr(tmhd),pmdeta is not transported
intact to the deposition zone due to the dissociation of the
ancillary amine ligand, the Sr(tmhd), core undergoes decom-
position only above 300 °C. Various studies have indicated that
this precursor suffers of a sequence of various bond ruptures,
namely: (1) St—-O — (2) C-C(CH3)3 — (3) C-C, (see Scheme 1
[65,88].
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Fig. 10. SEM micrographs of films deposited from Sr(hfac), tetraglyme: (a) 350 °C and (b) 450 °C [69].
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The entire deposition pathway to StO/SrCO3 films evolves as

sketched in Scheme 2. Significant evidence is, in fact, found in | [
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(Sr(hfac),tetraglyme, C=0/C=C stretches); (1) 1930 cm™! (CF,0); (x) 2150 cm™! (C=C=O0 stretch, acylketenes); (H) 2900 cm™!; (C-H stretches, tetraglyme)

[72].

To conclude, mechanicistic studies provide suitable criteria
for selection of deposition parameters (temperature and partial
pressure) to obtain either SrO or SrCO3 homogeneous films.
Namely lower partial pressure or/and deposition temperatures
favor SrO, whilst higher values of both parameters promote a fast
and complete ligand decomposition with production of greater
amount of CO; and, hence, of SrCOs3.

Fluorinated sources such as Sr(hfac),tetraglyme possess
different decomposition pathways, which lead to SrF; films.
Combined studies including ex situ film characterizations, in
situ FT-IR analyses and kinetic studies [72] suggest that below
300°C the precursor does not decompose in the gas phase
(Fig. 12a and b) and that the deposition pathway involves the
adsorption of the precursor on the film surface. Moreover, there
is indication of a zero-order kinetics relative to the precursor
concentration [72,89] as expected for a heterogeneous process.
Note that temperatures above 300 °C increase the surface reac-
tion rate and determine a faster consumption of the precursor
compared to its feeding. Thus, bands at 1256-1220 cm™! (C-F,
stretches) and at 1660cm™! (C=C/C=0 stretches) associated
with the hfac framework decrease in intensities, while main-
taining the same shape (Fig. 12). It is worthy of note that

Sr(hfac),Tetraglyme (g)

!

Sr(hfac), (ad) + Tetraglyme ()}
Surface

Carbon contaminated
SrF, + Ar

SrF, + 0,
volatile by-products

T

modes at 2950-2850 cm ™! (C-H, stretches) associated with
either coordinated or free tetraglyme [67] do not show any inten-
sity fall-off and that the observed trend of relative intensities of
C—H, stretches versus hfac features is tuned well with a surface
process:

Sr(hfac),tetraglyme (g) — Sr(hfac)>(ad) + tetraglyme (g)
(H

Therefore, adsorption causes the glyme dissociation (Eq. (1))
while a following surface reaction leads to fluorine transfer to the
metal followed by the demolition of the 3-diketonate framework
(Scheme 3). The overall result is the formation of the SrF, film
and of adsorbed CF, containing species, consistent with the XPS
data and IR analysis of desorbed species as well as with data
reported 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 SrF;
formation. Indeed, O, simply precludes carbon contaminations
in the films since it governs oxidation of surface species.

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

F F £ F
I
HCZ Yo (E\
//ASrﬁ) °
F O _~CH
[
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F
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groups + SrIF,
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Scheme 3.
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show much more complex features due to decomposition pro-
cesses. IR absorptions due to precursor become considerably
less intense (Fig. 12), whilst new features due to ketenes or
acylketenes (>C=C=0) at 2150 cm~! and CF,0 at 1930 cm™!
[93-95] become evident. Note, also, that similar by-products
have been detected along MOCVD decomposition routes of
similar fluorine containing hexafluoroacetylacetonate precur-
sors [67]. This pathway probably involves intramolecular
(CF3 — Sr) fluorine transfer through switching from bidentate to
monodentate ligand coordination. The thermally activated open-
ing of the chelate ring is not an unexpected issue since it has been
proposed for closely related systems [47,96-98]. The proposed
homogeneous pathway (Scheme 4), finally, leads to SrF; films
with CF,0 and fluoroacylketens by products.

Closely comparable results have been found with Ba(hfac),-
tetraglyme [73].

2.5. Preparation of ferroelectric SrBi;TayO9 (SBT) films
from fluorine containing precursors

MOCVD fabrication of SrBi,TapOg (SBT) ferroelectric
films for new, non-volatile ferroelectrics memory applications
(NVFeRAM), has been extensively investigated because of
the advantages of MOCVD in terms of higher step coverage
[99-101]. A suitable choice of a good set of metal-organic
source precursors often remains the major challenge. The
most used strontium precursors consist of fluorine-free Sr 3-
diketonates often coordinated with neutral ligands (polyethers
and polyamines). Several studies have reported on the kinetics
of multi-component SBT depositions using fluorine-free
precursor systems such as Bi(CHz3)3—Sr[Ta(OCyHs)s]2
[102], Bi(CeHs)3—Sr[Ta(OC2H5)612 [103] and
Sr(tmhd),-Bi(CgHs)3-Ta(OC2Hs)s [104] systems. On the
other hand, despite the vaporization and stability advantages,
the use of fluorine containing precursors for SBT deposition
has been hampered by fluorine incorporation in as-deposited
films (see previous section) that seems not to be compatible
with good electrical properties. The Sr(hfac),tetraglyme pre-
cursor has been, however, successfully used for fabrication of
ferroelectric SBT adopting plasma-enhanced MOCVD [105],
as well as classical MOCVD reactors [89,106,107]. These
studies showed that the multi-component process adopting the

Sr(hfac),tetraglyme, Ta(OC;Hs); and Bi(CgHs)s precursor
system involves complex deposition kinetics. The processes of
individual Sr(hfac),tetraglyme, Bi(C¢Hs)s and Ta(OC,Hs)s
sources have been addressed in detail in several papers
[72,75,106,108]. Thus, depositions from Sr(hfac),tetraglyme
and Bi(C¢Hs); lead to formation of polycrystalline SrF,
and BiyO3, respectively. By contrast, films deposited from
Ta(OC;,Hs)s5 are amorphous TaO, oxides. XPS depth profiles
have shown that in all cases there is no significant carbon
contamination.

Deposition of SBT  adopting the combined
Sr(hfac),tetraglyme, Bi(CgHs); and Ta(OC,;Hs)s sources
has been usefully compared to processes associated with
each singular precursor [89,106,107]. The logarithmic plots
of growth rates of SrF;, Bi;O3 and TaO, versus reciprocal
temperature (Fig. 13) for the multi-component process are
compared with similar plots for single component processes.

Trends observed in both single and multi-component pro-
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

_ T¢C)
g 550 450 400 300 200
7 £ '
] —~ 6F
J § 0
- = S}
o 8 ~ = =
Fé S E il
E s RIK] 3 -
§4_ ,Elalnln‘l;l.
e | 1.2 1.4 1.6 1.8 20
‘E 3 - 10°/T(K")
E r
S0 2 -
= N
-~
1- S
0 r . . .
1.0 1.5 2.0
10%/T (K"

Fig. 13. Logarithmic plots of growth rates of SrF;, BipO3 and TaOjy vs. recip-
rocal deposition temperature during the multi-component process. Inset shows
similar plots for single component processes: (@) Sr; (A) Bi; (H) 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].

Fig. 15. Typical SEM micrographs of films deposited on Pt at (a) 450 °C and (b) 500 °C [107].

and, even more important, Sr and Tarates can be easily controlled
since both are almost insensitive to the deposition temperature.
The control of the Bi concentration remains, however, much
more critical since the related deposition rate depends on the
temperature. GIXRD patterns and SEM micrographs provide
evidence that films deposited at 450 °C (Figs. 14a and 15a) are
homogenous and amorphous while films deposited at 500 °C
(Fig. 14b) consist of polycrystalline SrF, and Bi;Oz and
amorphous TaO,. The latter films are not homogeneous since
Bi-excess grains of about 200-300 nm are present (Fig. 15b). In
all cases films do not show evidence of carbon contamination.

Post-deposition O, annealing of Sr—Bi-Ta—O(F) matrix in
the 650-700 °C range causes the formation of both SBT and
of a non-stoichiometric fluorite phase [109,110]. By contrast,
annealing at 800 °C forms randomly oriented polycrystalline
SBT films without cracks (Fig. 16).
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AFM images (Fig. 17) of (a) as-deposited films at 450°C
(roughness ~4 £ 1 nm) and (b) films annealed at 800 °C (rough-
ness ~13 £ 1 nm), show, in both cases, 250-350 nm size grains
with an overall thickness around 160 nm.

It is worthy of note that the thermal treatment (800 °C) has
proved suitable for the complete elimination of any fluorine-
containing phases [107]. The related P—E hysteresis loop
(Fig. 18) indicates the ferroelectric character of the SBT film
with remnant (2P, =18.7 nCcm~2) and saturation polariza-
tions (2Pgy =50 nC cm~2 at 500 kV/cm) totally comparable
with typical values of SBT thin films obtained either by
MOD [111,112] or by liquid-delivery MOCVD of fluorine-
free precursors [113]. Therefore, electrical data agree well
with the ferroelectric response of a pure SBT phase with-
out any fluorine contaminant and non-stoichiometric fluorite
phase.

Fig. 16. Typical (a) GIXRD pattern and (b) SEM micrograph of SBT films deposited on Pt at 450 °C and annealed at 800 °C under O; flow [107].
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Fig. 17. AFM images of films (thickness 160 nm) deposited on Pt (a) at 450 °C and, then, (b) annealed at 800 °C under O, flow [107].

2.6. Fabrication of double sided TIBaCaCuO
superconducting films from fluorine containing
multi-element source

Microwave passive devices for telecommunications such as
resonators, filters and antennae are some of the main applica-
tions of high critical temperature (7;) superconducting materials
[114-116]. In particular, the perovskite mixed oxide TIBa-
CaCuO system is particularly interesting due to the high
T. values of various TI based phases. Fabrication of dou-
ble sided (DS) Tl;BayCaCu;0g (TI-2212) films on LaAlO3
(100) [117], a substrate with a low microwave loss, repre-
sents a case study of applications of the Ba(hfac),tetraglyme
and Ca(hfac),tetraglyme precursors. In this case the feasi-
bility of the process has been largely associated with the
peculiar properties of the multimetal single-source used for
the preliminary MOCVD fabrication of BaCaCuOF matri-
ces. This novel approach, based on a single-source multimetal
mixture in a monocomponent hot-wall reactor, has been
found ideally suited for a uniform coating of both sides of
the LaAlO3 (100) substrate. The multicomponent precursor
consists of a homogeneous mixture of Ba(hfac),tetraglyme,
Ca(hfac)tetraglyme and Cu(tmhd); in an appropriate stoichio-
metric ratio.
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Fig. 18. Hysteresis loop measured on a SBT film (thickness 110 nm) deposited
on Pt at 450 °C then annealed at 800 °C under O, flow [107].

The adopted protocol represents a general purpose route for
fabrication of materials containing a large variety of metal ele-
ments using a multi-component single source.

The differential scanning calorimetry (DSC) analysis of a
3.0:1.0:0.5 multi-component (Ba, Ca and Cu) source, com-
pared with those of each individual precursor is reported
in Fig. 19. The DSC scan of the multi-component mixture
shows a single sharp endothermic peak at 89.9°C, which
may be associated with melting of the Ca(hfac),tetraglyme
component, while the sharp peaks observed in the curves of
the Ba and Cu single precursors, corresponding to the melt-
ing of the Ba(hfac)tetraglyme (153.6°C) and Cu(tmhd);)
(196.3 °C) complexes are not present. These data indicate that
the Ca(hfac),tetraglyme acts, upon melting, as a solvent for
the other companion sources (Ba and Cu) thus giving rise to
a homogenous multimetal liquid single source. Nevertheless, it
can not be excluded the possibility that the peak at 89.9 °C,
which is slightly lower than the melting point reported for
Ca(hfac),tetraglyme, is the melting of a binary or ternary eutec-
tic mixture. The endothermic broad peak observed in the DSC
curve of the mixture in the 110-160°C temperature range is
likely associated with Ba(hfac),tetraglyme and Cu(tmhd); dis-
solution. The highest temperature (190-270°C) endothermic
process is associated with evaporation of the melt mixture.

Heat Flow
ENDO

T ¥ T o T ¥ T * T ¥ T
50 100 150 200 250 300
Temperature (°C)

Fig. 19. DSC curve of the Ba—Ca—Cu mixture compared with data of individual
precursors, Ba(hfac),tetraglyme, Ca(hfac),tetraglyme, Cu(tmhd), [117].
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Optical polarized light microscopy observations upon heating
confirm these conclusions.

TG measurements carried out at 20, 300 and 760 Torr indi-
cate that the multi-component Ba—Ca—Cu source vaporizes in a
single step, not dependent on the pressure (Fig. 20) [118]. Nev-
ertheless, a significant decrease of vaporization temperature is
observed under reduced pressure (20 Torr), i.e. under experimen-
tal conditions closely comparable to those used in the MOCVD
process.

Low pressure (20 Torr) isothermal thermogravimetric anal-
ysis (ITG) of the molten Ba—Ca—Cu single source in the
100-150°C temperature range under N> (Fig. 21a) points to
an almost linear behavior with vaporization time. In particular,
a linear dependence is observed in the 100-120°C tempera-
ture range. This is indication of no secondary phenomena that
could affect mass transport (such as decomposition or poly-
merization). At the highest temperature (150 °C) a non-linear
behavior is observed thus suggesting that contributions of indi-
vidual precursors prevail giving rise to differential vaporization
rates.

Similarly, the Arrhenius plot of the same multi-component
source (Fig. 21b) shows in the 100-120 °C range, a linear trend
totally analogous to those of efficient, thermally stable single
precursors.
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The DS TI based films on LaA103 (1 00) exhibit XRD pat-
terns (Fig. 22) indicative of well-crystallised c-axis oriented
T1-2212 phase. The (1 07) pole figure of a 5 pum thick DS-TI-
2212 film (inset in Fig. 22) indicates an epitaxial high quality
T1-2212 phase. SEM micrographs of both sides (Fig. 22) show
dense and homogeneous structures consisting of smooth over-
lapping platelets roughly up to 10 wm diameter.

The transport properties of TI films, key diagnostics to
film quality and applications readiness, show good J. and
T, values [Jo; (77K)=3 x 10* A/cm?, T, =98.5K and J.
(77K)=7 x 10* A/em?, T.»=100K, with AT.=1 in both
cases] (Fig. 23). Surface resistance data similarly indicate that
these films are very promising for passive filter applications.

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

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

3.1. MOCVD processes from fluorinated and fluorine-free
La precursors

In the wide scenario of emerging materials, rare earth ele-
ments are components of several interesting new materials
with properties ranging from high 7, superconductors, such
as LnBayCu3O7_s [119,120], PbySr,L.nCu3zOg_s [121] and
Lay_,Sr,CuOy4 [122] to piezoelectrics such as LaCuO, [123];
from buffer layers such as LaAlOs [56,124,125], YAIO3 [126]
and CeO» [127,128] to high k dielectrics such as Pr,O3 [129].
Lanthanum oxide is also a key material for the development
of ferroelectric material. In particular, La-doped BisTizO12
(BLT) and La-doped (PbyZr;_,)TiO3 represent new materi-
als for non-volatile ferroelectric memories [130-135]. Finally,
(LayA1—x)MnO3 (A =Sr, Ca, Ba, etc.) oxides show colossal
magnetoresistance properties (CMR) [136—138]. These mate-
rials all require suitable fabrication methodologies in the form
of thin films that represent an unavoidable demand for their
functional applications in emerging technologies. MOCVD is
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Fig. 21. (a) Isothermal mass (%) vs. time of vaporization of the Ba—Ca—Cu mixture under N> flow in the 100-150 °C temperature range at 20 Torr and (b) Arrhenius

plot derived from mass-loss data [118].
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Fig. 22. Leftside: XRD patterns of a DS T1-2212 film grown on LaAlO3 (1 0 0) substrate. The inset shows the (1 0 7) pole figure of one side of the DS Tl,Ba; CaCu,Og
film. Right side: SEM images of the DS TI1-2212 film grown on LaAlO3 (1 00) substrate [117].

now well recognized as a primary road to this manufacture
[99-101]. Ideally, suitable precursors are also required not only
in terms of good volatility and thermal stability but also in
terms of decomposition processes suited to deposit good qual-
ity films. Similarly to group II metals, the conventional, “first
generation”, rare earth (3-diketonate precursors have shown low
vaporization rates and poor stability to the atmosphere, whilst
second-generation rare-earth precursors combining fluorinated
B-diketonates and polyethers show improved thermal stabilities
and volatilities compared to classical non-fluorinated La(f3-
diketonate)s. Fluorinated precursors were proved well suited
for the synthesis of fluoride and oxyfluoride phases as well
as for the synthesis of multi-component lanthanide contain-
ing oxides. In the case of electroceramic oxides, fluorinated
precursors might, however, have some drawbacks due to the pos-
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Fig. 23. T, inductive measurements of a typical DS Tl;Ba;CaCu;Osg film [117].

sible incorporation of fluorine contaminants which are highly
undesired. Worthy of note in this context that fluorine-free
“first generation” precursors, although less volatile and ther-
mally stable than fluorinated (-diketonate polyether adducts,
have been widely applied to deposition of lanthanide oxides
adopting both classical and DLI equipped reactors [139-142].
Nonetheless, LayOs3 films grown from classical La(tmhd)z and
La(acac)z (acac =acetylacetonate) sources bear heavy carbon
contamination for reasons which are not yet completely under-
stood [139-143] even though similarities with group II metal
B-diketonate seem evident. Some papers have reported that
carbon free La-containing phases can be also obtained from
fluorine-free precursors adopting either ALD processes [141]
or slow growth rate MOCVD processes [144]. Thus in the latter
case, films deposited using La(tmhd); and La(tmod)3; consist
(Fig. 24a) of different phases, namely La; O3 contaminated with
noticeable amounts of other phases associated with the poor
chemical stability in air of LayO3 that transforms to mono-
clinic LaO(OH), La(OH)3 and to lanthanum oxide carbonate
La;0,CO3 [141,142,145-147]. In fact, LaO(OH) is clearly evi-
dent in diffuse reflectance absorption FT-IR (DRIFT) spectrum
(Fig. 24b). It shows a strong band at 3450 cm ™! and a doublet at
765 and 700 cm ™! associated with hydroxyl group vibrations.
[142,147] Moreover, the doublet at 470 and 515 cm™! repre-
sents the La—O stretching associated with La; O3 and LaO(OH),
respectively.

XPS in-depth profiles (Fig. 25) of the same films indicate that
the carbonate is a surface phase while no carbon contamination
is present in the bulk. In fact, the C 1s feature disappears after
a few minutes of Ar*-ion etching as expected for contaminants
purely due to air exposure and not to by-products accompanying
the precursor decomposition (such as CO,).
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Fig. 24. Typical XRD pattern (a) and DRIFT spectrum (b) of samples deposited on Pt at 450 °C: (O) hexagonal La; O3 phase; (x) hexagonal La,O,COszphase; (A)
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Fig. 25. XPS in-depth profile of a La-containing film deposited at 450 °C from
fluorine-free precursors [144].

Note that the relatively slow growth rate (30-100 nm/h) com-
pared to usual values (250—-1000 nm/h) seems to be a key issue to
preclude carbonate contamination since CO, formation remains
marginal under these conditions.

By contrast, typical MOCVD experiments adopting
La(hfac)sdiglyme yield films consisting of the hexagonal LaF3
phase (Fig. 26) from 300 °C up to about 600 °C independent
of the oxygen flow [148]. The unusually intense (002) peak,
compared to the 100% intensity value expected for the (11 1)

a
(=3
S
=
<
Z
‘B
=]
8
=
et ~~
- <
— (==
~ =2
M T A T M
20 30 40 50 60
2 0 (degrees)

Fig. 26. 6-26 XRD pattern of a lanthanum containing film deposited at 550 °C
[148].

reflection in polycrystalline films, is a clear indication of [00 1]
texturing.

3.2. Decomposition pathways of second generation
La(hfac)z;diglyme compared to classical La(tmhd)z and
La(tmod)z sources in MOCVD processes

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

Thus, IR absorbance values (namely, the C-H stretch-
ing (vCH) at 2970cm~! and the C=0 stretching (vCO) at
1550cm™1) of gas phase La(tmhd); decrease monotonically,
above 200 °C (Fig. 27). Above 300 °C, the vCO band broad-
ens and a shoulder appears at 1606cm~!. These features
can be associated with the free tmhd ligand. Above 450 °C,
vCO and vCH bands disappear completely and two new IR
modes at 1730 cm™!, associated with ketone by-products, and at
2295 cm™ !, associated with CO,, become evident [69,84-87].

Similar trends (Fig. 28) are obtained with La(tmod)s. Nev-
ertheless in this case, decomposition of the hydrocarbon moiety
(vCH) is less evident than the ring decomposition (vCO). A new
band at 1730 cm™! due to ketone by-products becomes appar-
ent above 200 °C and steadily increases with the temperature.
Above 300°C, the feature at 1604 cm™! associated with the
free tmod ligand, becomes apparent. Above 450 °C, there is evi-
dence of total demolition of precursor with formation of CO,.
Therefore, both La(tmhd); and La(tmod)3 precursors decom-
pose at low temperature (7> 200 °C). Decomposition, however,
of La(tmod)3; involves the breakdown of the B-diketonate ring
with the formation of ketones and free Htmhd which both leave
CH3 methyl groups intact. By contrast, La(tmhd)s decomposes
involving the oxidation of both the B-diketonate ring and the
CH3 moiety probably on the reactor walls leading to oxidation
by-products. Only above 450 °C does the decomposition of the
two precursors become similar since it leads in both cases to
the demolition of both ring and hydrocarbon moieties with the
formation of CO, and ketone by-products.

FT-IR/MOCVD  experiments of the fluorinated
La(hfac)zdiglyme source suggest different decomposition
pathways (Scheme 5). Gas phase spectra do not show signif-
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Fig. 27. (a) In situ FT-IR spectra of La(tmhd)s at several temperatures: 200 °C, 300450 °C and 500-600 °C. (b) Dependence of the absorbance of the main IR bands
upon temperature during MOCVD under Ar/O [144].
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Fig. 28. (a) In situ FT-IR spectra of La(tmod)s 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/O; [144].
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Fig. 29. (a) In situ IR spectra of La(hfac);diglyme at various reactor temperatures in the 200-550 °C range. (b) Dependences of the absorbances of important IR bands
vs. T°C: (W) 1255¢cm™! (La(hfac)3diglyme, C-F stretch); (¢) 1650 cm™! (La(hfac)3diglyme, C=0 stretch); (A) 1780 ecm~! (C=O0 stretch, fluorinated ketones);
(x) 2150 cm™! (C=C=O0 stretch, acylketenes); () 2885 cm~' (C—H stretches, diglyme). All experiments were carried out under Ar/O, [67].

icant changes of the relevant spectral features up to 350°C
(Fig. 29a). Above this temperature, the presence of O
admixture in the stream favors the polyether dissociation
and IR spectra at 350°C show the characteristic bands of
the free ancillary glyme ligand (2885 and 1130cm™!). The
temperature dependence of the dissociative pathway is shown
in Fig. 29b. The C-H, stretches of unbounded diglyme are
apparent even at 250°C and their intensities increase above
this temperature. A maximum value is observed at 350°C.
Above this temperature much more complex processes occur
and other reaction products are observed. In particular the IR
features at 2150cm™—!, 1780 cm ™! and around 1930 cm™! can
be associated with ketenes, fluorinated ketones and oxidized
compounds (such as CF,CO), respectively.

3.3. A case study: the in situ synthesis of superconducting
Lay_BayCuOyys thin film

The Lay_,Ba,CuO445 (LBCO) phase is the first high temper-
ature superconducting cuprate discovered in 1986. Even though
the La(Ba)-Cu-O phase has great possibility to achieve critical
temperature (7,) values as high as 44 K, there are relatively few
reports about the preparation of related thin films. In fact, the
almost coincident discovery of new superconductors with even
higher T, values such as YBaCuO, BiSrCaCuO, TIBaCaCuO,
has attracted more attention and these have overshadowed inter-
est in the LBCO phase.

The MOCVD in situ fabrication of superconducting
Lay_,Ba,CuOg4+s5 (LBCO) films represents a case application of
both a rare-earth and an alkaline-earth metal precursor. Again,
the multi-element single source, consisting of a suited mixture
of La(hfac)sdiglyme, Ba(hfac)stetraglyme, and Cu(tmhd), in
an appropriate stoichiometric ratio, has been expedient for the
process [58]. The molten La adduct behaves as a solvent for
both the Ba and Cu sources, thus forming a real multi-element
single-source.

The linear trend of the Arrhenius plot related to isothermal
mass loss in the 90-110 °C interval (Fig. 30) indicates no side
decomposition thus showing thermal and mass transport prop-
erties suited for MOCVD processes.
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Fig. 30. Arrhenius plot for the vaporization of the La—Ba—Cu mixture in the
1.8:1.0:0.1 ratio under N, flow at 20 Torr [58].

Best quality films in terms of structural data and composi-
tion form upon evaporation at 90 °C from the molten mixture
and deposition at 800 °C. The XRD of a typical in sifu grown
Lay_,Ba,CuOyy;s film is shown in Fig. 31. In these conditions,
monophasic c-axis oriented LBCO films are formed since only
the (001/) reflections are present. In addition, the four maxima
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30 40
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Fig. 31. XRD pattern of a c-axis oriented Lay_Ba,CuO4,s film grown on
LaAlO3 (100). The inset shows the (1 03) pole figure [58].
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Fig. 32. SEM (a) and AFM (b) images of a c-axis oriented Lay_Ba,CuQO44s film grown on LaAlO3 (100) [58].
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Fig. 33. Variable-temperature resistance data of an in situ grown
Laj g5Bag.15CuO44s film [58].

observed at ¥ =49° of the (1 03) pole figure (inset in Fig. 31)
clearly point to epitaxial growth of LBCO film on LaAlO3 (1 00)
substrates.

Surface morphology of LBCO samples (Fig. 32) deposited
on LaAlO3 substrates consists of a fine-grained structure with
grains of about 400 nm. The surface roughness of films has been
investigated using AFM (Fig. 32b). The root mean square (RMS)
roughness of the film surface measured on a 2.5 pm x 2.5 pm
area was 20.2 nm.

Typical resistive measurements performed as a function of
temperature, reported in Fig. 33, indicate that the resistivity of
these films is metallic (dp/dT > 0) with an onset of the transition
temperature 7, =27 K.

4. Conclusions

The present review has focused on the relationship between
precursor nature and materials properties through a detailed
study of the precursor thermal properties and the decomposition
mechanism as well as deposition kinetics. Various precursors
of large ionic radius of both alkaline-and rare-earth metals have
been considered. This study represents a comprehensive view
of characteristics and properties of both fluorine-free and flu-
orinated precursors considering advantages and drawbacks in
relation to MOCVD applications.

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

and Sr(hfac)stetraglyme precursors indicates that the non-
fluorinated precursor causes the formation of ketones and other
oxidation products (such as CO;) and leads to SrO/SrCO3 films,
while the Sr(hfac),tetraglyme produces fluorinated molecules
(CF,0 and ketenes) and this ligand fragmentation leads to
the formation of SrF, films. Therefore both precursors require
annealing treatments to eliminate carbonate or fluoride phases
from deposited films. In this context it is important to note that
the disadvantage of the use of a fluorinated precursor (due to
the severe annealing conditions often required for fluorine elim-
ination) can be partially counterbalanced by the better transport
properties of the Sr(hfac),tetraglyme. In addition, we note that
application of the Sr(hfac),tetraglyme precursor to fabrication
of amultielement system such as SBT has produced fluorine-free
films without the need of a hydrolysis step. In fact, XRD data
indicate a pure polycrystalline SBT phase without any remain-
ing fluorite phase. Applications of homologous precursors of
Ba and Ca have produced good quality fluorine free double
sided TIBaCaCuO films. Also in this case no hydrolysis step
is needed to eliminate fluorine from the BaCaCuO(F) matrices
since the fluoride phases react with TI(I) oxide and produce pure
superconducting TIBaCaCuO films.

Analogously, the La(hfac);diglyme precursor has proved
to be stable during both the sublimation and transport pro-
cesses from the supply reservoir to the reactor. The FT-IR
study has demonstrated the important role of diglyme which
appeared to be strongly bonded to the metal thus providing
the stability required for sublimation and mass transport. On
the other hand, the presence of Oy during the film deposi-
tion process has been proved effective in promoting diglyme
dissociation and, hence, in preventing the carbon contamina-
tion in the LaFs films. Similarly to the Sr(hfac),tetraglyme,
CF,0, ketenes and fluorinated ketones are the main decomposi-
tion products of the La(hfac)sdiglyme, while CO, and ketones
are typical by-products of classical La(tmhd); and La(tmod);3
precursors. Although these classical non-fluorinated precursors
possess lower thermal stability and vaporization rates compared
to hexafluoroacetylacetonate adducts [55] they are also suitable
DLI-MOCVD sources since carbon-free films can be obtained
in slow rate MOCVD processes [144].

In regard to the application of fluorinated precursors to a
complex oxide system, good quality epitaxial LBCO films have
been grown through an in situ MOCVD process. The approach
used, which takes advantage of a simple multi-metal single
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source consisting of an intimate mixture of Ba(hfac),tetraglyme,
Cu(tmhd); and La(hfac)s;diglyme in an optimized ratio, can eas-
ily control the stoichiometry of deposited films.

Finally, it is worth noting that examples reported in this
review demonstrate that fluorine-containing precursors may be
used to fabricate fluorine-free multielement systems. In fact,
present data have demonstrated that pure advanced materials
such as ferroelectric SBT, superconducting TIBaCaCuO and
La(Ba)CuO films can be grown with simple MOCVD processes
adopting M(hfac),glyme precursors, which are very stable for
storage and manipulation. Thus, the problem of unwanted flu-
orinated phases should be addressed each time, depending on
the metallic nature and thermodynamic stability of the desired
phase.

One of the future challenges in the field of precursors for
fabrication of advanced materials regard the syntheses of hetero-
nuclear complexes. The aim of these syntheses is to tailor the
molecular structure of the single source MOCVD precursor in
order to have a metal ratio in the source fitting the stoichiometry
of the final product.
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