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bstract

The panorama of trishexafluoroacetylacetonato polyether complexes of rare-earth metals is considered. The methods of preparation have been
lassified according to the nature of the starting rare-earth metal. The relationship between the coordination sphere and mass-transport properties is
iscussed as well as applications of these adducts to metal organic chemical vapor deposition (MOCVD) processes of rare-earth containing films.
his review represents the first comprehensive study of the “second-generation” MOCVD rare-earth metal precursors from syntheses to applications.
2006 Elsevier B.V. All rights reserved.

eywords: MOCVD; Rare-earth; Adducts; Volatility; Thermal stability; Thin films

. Introduction

Chemical vapor deposition (CVD) processes have been of
ncreasing commercial importance over the past decades [1].
oday metal organic CVD (MOCVD) [2] is becoming a pre-
erred challenge among the CVD approaches since it by-passes
ndesired end-products often present in CVD processes in form

∗ Corresponding author. Tel.: +39 095 7385055; fax: +39 095 580138.
E-mail address: lfragala@dipchi.unict.it (I.L. Fragalà).

of corrosive halogenydric acid etchers. In some cases, MOCVD
almost represents a ‘must’, despite the more complex nature
of the metal source, since it opens-up routes to a large vari-
ety of materials otherwise not-accessible [2–4]. This is the case
of deposition of alkaline- and rare-earth containing films, since
it is very difficult to find simpler CVD inorganic sources suit-
able for the deposition. The MOCVD technique uses volatile
and thermally stable metallorganic precursor complexes and, in
particular, metal �-diketonates have been widely used in the
fabrication of metal oxide thin films [4–7]. Metal �-diketonates
M(RCOCHCOR)x (where R = alkyl, aryl, etc.) are amongst the

010-8545/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2006.03.017
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most widely studied coordination compounds and have adequate
characteristics in terms of mass-transport properties [8]. They
were the first to be tested as MOCVD sources [7] and, therefore,
they are usually referred as “first-generation” precursors. They,
however, have shown several drawbacks in the case of large ionic
radius metals due either to the formation of oligomeric species
[9–13] or to coordination of water molecules [9,13,14].

With the perspective of a clear understanding of the specific
requirements to be fulfilled in the design and the synthesis of
rare-earth MOCVD precursors, we first discuss some of the
basic principles of rare-earth element chemistry [15]. The rare-
earth elements all show a stable 3+ oxidation state, which is the
net charge that strikes the best balance between the ionization-
energy cost and the lattice-energy or solvation-energy stabiliza-
tion of the ion. Among the lanthanides, departure from the 3+
oxidation state occurs for those elements that can approach the
4f0, 4f7 or 4f14 configurations. In these cases 2+ or 4+ oxidation
states can be stabilized. For example Ce, Pr and Nd (just past
4f0) and Tb and Dy (just past 4f7) show 4+ oxidation states; Sm
and Eu (just short of 4f7) and Yb (just short of 4f14) show 2+
oxidation states. Note that, Ce is the only rare-earth element for
which molecular precursors in the 4+ oxidation state are avail-
able [16,17], since for Pr, Nd, Tb and Dy the 4+ oxidation states
are available only in the solid state.

For the lanthanides, the incomplete shielding of the nucleus
by 4f electrons (relativistic effect) leads to a smooth contraction
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have shown several drawbacks, essentially associated with the
significant residue left in commercial evaporators/bubblers and
to poor stability to the atmosphere [31].

This behaviour may be due to the unsaturation of the inner
coordination sphere that opens-up routes for easy polymer-
ization 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
[32].

All the limitations mentioned can be faced and overcome
by modeling more complex molecular Ln architectures where
hard polyether Lewis bases crowd and saturate the coordination
sphere thus increasing the coordination number, competing with
oligomerization and hydration side processes, and ultimately
achieving steric saturation at the Ln center.

In this scenario, novel monomeric, thermally stable, volatile
and water-free lanthanide complexes are of strategic relevance
since they may fill the lack of MOCVD rare-earth precur-
sors with suitable mass-transport properties. This consideration
prompted investigations, in the 1990, on new suitable metal
complexes with coordination spheres capable of: (i) inhibit-
ing oligomerization and water coordination processes and (ii)
improving the thermal stability, volatility and mass-transport
properties. These studies go back over previous successful
attempts, in which the combined use of fluorinated �-diketonates
arrays and of ancillary coordinated polyethers were providing
m
s
T
y
“
M
m
a
t
s
p
i
m
o
t
s
r
“
k
p
k
d
m
[
M
c
F
p
[

o

rom Z = 57 to 71; thus a larger effective core charge contracts
nd stabilizes the 5p, 5d, 6s orbitals [18]. This trend is known as
he lanthanide contraction and it has some chemical effects of
nterest [15]. The radii of the Ln3+ ions show a steady decrease
rom La3+ (1.17 Å) to Lu3+ (1.00 Å) [15]. Moreover, the radius
f the main group Y3+ ion (1.04 Å) falls between those of Ho3+

nd Er3+ and its chemistry closely resembles that of the late
anthanides [19]. The Ln3+ ions are large compared with most
ransition metal ions and this results in higher coordination num-
ers (usually greater than 6 and often as high as 9–10) in their
omplexes, compared with transition metal complexes where
ctahedral coordination is most commonly observed. The steady
ecrease of Ln3+ radius often results in structural changes as the
eries is traversed, with complexes of the early Ln3+ having
reater coordination numbers than late elements.

In the wide scenario of emerging materials, rare-earth
lements are components of several new interesting materi-
ls with properties ranging from high Tc superconductors,
uch as LnBa2Cu3O7−δ [20,21], Pb2Sr2LnCu3O8−δ [22] and
a2−xSrxCuO4 [23] to piezoelectrics such as LaCuO2 [24] from
uffer layers such as LaAlO3 [25–27], YAlO3 [28] and CeO2
16,29] to high k dielectrics such as Pr2O3 [30]. These mate-
ials all require suitable methodologies for their fabrication in
he form of thin films that represent an unavoidable demand for
heir functional applications in emerging technologies.

In this context, the MOCVD technique offers a softer
pproach for all these applications, with lower processing
emperatures and greater throwing power (versatility and
daptability) than alternative methodologies [1]. The conven-
ional, “first-generation”, rare-earth element precursors, such
s Ln(tmhd)3 (Htmhd = 2,2,6,6-tetramethyl-3,5-heptanedione)
onomeric, volatile and thermally stable alkaline-earth metal
ources, known as “second-generation” precursors [33–47].
herefore, a similar strategy was applied to lanthanide ions
ielding thermally stable, highly volatile and very promising
second-generation” lanthanide MOCVD precursors [48–68].
ost of them exhibit improved properties, in terms of ther-
al stability and volatility, thus being of potential interest for

pplications as precursors in the MOCVD of lanthanide con-
aining phases [27,58,62,69,70]. They are also well suited as
ingle precursors for the synthesis of fluoride and oxyfluoride
hases, appealing materials as host matrices for luminescent
ons [52,55,68,71]. As a matter of fact, fluorinated precursors

ay show some drawbacks due to the possible incorporation
f undesired fluorine contaminants. Nevertheless, the excellent
hermal stabilities and volatilities of this class of novel precur-
ors as well as specific MOCVD protocols provide, for them,
eal improvements with respect to un-adducted �-diketonate
first-generation” MOCVD sources. On the other hand, to our
nowledge, there are no fluorine free precursors with com-
arable mass-transport properties. In fact, the fluorine-free �-
etoiminate complexes, even though successfully applied to
eposition of lanthanide oxides, are less volatile and less ther-
ally stable than the fluorinated �-diketonate polyether adducts

72,73]. Other lanthanide complexes have been proposed as
OCVD or ALD precursors such as the La amidinates, but these

ompounds are also less volatile than the proposed adducts [74].
inally, they may be applied as precursors in sol–gel technique
rocesses since they are highly soluble in many organic solvents
75].

With this perspective, this contribution reports an overview
f several prototypical rare-earth �-diketonate polyether
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Chart 1.

adducts of general formula “Ln(hfa)3·L” [Ln = La, Nd, Ce,
Pr, Eu, Gd, Y; Hhfa = 1,1,1,5,5,5-hexafluoroacetylacetone,
L = CH3O(CH2CH2O)nCH3 with n = 1 monoglyme
(dimethoxyethane), 2 diglyme (bis(2-methoxyethyl)ether),
3 triglyme (2,5,8,11-tetraoxadodecane) and 4 tetraglyme
(2,5,8,11,14-pentaoxapentadecane), see Chart 1] from their
syntheses to related MOCVD applications. The effect of
the polyether length on the thermal stability, volatility and
coordination sphere of the Ln(hfa)3 moiety is discussed
and the volatilities of the present adducts are compared to
those of “first-generation” lanthanide precursors. In addi-
tion, the effects of the polyether lateral chains, such as in
diethyldiglyme [bis(2-ethoxyethyl)ether] and in dibutyldiglyme
[bis(2-butoxyethyl)ether], on the thermal properties of the
adducts will be discussed for the Ce ion [62]. Accordingly, this
review is divided into four main sections. Section 2 covers the
methods of preparation, while Section 3 discusses the structural
properties of the adducts and the variety of coordination modes
of the polyether depending on the ionic radius of rare-earth
metals. Section 4 correlates the coordination modes of the
adducts with their thermal properties and transport charac-
teristics. Applications of selected “Ln(hfa)3·L” complexes as
MOCVD precursors of rare-earth oxide based thin films are
discussed in Section 5.
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2Y(OH)3·nH2O + 6Hhfa + 2L

→ 2[Y(hfa)3·L] + (n + 6)H2O or 2[Y(hfa)3·(H2O)2] · L′

+ (n + 2)H2O or [Y(hfa)2·L′′]+[Y(hfa)4]− + L′′

+ (n + 6)H2O (L = monoglyme, diglyme;

L′ = triglyme; L′′ = tetraglyme) (2)

Ce(NO3)3·nH2O + 3Hhfa + L + 3NaOH

→ [Ce(hfa)3·L] + 3NaNO3 + (n + 3)H2O

(L = diglyme, diethyldiglyme, dibutyldiglyme) (3)

A slight excess of the metal source favors the isolation of
the complexes, but does not affect the purity of products since
the insoluble excess of the metal reagent can be easily filtered
off. The syntheses can be efficiently carried out in hexane or
dichloromethane and produce with high yields non-hygroscopic
and, in most cases, water-free adducts. The ancillary polyethers,
therefore, act as hard Lewis bases that encapsulate the metal ion,
favorably compete either with H2O or with other weak ligands in
saturating the coordination sphere around the metal and, finally,
preclude any oligomerization.

In a few cases, one or two H2O molecules coordinate
to the metal center, due to the unfavorable balance between
the ionic radius and the ligand branching. Thus, in the case
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. Synthesis of “Ln(hfa)3·L” adducts

The “Ln(hfa)3·L” adducts can be easily prepared through
ne-pot reactions by mixing in suitable solvents (benzene or
ichloromethane) rare-earth oxides [Ln = La [51,55], Nd [64],
u [53,63], Gd [52], Ho [60] Eq. (1)], hydroxides [Ln = Y [58],
q. (2)] or nitrates (chlorides) [Ln = Ce [61,62], Pr [67,68], Eq.

3)] and hexafluoroacetylacetone and polyether ligands:

a2O3 + 6Hhfa + 2L

→ 2[La(hfa)3·L · H2O] + H2O or 2[La(hfa)3·L′]

+ 3H2O (L = monoglyme; L′ = diglyme,

triglyme, tetraglyme) (1)
f the monoglyme adduct of a large metal such as La, one
2O molecule coordinates to the central ion and, hence, the
onoglyme cannot efficiently act as a partitioning agent [55].
ny attempt to produce water-free monoglyme adducts, even
sing a 1:2 La:monoglyme excess ratio in the reaction mix-
ure, proved unsuccessful. Oily products, whose nature pre-
ented any further purification/crystallization, were always
btained.

At variance with the monoglyme La adduct, the homolo-
ous complexes of rare-earth ions with smaller ionic radii (e.g.
d [52], Eu [53,63], Y [58]) are water-free. In these cases, the

maller radii enable the monoglyme to precisely encapsulate the
etal ions, thus preventing any water coordination.
Interesting enough, some H2O molecules coordinate to the

mall ionic radius metal center in the case of triglyme adducts.
his apparently unexpected behaviour, found in the case of Y

57,58] and Ho [59], finds a clear rationale in the favorable
atching between the too small ionic radii and the coordina-

ively redundant triglyme, too long to be coordinated as an inner
phere ligand. Thus, outer sphere complexes are obtained and
he necessary coordination number is attained with two H2O

olecules.
All these adducts are very soluble in both polar and non-

olar common organic solvents including ethanol, chloroform,
cetone, pentane, toluene and slightly soluble in cyclohex-
ne. They, in addition, have low-melting points and can be
asily and quantitatively evaporated from the liquid phase
t low temperature under vacuum. These are both key pre-
equisites for MOCVD applications (vide infra) and there-
ore, they may be used as liquid precursors for MOCVD
rocesses.
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3. Coordination spheres of rare-earth adducts

It is well known that the coordination sphere of any central
metal ion crucially depends on the subtle interplay between the
ionic radius and the ion charge. Namely, for a given charge, the
larger the ion the higher is the coordination number. In the case
of the alkaline earth metals, coordination numbers up to 11 have
been observed in the case of the large Ba metal [44].

Lanthanides are similarly large in terms of ionic radii but,
in contrast to the alkaline earth ions, they are 3+ ions. Thus,
the “tris” Hhfa ligation already provides a six oxygen atoms
environment. Nevertheless, six-coordination is usually not suf-
ficient to complete the lanthanide coordination sphere and a
neutral ligand of appropriate length is required to yield com-
plexes with chemical–physical properties suitable for MOCVD
applications. We have demonstrated that mass-transport prop-
erties are strictly correlated to coordination spheres and that a
fine tailoring of properties of interest for MOCVD applications
is possible by adjusting the architectural framework of the com-
plexes.

3.1. Large rare-earth ions (La, Nd, Pr): the “La(hfa)3·L”
adducts

Lanthanum complexes represent a versatile example of
l
[
[
r
m
t
r
n
t
(
o

Fig. 2. ORTEP drawing of the crystal structure of La(hfa)3·diglyme. CF3 groups
have been omitted for clarity [51,55].

adduct La-2 (Fig. 2) in addition to the six-coordination of the hfa
framework, the three oxygen atoms of the diglyme ligand are all
involved in the coordination, with one of the oxygen atoms [O8]
(Fig. 2) capping one of the square faces.

It is interesting to contrast the average La-O(glyme) bond dis-
tances (2.613 Å in La-1 and 2.547 Å in La-2) with those found
in the similarly nine-coordinate adduct [La(tmhd)3·tetraglyme]
(2.706–2.781 Å) [31]. The shorter contacts are indicative of
stronger bonds between the La center and the polyether donor
atoms. This observation finds counterpart in the fragmentation
observed in mass spectra, where the [Ln(hfa)2·L]+ usually repre-
sents the most intense (100%) peak and in the excellent thermal

(hfa)
arge ionic radius rare-earth adducts. The ORTEP drawings of
La(hfa)3·monoglyme·H2O] (La-1), [La(hfa)3·diglyme] (La-2),
La(hfa)3·triglyme] (La-3) and [La(hfa)3·tetraglyme] (La-4) are
eported in Figs. 1–4, respectively. Fine details of the structures
ay be found in Refs. [51,55]. In general terms, the struc-

ures of La-1 and La-2 consist of asymmetric units containing,
espectively, two and one molecule, consisting of a mononuclear
ine-coordinate array with a square antiprismatic geometry. In
he case of La-1 (Fig. 1) the oxygen ligation sites include the
hfa)3 cluster (six oxygen atoms), the monoglyme ligand (two
xygen atoms) and one H2O molecule capping one face. In the

Fig. 1. ORTEP drawing of the asymmetric unit in the crystals of La
 3·monoglyme·H2O. CF3 groups have been omitted for clarity [55].
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Fig. 3. ORTEP drawing of one of the four molecules present in the asymmetric
unit of La(hfa)3·triglyme. CF3 groups have been omitted for clarity [55].

stabilities of these adducts. The crystal structure of La-3 con-
sists of a very complex asymmetric unit with four rather similar
molecules each containing a ten-coordinate lanthanum(III) ion
(Fig. 3). There is no evidence of sizeable contacts within the
four molecules of the asymmetric units. Such a crowded ten-
coordination represents a real limit even for these large rare-earth
cations. An expected consequence is, therefore, that in the case
of the even longer tetraglyme only four among the five donor
atoms are involved in the coordination. Thus, single crystal X-
ray diffraction data of La-4 point to a mononuclear complex
with a ten-coordinate lanthanum atom encapsulated by the six
oxygen atoms of the (hfa)3 cluster and four (among the poten-
tial five) O-donor atoms of the tetraglyme. The uncoordinated

F
g

oxygen atom lies far from the metal ion (5.460 Å). The coordi-
nation polyhedron surrounding the La ion can be described as
a distorted bicapped antiprism with O6 and O9 in the capping
positions (Fig. 4).

3.2. Small rare-earth ions (Eu, Gd, Y): the “Y(hfa)3·L”
adducts

Smaller rare-earth ions, similarly react with hfa and vari-
ous glymes through the same, viable one-pot synthetic pro-
cedures (vide supra). Remarkable changes of molecule archi-
tectures are, however, observed in related complexes of ster-
ically less demanding later rare-earth ions. The following
series involving the common “Y(hfa)3” core and various gly-
mes ancillary ligands represents a case study [57,58]. In fact,
the [Y(hfa)3·monoglyme] (Y-1) consists (Fig. 5) of an eight-
coordinate polyhedron, involving all the six (hfa) and the two
(monoglyme) oxygen donor atoms. The coordination remains
lower than in the larger La cation, with a highly distorted poly-
hedral arrangement. In the Y complex, steric encumbrance pre-
vents any H2O ligation.

The greater nine-coordination, similar to that observed in
larger cations, is found in the orthorhombic [Y(hfa)3·diglyme]
(Y-2) (Fig. 6) [58]. In this case, the coordination sphere includes
the six “hfa” oxygen atoms and all the three oxygen atoms of
t
i
t
c
s

F
groups have been omitted for clarity [58].
ig. 4. ORTEP drawing of the crystal structure of La(hfa)3·tetraglyme. CF3

roups have been omitted for clarity [56].
he diglyme ligand. Therefore, the stronger chelating capabil-
ty of the ether oxygen forces, despite the smaller ionic radius,
he formation of nine-coordination. A less symmetric mono-
linic polymorph has also been reported for crystals of the
ame complex [57]. The next “Y(hfa)3·triglyme” suffers a poor

ig. 5. ORTEP drawing of the crystal structure of Y(hfa)3·monoglyme. CF3
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Fig. 6. ORTEP drawing of the crystal structure of Y(hfa)3·diglyme. CF3 groups
have been omitted for clarity [58].

match between the triglyme, with four oxygen chelators, and
the small metal ion. Therefore, X-ray single crystal data sug-
gest an outer-sphere complex [Y(hfa)3·(H2O)2]·triglyme (Y-3)
(Fig. 7) [57]. The 1H NMR experiments similarly point to a 3:2:1
(hfa:H2O:triglyme) ratio, and also the finger print region of the
IR-spectrum indicates a different coordination.

Note that this complex is immediately formed adopting the
one-pot route described, while it was obtained by sublimation
from the ionic structure [Y(hfa)2·triglyme]+[Y(hfa)4]− by Pol-
lard et al. [57].

Upon further increasing the polyether length, a suitable com-
promise between coordination requirements and the ion dimen-
sion can be obtained through the formation of ionic structures.
In fact, the species involving the tetraglyme ligand consist of an
ionic structure of the type [Y(hfa)2·tetraglyme]+[Y(hfa)4]− (Y-
4) (Fig. 8) where the most suitable eight- or nine-coordination of
the Y3+ ion is obtained [57]. It is, therefore, evident that longer
glymes (tri- and tetra-) appear poorly suited for smaller ions
and, as a consequence, form complexes that are less volatile
and poorly thermally stable than encountered with larger metal
ions.

In some cases, neutral structures with longer polyethers
such as triglyme or tetraglyme linking two Ln(tmhd)2 moieties
(Ln = Y [48], Er [76], Eu [31], Tb [31], Gd [50]) have been
observed. In these cases, both metal centers are eight-coordinate
with the overall coordination polyhedron being distorted square
a

a
m
f
t

Fig. 7. ORTEP drawing of crystal structure of Y(hfa)3·(H2O)2·triglyme. Figure
was reproduced from Ref. [57], with permission of the copyright holders.

Fig. 8. Scheme of the [Y(hfa)2·tetraglyme]+[Y(hfa)4]− ionic structure.
ntiprismatic.
Structural analogies between the present yttrium adducts

nd those of the lanthanide homologues deserve further com-
ents. This series of complexes is analogous to those observed

or Eu [53], Gd [52], and Ho [59,60,65] but is different from
hose observed for La [51,55] and Nd ions. In fact, in the
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Table 1
Crystal structure data of “Ln(hfa)3·glyme” adductsa

Compound Space group Average M–O(�-diket) (Å) Average M–O(L) (Å) Ionic radius [15] Coord. number References

[La(hfa)3·monoglyme·H2O] P21/c 2.512 2.616 1.17 9 [55]
[La(hfa)3·diglyme] P21/c 2.496 2.639 1.17 9 [51,55]
[La(hfa)3·triglyme] P21/n 2.509 2.675 1.17 10 [55]
[La(hfa)3·tetraglyme] P21/n 2.534 2.717 1.17 10 [56]
[La(tmhd)3·tetraglyme] P21/n 2.463 2.746 1.17 9 [31]
[Ce(hfa)3·diglyme] P21/c 2.475 2.626 1.15 9 [62]
[Pr(hfa)3·diglyme] P21/c 2.467 2.613 1.13 9 [68]
[Eu(hfa)3·diglyme] P21/n 2.403 2.553 1.09 9 [53]
[Gd(hfa)3·diglyme] P21/n 2.394 2.544 1.08 9 [52]
[Ho(hfa)3·monoglyme] Pbca 2.309 2.435 1.04 8 [60]
[Ho(hfa)3·(H2O)2]·triglyme P21/c 2.336 – 1.04 8 [59]
[Ho(hfa)2·triglyme]+[Y(hfa)4]− Fdd2 2.310, 2.335 2.355 1.04 8 [65]
[Y(hfa)3·monoglyme] Pcab 2.342 2.466 1.04 8 [58]
[Y(hfa)3·diglyme] Pc21n 2.361 2.495 1.04 9 [58]
[Y(hfa)3·(H2O)2]·triglyme P3(1)21 2.340 – 1.04 8 [57]
[Y(hfa)2·triglyme]+[Y(hfa)4]− Fdd2 2.298, 2.335 2.359 8 [57]

a The La(tmhd)3·tetraglyme adduct has been included for comparison.

case of La, completely different coordination spheres have been
found for the monoglyme, triglyme and tetraglyme adducts.
This indicates that in these compounds the Y3+ behaves like
a smaller lanthanide element. In fact, the average Y–O dis-
tances are similar to those reported for the Gd and Ho adducts.
In particular, the large difference (0.150 Å) observed between
the average Y–O(diglyme) and the average Y–O(hfa) dis-
tances (Table 1) in the Y(hfa)3·diglyme are exactly the same
of that observed in the Gd derivative and much larger than
that reported (0.014 Å) for the La analogue. These data may
be interpreted by considering the ionic radius values of La3+

(1.17 Å), Gd3+ (1.08 Å), Y3+ (1.04 Å), and Ho3+ (1.04 Å) ions.
The metal–oxygen bond distances of various rare-earth adducts
of the type “Ln(hfa)3·diglyme” are reported in Table 1. Both the
M–O(hfa) and the M–O(glyme) distances decrease upon con-
traction of the metal ion.

4. Mass-transport properties

Thermogravimetric and chemical vapor deposition experi-
ments provide evidence of the “thermal robustness” and mass-
transport properties of the adducts discussed. High vapor pres-
sure values and very good thermal stabilities with a residue left
lower than 4% have been generally found for almost all the
precursors. Isothermal thermogravimetric (ITG) investigations
have, when necessary, allowed very useful evaluation of both
transport properties and of apparent vaporization enthalpies.
Finally, interesting insights on other relevant properties have
been obtained from differential scanning calorimetry (DSC)
measurements.

The most relevant properties of the current molecular sources
are collected in Table 2. Species that will be addressed in detail
in the following section are italicized in the table.

Table 2
Physical data for “Ln(hfa)3·glyme” adducts

Sample Melting
pointa (◦C)

Sublimation temperature
(10−3 mmHg)

DSC datab Thermal data Reference

[La(hfa)3·monoglyme·H2O] 60–64 75–80 47.1 (w.l.), 67.1 (m.), 220 (vap.) Sublime intact [55]
[La(hfa)3·diglyme] 74–76 65–70 74.9 (m.), 240 (vap.) Sublime intact [51,55]
[La(hfa)3·triglyme] 88–90 95–105 79.3 (p.t.), 87.6 (p.t.), 145.8 (m.), 230 (vap.) Sublime intact [51]
[La(hfa)3·tetraglyme] 81–84 – 67 (p.t.), 84 (m.), 280 (vap.) Multi step subl. [56]
[ 7
[ 6
[ 4
[ –
[ 8
[ 7
[ 8
[ 6
[ 7
[ 6
Y 5
[ 1

peak
Ce(hfa)3·diglyme] 75–77 85–90
Ce(hfa)3·diethyldiglyme] 106–108 100–110
Ce(hfa)3·dibutyldiglyme] 44–45 80–90
Pr(hfa)3·diglyme] 69–73 75–80
Eu(hfa)3·monoglyme] 80–82 75–80
Eu(hfa)3·diglyme] 72–74 85–90
Gd(hfa)3·monoglyme] 80–81 75–80
Gd(hfa)3·diglyme] 71–74 75–85
Y(hfa)3·monoglyme] 74–77 75–80
Y(hfa)3·diglyme] 60–63 80–85
(hfa)3·(H2O)2·triglyme 52–55 95–100
Y(hfa)2·tetraglyme]+[Y(hfa)4]− 175–178 130–140

a Melting points have been observed with a Koffler microscope.
b w.l., water loss; m., melting; p.t., transition to plastic phase; ex., exothermic
4.7 (m.), 245 (vap.) Sublime intact [62]
3.9 (p.t.), 107.9 (m.), 225 (vap.) Sublime intact [62]
4.8 (m.), 255(vap.) Sublime intact [62]

Sublime intact [68]
1.2 (m.), 210 (vap.) Sublime intact [63]
1.4 (p.t.), 122.0 (m.), 220 (vap.) Sublime intact [63]
0.7 (m.), 220 (vap.) Sublime intact [52]
9.8 (p.t.), 123.3 (m.), 220 (vap.) Sublime intact [52]
5.7(m.), 175 (vap.) Sublime intact [58]
2.2 (m.), 210 (vap.), 220 (ex.) Sublime intact [58]
3.8 (m.), 235 (ex.), 250 (vap.) Multi step subl. [58]
76.9 (m.), 248.6 (ex.), 275 (vap.) Sublime intact [58]

; vap., vaporization.
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Fig. 9. TG–DTG curves of the “La(hfa)3·glyme” adducts.

4.1. Thermogravimetric and vaporization rate of
“Ln(hfa)3·L”

Mass-transport properties of these metal precursors rep-
resent key aspects for their functional validation. With this
perspective, atmospheric and low pressure thermal gravimet-
ric analyses (TG) and differential thermal gravimetric (DTG)
and isothermal gravimetric experiments provide useful infor-
mation. The TG curves of some “La(hfa)3·L” are reported
in Fig. 9. The La-1 adduct shows a 89% weight loss in the
53–251 ◦C range and a 7% loss in the 251–341 ◦C range with
a 4% total residue left at 350 ◦C. Singular sublimation steps
are observed for the La-2 and La-3 adducts in the temperature
ranges of 115–295 ◦C (residue = 2% to 300 ◦C) and 143–296 ◦C
(residue = 1% to 300 ◦C), respectively. La-4 shows two vapor-
ization steps in the 150–300 and 300–340 ◦C ranges with a 5%
residue left at 355 ◦C. Therefore, it is less stable than the other
related complexes. TGA atmospheric pressure vaporization rates
of adducts La-1, La-2, La-3 and La-4 indicate they vaporize
ca. 29×, 12×, 7× and 3× more rapidly than La(tmhd)3·H2O,
respectively.

Fig. 10 displays TG data for the yttrium parent adducts. Sin-
gle sublimation steps are observed for the Y-1, Y-2 and Y-4
adducts. Y-1 adduct shows a 96% weight loss in the 79–220 ◦C
range with a 4% residue left at 275 ◦C. Vaporization pro-
cesses of Y-2 and Y-4 occur in a higher temperature range,
n
(
t
a

Fig. 10. TG–DTG curves of “Y(hfa)3·glyme” adducts.

80–230 ◦C temperature range and 60% in the 230–300 ◦C tem-
perature range. The process related to the first step is likely due to
loss of the triglyme and of the coordinated H2O, weakly bonded
ligands (expected weight loss ≈22%). In the higher 220–300 ◦C
range, vaporization of the naked Y(hfa)3 causes the loss of an
additional 60%. This behaviour, clearly dependent on the weakly
coordinated H2O and triglyme ligands, is closely reminiscent
of that observed in the case of other hydrated �-diketonates as
[Y(tmhd)3·H2O]2 [77,78]. Therefore, H2O is not an “innocent”
or “spectator” ligand, but it plays a key role in the chemistry of
mentioned precursors.

In regard to vaporization rates of Y-1, Y-2, Y-3 and Y-4 in
comparison to data of [Y(tmhd)3·H2O]2, it becomes evident that
Y-1 and Y-2 adducts are more volatile than the “first-generation”
[Y(tmhd)3·H2O]2 precursor, and in particular, vaporize ca. 4×
and 2× more rapidly, respectively. Adduct Y-3 shows a non-
linear behaviour of the vaporization rate as expected for a process
accompanied by some partial decomposition. Finally, a low
vaporization rate is observed for Y-4. This is not unexpected
due to its ion-pair [Y(hfa)2·tetraglyme]+[Y(hfa)4]− nature.

4.2. Differential scanning calorimetry analyses
“Ln(hfa)3·L”

Differential scanning calorimetric data provide insights on
p
p
a

amely 90–260 ◦C (residue = 2% to 300 ◦C) and 170–330 ◦C
residue = 4% to 400 ◦C) in the two cases, respectively. By con-
rast, Y-3 undergoes two distinct processes in the 80–300 ◦C with
residue left of ≈11%. Namely, a 29% loss is observed in the
rocesses involving present sources depending upon the tem-
erature. The DSC curves show some interesting features, in
ddition to expected evidences of melting and evaporation. In
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particular, the La-1 adduct shows three endothermic peaks at
47.9, 62.5 and 111.8 ◦C. The first two peaks may be associ-
ated with solid state polymorphic transitions, while the third
represents the melting process. The compound vaporizes in the
160–240 ◦C temperature range. The DSC curves of La-2 pre-
cursor show endothermic peaks due to melting at 74.9 ◦C and
evaporation at 250–280 ◦C. The La(hfa)3·triglyme shows some
interesting features in terms of four endothermic peaks. The
first two peaks at 79.3 and 87.6 ◦C are thermal anomalies likely
associated with transitions to plastic phases. The third peak is
associated with the adduct melting while the fourth broad peak
represents the evaporation process.

The curve of the La-4 adduct shows the presence of two sharp
peaks at 67 and 84 ◦C, indicating that the adduct undergoes a
reversible phase transition at the lower temperature and com-
pletely melts at 84 ◦C. Evaporation occurs in the 280–320 ◦C
temperature range.

The DSC curve of the Y-1 adduct shows two endothermic
peaks at 75.7 ◦C associated with melting of the product and
at ∼175 ◦C due to evaporation. The DSC curve of adduct Y-2
similarly shows two endothermic peaks associated with melt-
ing (62.2 ◦C) and evaporation processes (∼150 ◦C), respectively.
Moreover, there is evidence at 220 ◦C of an exothermic peak that
is observed both in the freshly prepared as well as in aged (over
4 months) samples.

The adduct Y-3 shows a broad endothermic peak at 53.8 ◦C
w
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coordination environments the melting points are almost inde-
pendent of the nature of the central metal ion. By contrast, in the
case of the tetraglyme adducts of La and Y completely different
melting points are observed since the different ionic radii favor
remarkable differences of related crystal structures.

4.3. Relationship between the coordination sphere of
“Ln(hfa)3·L” adducts and thermal properties

It has been already stressed that, to our knowledge, the
present “second-generation” rare-earth precursors represent the
first examples, among �-diketonate species, of thermally stable
and highly volatile precursors which vaporize intact even under
atmospheric pressure. These properties, appealing for MOCVD
applications, are crucially driven by the fluorinated framework.
Fluorine, in fact, acts both on volatility and thermal stability.
Thus, fluorinated �-diketonates are much more volatile than
the parent fluorine free complexes. This is due to two differ-
ent factors: the presence of fluorine precludes the formation of
intermolecular H bonds and, moreover, favors the formation of
less packed structures in the lattice due to the bulkier, relative to
H, dimensions [8]. Beside these effects that favor less congested
lattice structures, the electron withdrawing effect of the fluo-
rine atoms renders the �-diketonate ligands much more acidic
than the analogous fluorine-free ligands. This increases the net
positive charge on the metal ion and, as a consequence, causes
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hich can be mainly associated with the melting of the product.
evertheless, it is likely that some other kind of processes, i.e. a

olid phase transition peak, may be hidden under the same peak.
second endothermic peak (∼250 ◦C) is associated with the

vaporation of the adduct. Similar to adduct Y-2, an exothermic
eak is observed at 235 ◦C.

The adduct Y-4 shows two endothermic peaks at 176.9 ◦C,
ssociated with the melting process and at ∼275 ◦C due to evap-
ration. An exothermic peak has been also found at 248.6 ◦C. In
ig. 11 some peculiar DSC curves are reported.

It is very interesting to observe the melting point variation
or the various adducts as a function of the ionic radius and
oordination sphere (Table 2). There is evidence that for similar

Fig. 11. DSC curves of “Ln(hfa)3·glyme” adducts.
lectron deficiency at the metal center that favors hard–hard
nteractions with Lewis base ligands. By contrast, coordination
f the glyme ancillary ligands to fluorine free �-diketonate com-
lexes, as in the case of the analogous La(tmhd)3·tetraglyme,
esults in species that undergo easy decomposition upon subli-
ation in vacuo, thus yielding the un-adducted tmhd complexes

31].
Polyether ancillary ligands play a crucial role as well and

elated evidence can be well addressed upon consideration of
roperties of the La and Y adducts, that are the two case stud-
es of the present review. Thus, in the case of the lanthanum
dducts there is evidence that a lengthening of the polyether
hain parallels a decrease in volatility. In fact, the short bis-
helator, monoglyme, forms a very volatile lanthanum precursor
a-1 (Table 1, Fig. 1), which unfortunately has an additional
2O coordinated molecule. The longer diglyme and triglyme
olyethers fit well the metal ion requirements and form the
dducts La-2 and La-3 with good properties in terms of thermal
tability and volatility. Finally, the longer tetraglyme exceeds,
ith the five oxygen donor atoms, the acceptor capabilities of

he La(III) ion and, as a consequence, one oxygen atom is left as
spectator [56]. This adduct (La-4) has poorer volatility among

he four lanthanum adducts and, similarly poorer stability with
espect to the adducts obtained with the shorter glymes.

In the case of the Y3+ family, the polyether length also plays
crucial role since it affects the coordination sphere around the
ttrium ion and, hence, the thermal properties and volatilities
f related adducts. There is, in fact, evidence of an intriguing
nterplay between the polyether chain length and the yttrium
onic radius in determining the volatility of these adducts. There-
ore, small polyethers, such as the monoglyme or diglyme, form
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the more volatile precursors Y-1 and Y-2. The longer triglyme
and tetraglyme parent adducts have more complex coordination
spheres and form the less volatile and relatively poor ther-
mally stable adducts Y-3 and Y-4. In fact, the coordinated H2O
molecules in Y-3 are responsible for the two-step decomposi-
tion evaporation, while the proposed ionic structure of Y-4 finds
a counterpart in the higher melting point and the consequent low
volatility.

There is, therefore, evidence of an intriguing interplay
between the polyether chain length and the rare-earth ionic
radius in determining the volatility of these adducts, and only
when the optimal coordination environment is reached will the
complex show the best characteristic properties in terms of mass-
transport properties. In particular, the best behaviour is observed
for the optimal coordination number of 9 for La and of 8 for Y.

Finally, a short comment must be devoted to effects of branch-
ing alkyl arms present in the polyether chains. There is evidence
that the branching arms have little effect, if any, on thermal prop-
erties once similar coordination environments are maintained
relative to unsubstituted polyethers. Thus, the volatility and sta-
bility of [Ce(hfa)3·glyme] [glymes = diglyme, diethyldiglyme
and dibutyldiglyme] adducts [62] with branched diethyl- and
dibutyldiglyme are almost comparable to those of the relative
adduct with the simpler diglyme as observed in TG data. In all
cases, in fact, similar coordination is observed around the Ce3+

ion. Nevertheless, the length of substituents appended to the
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Fig. 12. DSC curve of the La(hfa)3·diglyme and Al(acac)3 1:1 mixture (c) com-
pared to the curves of the pure La(hfa)3·diglyme (a) and Al(acac)3 (b) precursors.

more important, the use of the multi-metal single precursors
implies simpler reactor design and easy control of deposition
parameters, since individual sublimation–evaporation parame-
ters and carrier gas flows are no longer required.

Two case studies of multicomponent mixtures have become
paradigms and, in this context, the fabrication of thin films
of LaAlO3 [27,79] and YBa2Cu3O7−δ [58] on SrTiO3 (1 0 0)
substrates will be addressed in detail. The La–Al multi-
component source consists of an homogeneous mixture of
[La(hfa)3·diglyme], and Al(acac)3 in a 1:1 stoichiometric ratio.
This source mixture has proven well suited to sustain constant
mass-transport rates (also under atmospheric pressure) from
the liquid phase. It is of interest to compare DSC data of the
multi-metal La/Al source with those of the individual precur-
sors (Fig. 12). Individual La and Al precursors show endother-
mic peaks due to melting (74.9 ◦C for [La(hfa)3·diglyme] and
198.6 ◦C for Al(acac)3) and to evaporation from melts (250–280
and 260–290 ◦C, respectively). The curve of the La/Al source
shows a lower temperature peak (72.8 ◦C)1 associated with melt-
ing of the [La(hfa)3·diglyme] component and a broad endother-
mic peak (in the 85–160 ◦C temperature range) associated with
Al(acac)3 dissolution [27,79]. Interesting enough, the endother-
mic peak (198.6 ◦C) expected for the Al(acac)3 melting is not
observed. Optical microscope, polarised light and low pressure
sublimation data of the two component mixture are in agreement
with these conclusions. Isothermal gravimetric (ITG) analyses
p
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olyether chain proved a suitable tool to finely tailor melting
emperatures without significantly affecting volatilities. This is
n important issue since low-melting precursors are highly desir-
ble.

.4. Solvent behaviour of “Ln(hfa)3·glyme adducts:
ulti-element liquid single sources

The synthesis of any multi-element oxide film always intro-
uces complications in the MOCVD growth process due to
ifferent physico-chemical properties of each single precursor
hat, of course, requires specific procedural optimizations. In
ecent years, we have proposed new, very simple, low-cost routes
o high quality mixed oxides thin films adopting a multi-metal

olten single source [27,58,70,79,80]. In the prototypical case
f LaAlO3 deposition on SrTiO3 (1 0 0) substrates the novelty
f the approach relies upon the use of the lower melting source,
La(hfa)3·diglyme] as a solvent for the aluminum (or for all the
emainders) precursor Al(acac)3 (Hacac = acetylacetone), thus
ffording a two-component molten single source [27,79].

A particularly intriguing property of these low-melting
Ln(hfa)3·L] adducts has been found associated with their capa-
ility to act as a solvent for other “first- or second-generation”
recursors. These multi-metal liquid mixtures represent “single”
ources that can be easily and cleanly evaporated from melt with
onstant mass-transport rates within constant stoichiometric
atios. By contrast, the adoption of singular metal solid sources
equires separate controls for their sublimation processes from
olids. In addition, there are additional and severe drawbacks
ssociated with sintering and surface passivation of solids which
ender transport processes largely irreproducible [81]. Even
rovide (Fig. 13) further insight on the thermal robustness and
n mass-transport properties of the same multi-element source
nder experimental conditions similar to those used in MOCVD
xperiments. The mass loss depends linearly on the vaporization
ime in the 100–140 ◦C temperature range, under nitrogen flow
t Ptot = 20 Torr. The linear trend indicates that the vaporization

1 The lower temperature, compared to the pure compound, represents a
ryoscopic effect.
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Fig. 13. Time dependence of weight loss during vaporization of
La(hfa)3·diglyme and Al(acac)3 1:1 mixture at various temperatures.

rate remains constant during the vaporization time for each tem-
perature and that no side phenomena, such as decomposition or
polymerization, affect the process.

The Arrhenius plots related to sublimation/evaporation pro-
cesses of [La(hfa)3·diglyme] and Al(acac)3 precursors and of
their 1:1 mixture point to clean processes involving similarly
thermally stable sources (Fig. 14). The slopes of the plots
provide the apparent sublimation/evaporation enthalpies associ-
ated with the different processes. Thus, the remarkably greater
value found for the Al(acac)3 (103 ± 7 kJ mol−1) than for the
[La(hfa)3·diglyme] (66 ± 3 kJ mol−1) and for the 1:1 mixture
(56 ± 5 kJ mol−1) is clearly due to the Al(acac)3 sublimation
from the solid phase, which requires more energy than evapo-
ration occurring from the molten [La(hfa)3·diglyme] adduct or
from the 1:1 mixture.

There is no evidence of ligand exchange both in the
gas phase and in the melted multicomponent mixture. In
fact, the FAB mass spectrum of the 1:1 mixture shows
only the peaks due to the fragmentation of individual pre-
cursors, namely [La(hfa)2·diglyme]+, [La(hfa)·diglyme + F]+,

F
A

Fig. 15. DSC curve of the 1:2:0.5 (Y:Ba:Cu) multi-metal single source mix-
ture (a) compared with data of individual precursors Y(hfa)3·monoglyme (b),
Ba(hfa)2·tetraglyme (c), and Cu(tmhd)2 (d).

[La·diglyme + 2F]+ and [Al(acac)2]+. Moreover, preliminary
13C MAS NMR experiments on the 1:1 melt (125 ◦C) show
well-resolved resonances attributed to the individual precursors.

Similar behaviour was found with a more complex source
system involving three components: [Y(hfa)3·monoglyme],
[Ba(hfa)2·tetraglyme] and [Cu(tmhd)2]. Also in this case the
lower melting [Y(hfa)3·monoglyme] becomes the solvent for the
remaining precursors [58]. Thus, the endothermic melting peaks
of [Y(hfa)3·monoglyme] (75.7 ◦C), of [Ba(hfa)2·tetraglyme]
(153.6 ◦C) and of Cu(tmhd)2 (196.3 ◦C) and those due to evapo-
ration from melts (150–190, 260–290, and 210–260 ◦C tempera-
ture ranges, respectively) are evident in the DSC curves (Fig. 15).
In the multi-metal (Y–Ba–Cu) source, the [Y(hfa)3·monoglyme]
represents the lower melting (73.5 ◦C) component that in the
110–160 ◦C range dissolves both [Ba(hfa)2·tetraglyme] and
Cu(tmhd)2. The highest temperature (190–270 ◦C) endothermic
process is, finally, associated with evaporation of the melted
mixture. Similar to the previous case the endothermic peaks
expected for the [Ba(hfa)2·tetraglyme] and Cu(tmhd)2 melting,
at 153.6 and 196.3 ◦C, respectively, are no longer observed.

Similar behaviour was observed for other multicomponent
mixtures, such as [Ca(hfa)2·tetraglyme], [Ba(hfa)2·tetraglyme]
and Cu(tmhd)2 used for the deposition of BaCaCuO(F) lay-
ers, precursor matrices of the Tl2Ba2CaCu2Ox films [80] and
[La(hfa)3·diglyme], [Ba(hfa)2·tetraglyme] and Cu(tmhd)2 used
for the deposition of La (Ba )CuO [70].
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ig. 14. Arrhenius plots for vaporization processes of: La(hfa)3·diglyme and
l(acac)3 1:1 mixture, La(hfa)3·diglyme, and Al(acac)3.
2−x x 4−δ

There is, therefore, unambiguous evidence that liquid
Ln(hfa)3·glyme” adducts represent suitable solvents for other
arent sources. These solutions are reliable multi-metal liquid
ingle sources that, no doubt, are well suited for MOCVD appli-
ations.

. Applications of “Ln(hfa)3·L” sources to MOCVD
epositions

The “Ln(hfa)3·L” precursors have been widely adopted for
he deposition of single component or complex oxide films.
heir physico-chemical properties, in terms of thermal sta-
ility, volatility and mass-transport rate make them the best
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source precursors to date known for conventional MOCVD
of lanthanide phases and of several oxide systems, including
CeO2 [69,82–84], LaAlO3 [27,79], La2−x(Bax)CuO4−δ [70],
YBa2Cu3O7−δ (YBaCuO) [58], and YAlO3. Typical decom-
position temperatures of these precursors are around 350 ◦C.
These precursors can be safely used for deposition times of sev-
eral hours. In particular in the case of CeO2 growth from the
Ce(hfa)3·diglyme precursor deposition times up to 6 h have been
adopted [84].

These precursors, however, might have some potential draw-
backs due to the presence of F atoms in the molecular framework.
Fluorine groups, in fact, while favoring both stabilities and vapor
pressures might be incorporated in the growing films either as
undesired contaminants or as fluoride phases. The use of H2O-
saturated O2 stream as reaction gas in the MOCVD depositions,
often proved capable of precluding fluorine contamination since
the volatile HF can be easily desorbed from the growing films.
In other cases, the competing (with oxide) fluoride phase is
a volatile species that, similarly, can be pumped down in the
exhaust [80].

In more general terms, the formation of competing fluoride
phases is intimately associated with both thermodynamic stabil-
ities and formation kinetics of potential growing phases. Thus,
MOCVD of [La(hfa)3·diglyme] single precursor forms the LaF3
phase or, at higher O2 flow, LaOF [55,56]. In the case of the
parent homologous [Pr(hfa) ·diglyme] precursor, the thermody-
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Fig. 16. XRD pattern of MOCVD grown LaF3 and LaOF films deposited on
(1 1 1) Si substrate using the La(hfa)3·diglyme as a single source precursor.

also found with the analogous Gd [52] and Eu [63] adducts.
Systematic studies to preclude LnF3/LnOF formation by vary-
ing the process parameters, including the deposition temper-
ature and the water saturated oxygen partial pressure, proved
unsuccessful.

Depositions made with the Ce homologue adduct produce
high quality fluorine-free CeO2 films on YSZ (100) substrate
[2,83]. Thus, θ–2θ XRD pattern of these films, in addition to the
YSZ (2 0 0) and (4 0 0) reflections, shows only the CeO2 (2 0 0)
and (4 0 0) reflections, thus pointing to a dominant 〈1 0 0〉 ori-
entation of the polycrystalline films. The four poles at χ = 54.7◦
observed every 90◦ of ϕ in the (1 1 1) pole figure indicate a good
in plane orientation.

Application of the multi-element sources mentioned above
has also been expedient for the MOCVD deposition of LaAlO3
and YBa2Cu3O7−δ films.

The 1:1 La–Al molten source produces very homogeneous
and smooth, mirror-like LaAlO3 films over SrTiO3 substrates
[27,79]. Films as thick as 600 nm can be fabricated upon tuning
the deposition time. A H2O saturated O2 flow is required as reac-
tion gas to preclude fluorine contamination in the growing phase.
Thus, the θ–2θ X-ray diffraction (XRD) pattern (Fig. 17a) shows,
in addition to the (1 0 0) and (2 0 0) reflections expected for the
SrTiO3, two more features due to (1 0 0) and (2 0 0) reflections
of the perovskite LaAlO3 structure (indexing refers to the sim-
ple pseudo-cubic system). This is indication of a c-axis preferred
o
c
g
i
(

3
amic balance favors the growth of PrOF films over the PrO2−x

hases, even using H2O saturated O2 flow as reaction gas [68].
n the case of LaAlO3 or YBaCuO films, the absence of fluoride
ide species is a clear indication that either LaAlO3 or YBaCuO
re thermodynamically more stable than the related LnF3/LnOF
r even of the BaF2 phase. Another example of stabilization of
fluorine-free phase is related to the deposition of CeO2 films.

n this case, the adoption of the [Ce(hfa)3·diglyme] as MOCVD
erium source produces pure CeO2 films. CeF3 does not form
ven when adopting dry oxygen as reaction gas, once deposition
emperatures are used above the threshold temperature which
hermodynamically favors the stabilization of the CeO2 versus
he CeF3 phase. Therefore, the problem of unwanted fluorinated
hases must be addressed from time to time, depending on the
etal involved and, hence, on the thermodynamic stabilities of

he desired phases.
Depositions of LnF3/LnOF and CeO2 films represent case

tudies of single-metal component films. The high volatility of
he related metal precursors also allows deposition at atmo-
pheric pressure. Thus, LaF3 films can be deposited at atmo-
pheric pressure from the [La(hfa)3·diglyme] adduct [55]. Pure
aF3 (Fig. 16) forms at lower temperatures (up to 600 ◦C).
pon increasing the temperature, in the 600–850 ◦C temper-

ture range, the LaOF phase becomes more stable (Fig. 16). In
oth cases the metal precursor behaves as a multi-element source
ince it also supplies the fluorinating agent.

Similarly, (1 1 1) oriented PrF3 films are deposited adopt-
ng the homologous [Pr(hfa)3·diglyme] adduct and dry O2
s reaction gas. The introduction of water vapor into the
xygen stream produces polycrystalline PrOF films with a
0 1 2) preferential texturing. A similar behaviour has been
rientation. The FWHM value of ∼=0.4◦ measured in the rocking
urve around the (2 0 0) LaAlO3 reflection (Fig. 17b), indicates a
ood out-of-plane alignment of crystallites. Evidence of a good
n-plane hetero-epitaxy is given by the four poles present in the
1 1 1) LaAlO3 pole figure (Fig. 18). This, clearly, indicates a
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Fig. 17. XRD pattern (a) and the rocking curve of the LaAlO3 (2 0 0) reflection
(b) of an in situ deposited LaAlO3 (1 0 0) film deposited on SrTiO3 (1 0 0) at
1050 ◦C.

typical cube-on-cube growth:

[0 0 1]SrTiO3||[0 0 1]LaAlO3, [1 0 0]SrTiO3||[1 0 0]LaAlO3

SEM images show high quality films with highly homoge-
neous surfaces consisting of ∼50–80 nm plate-like grains uni-
formly distributed (Fig. 19a). Atomic force microscopy (AFM)
tapping mode measurements have indicated a root-mean-square
(RMS) surface roughness of about 11 nm (Fig. 19b).

Moreover, energy dispersive X-Ray (EDX) analyses (Fig. 20)
show that films have the expected 1:1 stoichiometry, not depend-

Fig. 19. SEM (a) and AFM (b) images of an in situ deposited LaAlO3 (1 0 0)
film on SrTiO3 (1 0 0).

ing upon the substrate temperature in the entire (900–1050 ◦C)
range. There is no evidence of fluorine incorporation. Films also
possess good vertical homogeneity. Thus, X-ray photoelectron
spectroscopy (XPS) depth profiles show that the La:Al:O 1:1:3
atomic ratio remain almost constant along the vertical section as
expected for the LaAlO3 phase. No C contamination is evident
and F content is lower than 0.2%.

Fig. 20. EDX spectrum of an in situ deposited LaAlO3 film on the SrTiO3

substrate. The black line in the inset indicates the position of F K� peak.
Fig. 18. (1 1 1) LaAlO3 pole figure (2θ = 41.16◦).
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Fig. 21. X-ray diffraction pattern (a) and the rocking curve of the YBCO (0 0 3)
reflection (b) of an MOCVD grown YBCO film on LaAlO3 (1 0 0) substrate.

Similarly efficient growths of high Tc superconducting
YBa2Cu3O7−δ films on LaAlO3 (1 0 0) substrates have been
obtained using the multi-metal single source that uses the
[Y(hfa)3·monoglyme] precursor to dissolve the Ba and Cu
precursors [58]. In particular, the mixture of the low-
melting [Y(hfa)3·monoglyme] and of [Ba(hfa)2·tetraglyme] and
Cu(tmhd)2 sources has been used in the 1:2:0.5 Y:Ba:Cu ratio
to yield YBaCuO films with the desired 1:2:3 stoichiometry
at a deposition temperature of 800 ◦C. Of course, great atten-
tion has been paid to maintain the optimum oxygen partial
pressure during the cooling–annealing process, because of its
influence on phase transition from the insulating tetragonal to
the superconducting orthorhombic phase. The X-ray diffraction
pattern (Fig. 21a) shows all the (0 0 �) peaks, thus indicating
strongly c-axis aligned films. The small FWHM value (0.46◦)
of the (0 0 3) rocking curve (Fig. 21b) indicates an high degree
of texturing. The intense four poles at Ψ = 46◦ observed every
90◦ of ϕ in the (1 0 3) pole figure, indicate a good in-plane
orientation of YBCO films on LaAlO3 (1 0 0) substrate. Films
always show smooth surfaces with “plate like” grains. Measure-
ments of electrical transport properties give a critical temper-
ature (Tc) value of 83 K and a critical current density (Jc) of
105 A/cm2.

6. Conclusions

The present review highlights the most important issues
regarding properties of rare-earth “second-generation” precur-
sors and in particular relationships between the metal ionic
radius and the coordination sphere and, ultimately, mass-
transport properties and MOCVD capabilities. In fact, evi-
dence has been found that the multidentate Lewis base gly-
mes, adducted to metal �-diketonate fluorinated framework,
prevent either oligomerization or water coordination, and, even
more interesting, weaken lattice energies of crystals thus result-
ing in stable low melting, highly volatile molecules. Thus, we
can choose a priori: (i) the coordination sphere that better fit
the ionic radius of the particular rare-earth element, (ii) the
best suited Lewis base, in terms of number of coordinating
atoms, to preclude H2O or solvent coordination for that spe-
cific ion and (iii) the coordination associated with the best
properties in terms of thermal stability and volatility. There-
fore, it is possible to tailor the architectural framework with
the perspective of the best thermal properties and precursor
volatilities.

To our knowledge the present “Ln(hfa)3·glyme” complexes
represent the best examples of thermally stable rare-earth �-
diketonate polyether adducts. Their properties can be contrasted
with those of the similar [La(tmhd)3·tetraglyme] which decom-
poses upon sublimation to yield the unadducted tmhd complex.
E
e
b
a
a
s

t
c
e
t
t
n
i

a
f
c

R

ven more interesting, thermogravimetric and vaporization rate
xperiments indicate that “second-generation” precursors can
e used in atmospheric-pressure MOCVD deposition at temper-
tures lower than 200 ◦C with better mass-transport properties
nd thermal behaviour than conventional rare-earth metal CVD
ources.

In addition, the rather low-melting points allow their use as
hermally stable precursors in the liquid phase, hence under
onstant vaporization and mass-transport rates. Finally, the prop-
rties of the present precursors open intriguing possibilities for
heir use as liquid solvents for precursors of different metals,
hus resulting in multi-metal, liquid single-sources for simulta-
eous delivering of stoichiometric mixture of different metals
n simpler mono-component MOCVD reactor.

Their vapor-phase transport characteristics at low- and
tmospheric-pressure make them attractive candidates not only
or laboratory MOCVD processes but also for industrial appli-
ations.
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Chem. (2004) 500.
[59] J.H. Lee, Y.S. Jung, Y.S. Sohn, S.J. Kang, Bull. Kor. Chem. Soc. 19

(1998) 231.
[

[

[

[

[

[
[
[
[

[

[

[

[

[

[

[

[

[

[

58 (1987) 408.
24] H. Müller-Buschbaum, Angew. Chem. Int. Ed. Engl. 28 (1989) 1472.
25] X.F. Meng, F.S. Pierce, K.M. Wong, R.S. Amos, C.H. Xu, B.S. Deaver

Jr., S.J. Poon, IEEE Trans. Magn. 27 (1991) 1638.
26] A.A. Molodyk, A.R. Kaul, O.Yu. Gorbenko, M.A. Novojilov, I.E. Kor-

sakov, G. Wahl, in: Proceedings of the 12th European Conference on
Chemical Vapour Deposition, J. Phys. IV 2 (1999) 709.
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Cassinese, M. Barra, J. Mater. Chem. 15 (2005) 4718.
71] R. Lo Nigro, G. Malandrino, I.L. Fragalà, M. Bettinelli, A. Speghini, J.
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