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A new class of volatile, low-melting, fluorine-free lanthanide metal−organic chemical vapor deposition (MOCVD)
precursors has been developed. The neutral, monomeric Ce, Nd, Gd, and Er complexes are coordinatively saturated
by a versatile, multidentate ether-functionalized â-ketoiminato ligand series, the melting point and volatility
characteristics of which can be tuned by altering the alkyl substituents on the keto, imino, and ether sites of the
ligand. Direct comparison with conventional lanthanide â-diketonate complexes reveals that the present precursor
class is a superior choice for lanthanide oxide MOCVD. Epitaxial CeO2 buffer layer films can be grown on (001)
YSZ substrates by MOCVD at significantly lower temperatures (450−650 °C) than previously possible by using
one of the newly developed cerium â-ketoiminate precursors. Films deposited at 540 °C have good out-of-plane
(∆ω ) 0.85°) and in-plane (∆φ ) 1.65°) alignment and smooth surfaces (rms roughness ∼ 4.3 Å). The film
growth rate decreases and the films tend to be smoother as the deposition temperature is increased. High-quality
yttrium barium copper oxide (YBCO) films grown on these CeO2 buffer layers by pulsed organometallic molecular
beam epitaxy exhibit very good electrical transport properties (Tc ) 86.5 K, Jc ) 1.08 × 106 A/cm2 at 77.4 K).

Introduction

The growth and properties of lanthanide-containing oxide
films is of great current interest to the chemistry, materials
science, and electronics communities.1-4 Applications include

multilayer device buffer layers (e.g., CeO2),5-12 high dielec-
tric constant (high-k) materials (e.g., Gd2O3),13,14 high-
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temperature superconductors (e.g., LnBa2Cu3O7-δ),15-17 phos-
phor dopants,18-21 solid-state oxide fuel cells,22 and magnetic
materials.23

MOCVD (metal-organic chemical vapor deposition)
offers many attractions for oxide film growth, including low
equipment costs, straightforward scale-up, conformal deposi-
tion on a variety of complex substrates, low growth tem-
peratures, and rapid growth rates. However, the success of
an MOCVD process depends critically on the availability
of volatile, thermally stable precursors which exhibit constant
vapor pressure and the capacity to selectively form the
desired phase at the substrate surface. Low-melting precur-
sors are preferred because solid compounds can be handled
with ease at room temperature, while the liquid form at
reservoir operating temperatures affords constant surface area
for stable vapor delivery to the reactor.24-32

The design and realization of new molecular MOCVD
precursors offers a considerable synthetic challenge. For
many applications, the metal ion of interest is of large ionic
radius and therefore has many coordination sites which
require saturation to prevent volatility-depressing oligomer-
ization. Large ion size is often further complicated by a low
ionic charge, demanding the use of multidentate anionic and/
or donating ligands in order to ensure a monomeric, neutrally
charged metal complex.33,34 In addition, the use of metal-
carbon bonded ligand frameworks (e.g., substituted cyclo-

pentadienyls35) or fluorinated ligand substituents22,36 often
leads to impurity incorporation which compromises desired
film properties.37,38

No known lanthanide precursor satisfies all of the above
criteria, although the extensive body of known lanthanide
complexes39-42 offers many potential candidates to the
synthetic chemist. A common structural motif employs
nonfluorinated â-diketonate ligands (I ). Metal-organic

complexes such asI suffer falling volatility over film growth
times due to oligomerization, thermal decomposition, and
sintering.22,36,43-45 In addition, these sources frequently
require undesirably high growth temperatures.36,46,47 The
volatilization temperature of typeI precursors must often
be continuously ramped in order to provide a constant
precursor vapor pressure in the film growth reactor.48

â-Diketonate precursor volatility and thermal stability have
been improved by the use of fluorinated ligand substituents
(II ); however, formation of fluoride phases in the resulting
films is problematic,22 and F- species can corrode certain
(i.e., metal) substrates and reactor components.49

A major research effort has focused on the synthesis of
alternative precursors for lanthanide oxide MOCVD with the
goal of overcoming the difficulties associated with common
sources as described above. Lanthanide tris[bis(trimethylsi-
lyl)amides] (III ) have been used (primarily for ALE),50-52
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although the working lifetime of these materials is limited
by the appreciable air-sensitivity. Winter and co-workers
have developed a series of complexes with pyrazolato ligand
systems (IV );53 however, these compounds have been used
only to dope GaAs semiconductor films and have not been
demonstrated in pure oxide deposition.54-56 Rees et al.
recently communicated the synthesis of a bidentateâ-ke-
toiminato Yb complex (V).57 However, thermogravimetric
analysis (TGA) data show that this complex volatilizes at
rather high temperatures (∼600 °C), and no film growth
usingV has been reported.

Other groups have made significant synthetic advances in
developing classes of lanthanide precursors based on a
combinedâ-diketonate+ glyme ligation approach. This
synthetic strategy was originally demonstrated for alkaline
earth compounds33,58 and is successful because the addition
of a donating polyether chain leads to monomeric complexes,
in contrast to the parentâ-diketonates. Several groups have
detailed the synthesis of nonfluorinated Ln(â-diketonate)3-
(glyme) compounds (VI ),59-62 although structural data show
that, in some cases, the glyme ligand bridges two metal
centers, and decomposition of these complexes upon heating
has been documented,59,61 as well as the need for high
precursor bubbler temperatures and irreproducible precursor
delivery rates.61 Fluorination of theâ-diketonato skeleton
improves the thermal stability of this precursor class

(VII ),63-72 although additional processing steps are required
to remove and/or prevent fluoride phase formation,63,68,69and
the threat of metal corrosion by F- species is again a
concern.73

The goal of this research effort was to design a multiden-
tate, fluorine-free ligand system that would address the
general precursor considerations discussed aboveandcould
successfully be applied to the entire lanthanide series, with
trivalent 8-coordinate ionic radii ranging from 1.16 to 0.977
Å (La3+-Lu3+).74 In addition, a precursor that is aliquid at
typical reactor operating temperatures would avoid the
sintering problem commonly encountered with the above-
mentioned solidI and II sources. Therefore, the synthesis
and characterization of low-melting, nonfluorinated lan-
thanide (Ln ) Ce3+, Nd3+, Gd3+, and Er3+) complexes
bearing homoleptic multidentateâ-ketoiminato ligands (VIII )

has been a central goal.75-78 This ligand system was
originally explored by our laboratory for coordinative satura-
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tion of alkaline earth ions,79-82 the MOCVD applications of
which offer many of the same challenges as lanthanide ions.
A further aim of the present study was to elaborate and
investigate the effect of various alkyl substituents at the R1,
R2, and R3 sites of ligandVIII on precursor melting point
and volatility characteristics. In this contribution, lanthanide
â-ketoiminate complexes of typeVIII are named according
to the substitution at the R1, R2, and R3 sites, “Ln(R1R2R3)3,”
and the noncoordinated protonated ligands are simply
“H(R1R2R3).”

CeO2, with a cubic fluorite crystal structure (a ) 5.411
Å),83 has been widely investigated as a protective buffer layer
for high-temperature superconductor (HTS) films in current-
carrying applications5-9 and as an insulating layer in mul-
tilayer electronic devices.10-12 Compared to YSZ, CeO2 is a
more attractive buffer layer for superconducting YBa2Cu3O7-δ

(YBCO) because of the smaller lattice mismatch and similar
thermal expansion coefficient. Thus far, many growth
techniques including MBE,84,85 pulsed laser deposition,86,87

sputtering,88-90 and electron beam evaporation91,92have been
utilized for CeO2 film growth. However, as noted above,
molecule-based metal-organic chemical vapor deposition
(MOCVD) techniques offer many attractive features such
as conformal coverage, ability to coat complex shapes,
simplified apparatus, and lower growth temperatures for thin
film growth and device fabrication.24-32 Nevertheless, MOCVD
has not been fully optimized for CeO2 deposition. Although

low-temperature film deposition is requisite for multilayer
device fabrication, all CeO2 MOCVD processes reported
prior to this contribution have required very high growth
temperatures (680-800°C).36,46,47,93Efforts have been made
to improve these CeO2 growth parameters by using special
reactors and/or other methods;48,94however, high deposition
temperatures are still required.

Efficient, reproducible MOCVD CeO2 growth processes
depend crucially on the availability of high-purity metal-
organic precursors having high and stable vapor pressures.
As discussed above, it has been found that the current
generation fluorine-bearing and fluorine-freeâ-diketonate
cerium complexes have inherently poor thermal stability.
Some of them [e.g., Ce(dpm)4, dpm) 2,2,6,6-tetramethyl-
3,5-heptanedione] decompose within 1 h at temperatures
necessary to maintain a useful vapor transport rate. Such high
precursor evaporation temperatures (above 200°C) also
present a serious materials complication in MOCVD reactor
design(e.g., Teflon components cannot be used). Further-
more, as noted, all of the aforementioned Ce precursors
require growth temperatures in excess of 680°C for high-
quality CeO2 thin film growth, which is undesirable in
multilayer device fabrication. In this contribution, we report
the first in situ MOCVD deposition of ceria thin films at
temperatures as low as 450°C using one of the newly
developed liquid cerium precursors of typeVIII , and we
demonstrate its inherent advantages as a buffer layer for
YBCO growth by MOCVD.

Experimental Section

General Synthetic Procedures.All glassware was carefully
washed in distilled water (to minimize metal contaminants), rinsed
with acetone, and dried for at least 2.0 h in an oven prior to use.
Standard Schlenk techniques and either a Vacuum Atmospheres
or M. Braun nitrogen-filled glovebox were used in the isolation
and handling of all lanthanide reagents and complexes. Diethyl ether
and THF solvents were dried over NaK-benzophenone ketyl and
distilled immediately prior to use. Pentane and toluene solvents
were either dried and distilled from NaK-benzophenone ketyl or
passed through a dual-column (alumina and Q-5 copper catalyst)
Solvtek solvent purification system. Xylenes were dried over and
distilled from molten Na.

Reagents.The reagents 2-methoxyethylamine, pinnacolone, ethyl
acetate, ethyl propionate, chlorotrimethylsilane, and NH4Cl (99.998%)
were purchased from Aldrich, and 2,2,6,6-tetramethyl-3,5-hep-
tanedione was purchased from Lancaster Synthesis or Oakwood
Chemicals. High-purity (99.999%) Ln2O3 (Ln ) Ce, Nd, Gd, Er)
was obtained from Cerac. Gelest supplied KN(SiMe3)2 (11%
solution in toluene). Ce(dpm)4 and Er(dpm)3 were purchased from
Strem and were handled and stored under N2. All reagents were
used as received.

Physical Measurements.1H NMR spectra were recorded in
CDCl3 or dry, deoxygenated C6D6 on either a Varian Gemini 300
MHz, Varian Mercury 400 MHz, or Varian Unity 500 MHz
spectrometer. Chemical shifts were referenced to solvent signals.
Elemental analyses were performed by Midwest Microlabs, Inc.
(Indianapolis, IN). Melting points were determined in sealed
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(88) Yaegashi, S.; Kurihara, T.; Hoshi, H.; Segawa, H.Jpn. J. Appl. Phys.
1994, 33, 270-274.

(89) Guo, S.; Arwin, H.; Jacobson, S. N.; Jarrendahl, K.; Helmersson, U.
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(90) Wang, F.; Kunkel, G.; Coppetti, C.; Kohlstedt, H.; Wordenweber, R.
Appl. Supercond.1993, 2, 155-1158.

(91) Inoue, T.; Ohsuna, T.; Luo, L.; Wu, X. D.; Maggiore, C. J.; Yamamoto,
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capillary tubes with an uncalibrated MelTemp melting point
apparatus. Thermogravimetric analysis data were collected under
5.0 (( 0.1) Torr of N2 with a TA Instruments SDT 2960
simultaneous DTA-TGA instrument. Weight loss data and sub-
sequent activation data were collected at a ramp rate of 1.5°C/
min, while isothermal data were recorded at 155°C.

Synthesis ofâ-Ketoimine Ligands [H(R1R2R3)]. The â-dike-
tones 2,2-dimethyl-3,5-hexanedione and 2,2-dimethyl-3,5-hep-
tanedione were synthesized according to a literature procedure.95

â-Ketoimines based on 2,2,6,6-tetramethyl-3,5-heptanedione (Hdpm)
were prepared by neat reaction of the trimethylsilyl enol ether
derivative of Hdpm with the amino ether following general literature
procedure.96 All other â-ketoimine ligands were synthesized by
condensation of the appropriateâ-diketone with the corresponding
amino ethers in benzene.97 The pureâ-ketoimine ligands were dried
over MgSO4 or molecular sieves overnight and then distilled in
vacuo directly onto molecular sieves in a nitrogen-filled storage
tube to ensure anhydrous quality.

Synthesis of 2,2-Dimethyl-5-N-(2-methoxyethyl-imino)-3-hex-
anone, [H(tBuMeMe)] (1). In a 250 mL round bottom flask fitted
with reflux condenser and Dean-Stark trap, 27.4 g (194 mmol) of
2,2-dimethyl-3,5-hexanedione was dissolved in 100 mL of benzene.
While the reaction mixture was stirred rapidly, 16.0 g (214 mmol)
of 2-methoxyethylamine was added and the reaction mixture
refluxed overnight. Water was collected in the Dean-Stark trap as
the reaction progressed. Residual water was removed azeotropically,
followed by distillation of benzene. The resulting yellow liquid was
then distilled in vacuo at 115°C/300 mTorr to afford 28.7 g of
compound1 as a pale yellow liquid (74.3% yield).1H NMR (300
MHz, CDCl3, δ): 1.15 [s, 9 H, C(CH3)3], 1.99 [s, 3 H, C(NH)-
CH3], 3.36 [s, 3 H, OCH3], 3.42 [m, 2 H, NHCH2CH2OCH3], 3.53
[m, 2 H, NHCH2CH2OCH3], 5.12 [s, 1 H, C(O)CHC(NH)], 10.99
[br s, 1 H, NH]. Anal. Calcd for C11H21O2N: C, 66.29; H, 10.62;
N, 7.03. Found: C, 66.46; H, 10.73; N, 7.13.

Synthesis of 2,2-Dimethyl-5-N-(2-methoxyethyl-imino)-3-hep-
tanone, [H(tBuEtMe)] (2). This compound was prepared analo-
gously to compound1, starting with 30.0 g (192 mmol) of 2,2-
dimethyl-3,5-heptanedione and 15.8 g (211 mmol) of 2-methoxy-
ethylamine. The resulting yellow liquid was distilled at 82°C/200
mTorr to afford 28.7 g of compound2 as a pale yellow liquid
(78.7% yield). 1H NMR (300 MHz, CDCl3, δ): 1.15 [s, 9 H,
C(CH3)3], 1.16 [t, 3 H, CH2CH3], 2.28 [q, 2 H, CH2CH3], 3.39 [s,
3 H, OCH3], 3.43 [m, 2 H, NHCH2CH2OCH3], 3.54 [m, 2 H,
NHCH2CH2OCH3], 5.18 [s, 1 H, C(O)CHC(NH)], 11.02 [br s, 1
H, NH]. Anal. Calcd for C12H23O2N: C, 67.57; H, 10.87; N, 6.57.
Found: C, 68.39; H, 10.94; N, 5.97.

Synthesis of 2,2,6,6-Tetramethyl-5-N-(2-methoxyethyl-imino)-
3-heptanone, [H(tButBuMe)] (3). In a 250 mL round bottom flask
fitted with reflux condenser was placed at 26 g (102 mmol) of
4-ene-2,2,6,6-tetramethylsiloxy-3-heptanedione. While the reaction
mixture was stirred rapidly, 8.4 g (112 mmol) of 2-methoxyethyl-
amine was added and the reaction mixture heated to 90-95 °C
overnight. The resulting yellow liquid was distilled twice in vacuo
at 87°C/500 mTorr to afford 9.1 g of compound3 as a pale yellow
liquid (37.0% yield).1H NMR (300 MHz, CDCl3, δ): 1.15 [s, 9
H, C(O)C(CH3)3], 1.26 [s, 9 H, C(NH)C(CH3)3], 3.41 [s, 3 H,
OCH3], 3.59 [m, 2 H, NHCH2CH2OCH3], 3.65 [m, 2 H, NHCH2-

CH2OCH3], 5.33 [s, 1 H, C(O)CHC(NH)], 11.62 [br s, 1 H, NH].
Anal. Calcd for C14H27O2N: C, 69.67; H, 11.27; N, 5.80. Found:
C, 69.54; H, 11.35; N, 5.95.

Synthesis of Anhydrous Lanthanide Chlorides, LnCl3, Ln3+

) Ce3+, Nd3+, Gd3+, Er3+. Anhydrous LnCl3 reagents were
obtained in near-quantitative yield by reaction of the corresponding
Ln2O3 with excess NH4Cl (>10 equiv for Ln) La-Gd;>12 equiv
for Ln ) Tb-Lu, Y, Sc) via modification of a published
procedure.98 Commercial oxides and NH4Cl were placed in a large
beaker and dissolved in 4:3 H2O:concentrated HCl. The resulting
solution (0.3 M in Ln) was slowly evaporated to dryness with
careful stirring. The solid obtained was then ground in a mortar
and pestle and placed in a Schlenk sublimation tube, which was
then placed in a tube furnace and heated according to the following
schedule in vacuo (∼1 Torr): 1 day, 140°C (to drive off excess
water); 1 day, 250°C [to form (NH4)2LnCl5 for Ln ) La-Gd or
(NH4)3LnCl6 for La ) Tb-Lu, Y, Sc]; 1 day, 360°C (to decompose
the complex chlorides and drive off any excess NH4Cl). The tube
was then allowed to cool and taken directly into the glovebox, where
the solid LnCl3 was collected and stored.

Synthesis of Lanthanide Tris[bis(trimethylsilyl)amides], Ln-
[N(SiMe3)2]3, Ln3+ ) Ce3+, Nd3+, Gd3+, Er3+. The lanthanide
amides were synthesized following a modified literature procedure.99

KN(SiMe3)2 was reacted in a mixture of 1:1 THF:toluene with
excess anhydrous LnCl3 to afford the corresponding Ln[N(SiMe3)2]3

complex. The crude solid was then purified by repeated fractional
vacuum sublimation. Final recrystallization from pentane (-78 °C)
after sublimation led to purer Ln[N(SiMe3)2]3 reagents. Impurities
[unreacted alkali metal amide and/or HN(SiMe3)2] were typically
present at 3-5 mol % in the final product as judged by NMR.
SiMe3

1H NMR shifts found for these amides are as follows (500
MHz, C6D6, δ): Ce[N(SiMe3)2]3, -3.39; Nd[N(SiMe3)2]3, -6.25;
Gd[N(SiMe3)2]3, -11.07; Er[N(SiMe3)2]3, 62.89.

Synthesis of Lanthanide Tris-â-ketoiminates, Ln(R1R2R3)3,
Ln3+ ) Ce3+, Nd3+, Gd3+, Er3+. Tris[2,2-dimethyl-5-N-(2-meth-
oxyethyl-imino)-3-hexanato]cerium(III), [Ce(tBuMeMe)3] (4). In
the glovebox, a two-neck, 100 mL round bottom flask fitted with
a rubber septum, magnetic stir bar, and reflux condenser with
vacuum adapter was charged with 1.49 g of Ce[N(SiMe3)2]3 (2.40
mmol). The reaction vessel was then removed from the glovebox
and immediately interfaced to a Schlenk line, and 24 mL of xylenes
was added via syringe. The reaction flask was then immersed in a
preheated oil bath (∼150°C) and the reaction mixture stirred until
homogeneous. Immediately, 1.57 g of ligand1 (7.90 mmol) was
injected into the reaction flask, and the solution was refluxed
overnight (14 h), gradually changing color from golden yellow to
a deeper amber. The volatiles were then removed in vacuo (1 Torr),
and the resulting waxy amber solid was recrystallized from pentane
at -30 °C to afford 1.50 g of amber crystalline4 (85% yield); mp
95-98 °C. 1H NMR (300 MHz, C6D6, δ): -10.8,-8.4,-2.4, 1.2,
1.6, 2.6, 2.8, 5.1, 13.5. Anal. Calcd for C33H60O6N3Ce: C, 53.93;
H, 8.23; N, 5.72. Found: C, 53.60; H, 8.26; N, 5.44.

Tris[2,2-dimethyl-5-N-(2-methoxyethyl-imino)-3-hexanato]-
neodymium(III), [Nd( tBuMeMe)3] (5). This Nd complex was
prepared analogously to compound4, starting with 1.50 g of Nd-
[N(SiMe3)2]3 (2.40 mmol) and 1.57 g of ligand1 (7.90 mmol). The
reaction mixture changed color from bright blue to a blue-green.
The resulting waxy blue-green solid was recrystallized from pentane
at -30 °C to afford 1.51 g of blue-green crystalline5 (85% yield);(95) Swamer, F. W.; Hauser, C. R.J. Am. Chem. Soc.1950, 72, 1352-

1356.
(96) Shin, H.-K.; Hampden-Smith, M. J.; Kodas, T. T.; Rheingold, A. L.

J. Chem. Soc., Chem. Commun.1992, 217-219.
(97) Moffett, R. B.; Hoehn, W. M.J. Am. Chem. Soc.1947, 69, 1792-

1794.

(98) Meyer, G.; Garcia, E.; Corbett, J. D.Inorg. Synth.1989, 25, 146-
150.

(99) Bradley, D. C.; Ghotra, J. S.; Hart, F. A.J. Chem. Soc., Dalton Trans.
1973, 1021-1023.
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mp 78-81 °C. 1H NMR (300 MHz, C6D6, δ): -18.8,-14.6,-3.2,
-0.3, 1.2, 1.6, 3.0, 7.9, 16.2. Anal. Calcd for C33H60O6N3Nd: C,
53.63; H, 8.18; N, 5.69. Found: C, 53.84; H, 8.10; N, 5.62.

Tris[2,2-dimethyl-5-N-(2-methoxyethyl-imino)-3-hexanato]-
gadolinium(III), [Gd( tBuMeMe)3] (6). This Gd complex was
prepared analogously to compound4, starting with 1.60 g of Gd-
[N(SiMe3)2]3 (2.50 mmol) and 1.65 g of ligand1 (8.30 mmol). The
reaction mixture changed color from colorless to a light orange.
The resulting waxy orange solid was recrystallized from pentane
at-30 °C to afford 0.95 g of light orange crystalline6 (51% yield);
mp 76-78 °C. 1H NMR studies were not possible due to the highly
paramagnetic nature (4f7) of this complex. Anal. Calcd for
C33H60O6N3Gd: C, 52.70; H, 8.04; N, 5.59. Found: C, 52.70; H,
8.05; N, 5.44.

Tris[2,2-dimethyl-5-N-(2-methoxyethyl-imino)-3-hexanato]er-
bium(III), [Er( tBuMeMe)3] (7). This Er complex was prepared
analogously to compound4, starting with 1.56 g of Er[N(SiMe3)2]3

(2.40 mmol) and 1.57 g of ligand1 (7.90 mmol). The reaction
mixture changed color from pink to orange. The resulting waxy
orange solid was recrystallized from pentane at-30 °C to afford
1.55 g of bright orange crystalline7 (85% yield); mp 65-68 °C.
1H NMR (300 MHz, C6D6, δ): -47.9,-15.8,-2.5, 0.8, 1.6, 1.8,
2.6, 5.2, 35.5. Anal. Calcd for C33H60O6N3Er: C, 52.01; H, 7.94;
N, 5.51. Found: C, 51.89; H, 8.21; N, 5.61.

Tris[2,2-dimethyl-5-N-(2-methoxyethyl-imino)-3-heptanato]-
cerium(III), Ce( tBuEtMe)3] (8). This Ce complex was prepared
analogously to compound4, starting with 1.49 g of Ce[N(SiMe3)2]3

(2.40 mmol) and 1.68 g of ligand2 (7.90 mmol). The reaction
mixture changed color from golden yellow to a deeper amber. The
resulting waxy amber solid was recrystallized from pentane at-30
°C to afford 0.89 g of amber crystalline8 (49% yield); mp 99-
101 °C. 1H NMR (500 MHz, C6D6, δ): -10.3, -8.2, -2.0, 1.2,
2.1, 5.1, 12.9. Anal. Calcd for C36H66O6N3Ce: C, 55.65; H, 8.56;
N, 5.41. Found: C, 55.57; H, 8.74; N, 5.52.

Tris[2,2-dimethyl-5-N-(2-methoxyethyl-imino)-3-heptanato]-
neodymium(III), [Nd( tBuEtMe)3] (9). This Nd complex was
prepared analogously to compound4, starting with 0.81 g of Nd-
[N(SiMe3)2]3 (1.30 mmol) and 0.92 g of ligand2 (4.30 mmol). The
reaction mixture changed color from bright blue to a blue-green.
The resulting waxy blue-green solid was recrystallized from pentane
at -30 °C to afford 0.63 g of blue-green crystalline9 (62% yield);
mp 85-88 °C. 1H NMR (400 MHz, C6D6, δ): -19.3,-15.1,-2.9,
0.7, 7.9, 16.0. Anal. Calcd for C36H66O6N3Nd: C, 55.35; H, 8.52;
N, 5.38; Found: C, 55.43; H, 8.45; N, 5.47.

Tris[2,2-dimethyl-5-N-(2-methoxyethyl-imino)-3-heptanato]-
erbium(III), [Er( tBuEtMe)3] (10). This Er complex was prepared
analogously to compound4, starting with 1.57 g of Er[N(SiMe3)2]3

(2.40 mmol) and 1.70 g of ligand2 (7.90 mmol). The reaction
mixture changed color from pink to orange. The resulting waxy
orange solid was recrystallized from pentane at-30 °C to afford
0.84 g of bright orange crystalline10 (44% yield); mp 81-82 °C.
1H NMR (500 MHz, C6D6, δ): -81.0, -49.4, -16.7, -2.7, 1.8,
35.6. Anal. Calcd for C36H66O6N3Er: C, 53.77; H, 8.27; N, 5.23;
Found: C, 53.52; H, 8.46; N, 5.27.

Tris[2,2,6,6-tetramethyl-5-N-(2-methoxyethyl-imino)-3-hep-
tanato]neodymium(III), [Nd( tButBuMe)3] (11). This Nd complex
was prepared analogously to compound4, starting with 1.10 g of
Nd[N(SiMe3)2]3 (1.80 mmol) and 1.40 g of ligand3 (5.80 mmol).
The reaction mixture changed color from bright blue to a blue-
green. The resulting waxy blue-green solid was recrystallized from
pentane at-30 °C to afford 0.74 g of blue-green crystalline11
(49% yield); mp 125-127 °C. 1H NMR (400 MHz, C6D6, δ):

-31.4,-19.6,-1.3, 8.7, 15.5, 21.8. Anal. Calcd for C42H78O6N3-
Nd: C, 58.30; H, 9.09; N, 4.86. Found: C, 58.48; H, 9.14; N, 4.60.

Tris[2,2,6,6-tetramethyl-5-N-(2-methoxyethyl-imino)-3-hep-
tanato]erbium(III), [Er( tButBuMe)3] (12). This Er complex was
prepared analogously to compound4, starting with 1.00 g of Er-
[N(SiMe3)2]3 (1.50 mmol) and 1.23 g of ligand3 (5.10 mmol). The
reaction mixture changed color from pink to orange. The resulting
waxy orange solid was recrystallized from pentane at-30 °C to
afford 0.93 g of bright orange crystalline12 (70% yield); mp 135-
143 °C. 1H NMR (400 MHz, C6D6, δ): -8.0, -5.5. Anal. Calcd
for C42H78O6N3Er: C, 56.79; H, 8.85; N, 4.73; Found: C, 56.25;
H, 8.71; N, 4.29.

Single-Crystal X-ray Diffraction Studies. X-ray data for single
crystals of lanthanide complexes4-7, 9, 10, and12 [grown from
pentane solution and mounted on a glass fiber with Paratone-N
(Exxon)] were collected on a CCD area detector with graphite-
monochromated Mo KR radiation. Reflections were collected with
a Bruker SMART detector and processed with SAINT-NT from
Bruker. Data were corrected for Lorentz and polarization effects.
The structures were solved by direct methods and expanded using
Fourier techniques. The non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms were included but not refined. All
calculations were performed using the Bruker SHELXTL crystal-
lographic software package. The space groups for4, 5, 6, 7, 9, 10,
and12 were determined to beP1h, P21/c, P21/n, P1h, P1h, P21/c, and
P21/c, respectively, based on a statistical analysis of intensity
distributions, and the successful solution and refinement of the
structures. Important experimental parameters for these structure
determinations are tabulated in Tables 1-3. The asymmetric unit
of complex4 contains four crystallographically independent, but
chemically equivalent, molecules. Also, the twotert-butyl groups
at C(21) and C(44) and the methoxy group at C(50) in compound
5 are disordered over two equally occupied positions. The effect
on the metrical parameters of interest is negligible. Data for all
these complexes has been deposited at the Cambridge Crystal-
lographic Database Center.100

Film Growth Experiments. MOCVD of CeO2 thin films was
carried out in the low-pressure, horizontal, cold-wall MOCVD
system described elsewhere.26 The metal-organic precursor and
the reactant gas (100 sccm of O2; sccm) standard cubic centimeters
per minute) vapor streams were mixed immediately upstream of
the reactor. The precursor was maintained at 150-160 °C and
introduced into the reactor using ultrahigh-purity Ar flowing at 70
sccm. Deposition was carried out at a system pressure of 3.5 Torr,
and the single-crystal (001) YSZ substrates (purchased from
Materials Technology International, Inc.) were externally heated
by an IR heater to 450-650 °C. To verify the viability of low-
temperature CeO2 MOCVD deposition for HTS buffers, pulsed
organometallic beam epitaxy (POMBE) was employed to deposit
YBCO films at 725°C on the MOCVD-derived CeO2/YSZ (001)
structures. Details of the YBCO deposition process have been
described elsewhere.101 Growth parameter dependence of deposited
film structure, crystallinity, and thickness were investigated by Ni-
filtered Cu KR θ-2θ andφ scan X-ray diffraction (XRD; Matrix
and Scintag XDS 2000 instruments) and cross-sectional transmission

(100) Supplementary crystallographic data for complexes4 (114935),5
(174766),6 (175017),7 (174765),9 (178184),10 (178185), and12
(178272) can be obtained free of charge from the Cambridge Crystal-
lographic Database Center (CCDC) via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the CCDC, 12 Union Road, Cambridge CB2
1EZ, U.K.; fax,+44 1223 336033; e-mail, deposit@ccdc.cam.ac.uk).

(101) Duray, S. J.; Buchholz, D. B.; Song, S. N.; Richeson, D. S.; Ketterson,
J. B.; Marks, T. J.; Chang, R. P. H.Appl. Phys. Lett.1991, 59, 1503-
1505.
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electron microscopy (TEM; Hitachi S4500 FE instrument). Con-
ventional four-probe methods were used for measuring the YBCO
film critical current density,Jc, and the YBCO superconducting
transition temperature,Tc, was measured inductively. Electrical
characterization techniques have been outlined elseware.26 Film
surface roughness and morphology were analyzed with a Digital
Instruments Nanoscope IIIa atomic force microscope (AFM) used
in the contact mode.

Results

The synthesis of monomeric lanthanide complexes of type
VIII is outlined here. These compounds are low-melting,
thermally stable, and volatile, despite the fact that they
contain no fluorinated substituents. Studies of alkyl substitu-
tion at the ligand keto, imino, and ether sites and the resulting
lanthanide complex melting point and volatility variation are
also detailed. Implementation of a new typeVIII precursor
in heteroepitaxial CeO2 thin film growth for superconductor
current-carrying applications is also described.

MOCVD Precursor Synthesis. The present lanthanide
â-ketoiminate complexes are synthesized in a single-step
amine elimination reaction by refluxing the corresponding
lanthanide tris[bis(trimethylsilyl)amide] with excess free

ligand (see Figure 1 for the nomenclature scheme) in high-
boiling xylenes overnight (eq 1). In this procedure, the

desired species are readily isolated, since the only reaction
byproduct is volatile HN(SiMe3)2. The products are purified

Table 1. Crystal Data and Structure Refinement for Compounds4,
5, and6

complex identity Ce(tBuMeMe)3,
4

Nd(tBuMeMe)3,
5

Gd(tBuMeMe)3,
6

empirical formula C33H60N3O6Ce C33H60N3O6Nd C33H60N3O6Gd
fw 734.96 739.08 752.09
temp (K) 198(2) 198(2) 153(2)
wavelength (Å) 0.71073 0.71073 0.71073
cryst syst,

space group
triclinic,

P1h
monoclinic,

P21/c
monoclinic,

P21/c
unit cell dimens (Å)

a 17.5040(2) 13.3606(2) 10.6115(6)
b 21.1598(2) 17.1475(2) 25.2146(15)
c 23.0715(2) 16.4002(2) 14.1149(9)

unit cell angles (deg)
R 112.8853(6) 90.00 90.00
â 90.9699(11) 98.9027(7) 100.8080(10)
γ 99.5012(7) 90.00 90.00

vol (Å3) 7733.63(12) 3712.02(8) 3709.7(4)
Z, calcd 8, 1.262 4, 1.322 4, 1.347

density (g/cm3)
abs coeff (mm-1) 1.218 1.441 1.830
F(000) 3080 1548 1564
cryst size (mm) 0.20× 0.20× 0.30× 0.20× 0.31× 0.20×

0.10 0.15 0.16
θ range for data 0.96-28.13 1.73-26.00 1.62-28.95

collection (deg)
limiting indices -22 e h e 23 -17 e h e 15 -14 e h e 14

-28 e k e 27 0e k e 19 -32 e k e 33
-29 e l e 23 0e l e 21 -19 e l e 18

reflns collected/ 49148/32224 8579/4865 33706/9106
unique [R(int) ) 0.0407] [R(int) ) 0.1134] [R(int) ) 0.0278]

completeness to 85.1 98.7 92.6
θ ) 28.13° (%)

abs correction none DIFABS none
refinement meth full-matrix least-squares onF2

data/restraints/ 32224/0/1549 4735/0/402 9106/0/388
params

GOF onF2 1.120 1.667 1.058
final R indices

[I > 2σ(I)]a
R1 ) 0.0528
wR2 ) 0.1157

R1 ) 0.0851
wR2 ) 0.2306

R1 ) 0.0324
wR2 ) 0.0780

R indices
(all data)a

R1 ) 0.0884
wR2 ) 0.1326

R1 ) 0.1159
wR2 ) 0.2713

R1 ) 0.0403
wR2 ) 0.0816

largest diff peak
and hole
(e-/Å-3)

0.987 and
-2.307

0.822 and
-1.100

2.462 and
-0.710

a R1 ) ∑||Fo| - |Fc||/∑|Fo| and wR2) {∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]}1/2,

wherew ) 1/[σ2(Fo
2) + (0.1551P)2 + 0.0000P] and P ) (Fo

2 + 2Fc
2)/3.

Table 2. Crystal Data and Structure Refinement for Compounds7,
9, and10

complex identity Er(tBuMeMe)3,
7

Nd(tBuEtMe)3,
9

Er(tBuEtMe)3,
10

empirical formula C33H60N3O6Er C36H66N3O6Nd C36H66N3O6Er
fw 762.10 781.16 804.18
temp (K) 293(2) 153(2) 153(2)
wavelength (Å) 0.71073 0.71073 0.71073
cryst syst,

space group
triclinic,

P1h
triclinic,

P1h
monoclinic,

P21/c
unit cell dimens (Å)

a 10.0926(1) 11.5887(9) 21.0002(12)
b 11.0198(1) 12.5994(9) 9.8643(6)
c 18.5054(1) 14.6711(11) 19.3381(11)

unit cell angles (deg)
R 102.882(1) 97.6820(10) 90
â 97.346(2) 97.7390(10) 91.3530(10)
γ 108.370(1) 104.2170(10) 90

vol (Å3) 1859.92(2) 2026.4(3) 4004.8(4)
Z, calcd 2, 1.361 2, 1.280 4, 1.334

density (g/cm3)
abs coeff (mm-1) 1.218 1.323 2.138
F(000) 790 822 1676
cryst size (mm) 0.40× 0.30× 0.36× 0.16× 0.228× 0.180×

0.15 0.18 0.070
θ range for data 2.03-24.00 1.42-28.30 0.97-28.34

collection (deg)
limiting indices -11 e h e 10 -15 e h e 15 -27 e h e 26

-12 e k e 11 -16 e k e 16 -13 e k e 12
-21 e l e 20 -19 e l e 19 -24 e l e 25

reflns collected/ 10894/5714 18669/9373 35724/9618
unique [R(int) ) 0.0357] [R(int) ) 0.0217] [R(int) ) 0.0312]

completeness to 97.8 92.9 96.3
θ ) 28.13° (%)

abs correction none face centered and SADABS
refinement meth full-matrix least-squares onF2

data/restraints/ 5714/0/389 9373/0/415 9618/0/415
params

GOF onF2 1.149 1.062 1.049
final R indices

[I > 2σ(I)]a
R1 ) 0.0318
wR2 ) 0.0957

R1 ) 0.0299
wR2 ) 0.0736

R1 ) 0.0269
wR2 ) 0.0649

R indices
(all data)a

R1 ) 0.0360
wR2 ) 0.1026

R1 ) 0.0356
wR2 ) 0.0764

R1 ) 0.0358
wR2 ) 0.0683

largest diff peak
and hole
(e-/Å-3)

1.869 and
-0.754

1.324 and
-0.701

2.342 and
-0.605

a R1 ) ∑||Fo| - |Fc||/∑|Fo| and wR2) {∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]}1/2,

wherew ) 1/[σ2(Fo
2) + (0.1551P)2 + 0.0000P] and P ) (Fo

2 + 2Fc
2)/3.
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by recrystallization from pentane to yield homoleptic,
monomeric, colorful lanthanide complexes (Ce3+, amber;
Nd3+, blue-green; Gd3+, light orange; Er3+, bright orange;
see Figure 2 for a schematic representation of the complexes
isolated). Synthetic yields are listed in Table 4. The com-
plexes are stable under an inert atmosphere and can be readily
and easily sublimed at 80-110°C/10-4 Torr. Melting points
are in the 60-130 °C range (Table 4), affording liquid,
constant surface area, thermally stable precursors at operating
MOCVD precursor reservoir temperatures.

Precursor Melting Point Trends. Alkyl ligand substit-
uents were deliberately selected such that lanthanide precur-
sor physical properties could be assessed with respect to

substitution effects at a particular molecular site. As sum-
marized in Table 4 and shown in Figure 3, two melting point
trends are noteworthy. First, the melting point decreases with
ionic radius across the lanthanide series for a given ligand
system (i.e., mp4, 95-98 °C; 5, 78-81 °C; 6, 76-78 °C;
7, 65-68 °C; see Figure 3a). Second, introduction of larger
alkyl groups (e.g., substitution of ethyl ortert-butyl for
methyl) at the R2 site results in an increase in melting point
(i.e., mp5, 78-81 °C; 9, 85-88 °C; 11, 125-128 °C; see
Figure 3b). Attempts to synthesize complexes with substit-

Table 3. Crystal Data and Structure Refinement for Compound12

complex identity Er(tButBuMe)3, 12
empirical formula C42H78N3O6Er
fw 888.33
temp (K) 153(2)
wavelength (Å) 0.71073
cryst syst, space group monoclinic,P21/c
unit cell dimens (Å)

a 10.3100(7)
b 27.3356(17)
c 17.4357(11)

unit cell angles (deg)
R 90
â 105.4000(10)
γ 90

vol (Å3) 4737.5(5)
Z, calcd density (g/cm3) 4, 1.245
abs coeff (mm-1) 1.814
F(000) 1868
cryst size (mm) 0.36× 0.39× 0.30
θ range for data collection (deg) 1.42-28.30
limiting indices -13 e h e 13

-36 e k e 35
-17 e l e 22

reflns collected/unique 34982/11218 [R(int) ) 0.0190]
completeness toθ ) 28.30° (%) 95.3
abs correction face and SADABS
refinement meth full-matrix least-squares onF2

data/restraints/params 11218/0/469
GOF onF2 1.038
final R indices [I > 2σ(I)]a R1 ) 0.0250, wR2) 0.0597
R indices (all data)a R1 ) 0.0295, wR2) 0.0621
largest diff peak and hole (e-/Å-3) 1.812 and-0.696

a R1) ∑||Fo| -|Fc||/∑|Fo| and wR2) {∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]}1/2,

wherew ) 1/[σ2(Fo
2) + (0.1551P)2 + 0.0000P] and P ) (Fo

2 + 2Fc
2)/3.

Figure 1. Schematic representation of theâ-ketoimine ligands synthesized
in this study.

Figure 2. Idealized representation of the lanthanideâ-ketoiminato
complexes synthesized in this study. Note that not all ether oxygen atoms
are coordinated in all complexes.

Table 4. Synthetic Yield, Melting Point, and Coordination Number of
New â-Ketoiminate Lanthanide MOCVD Precursors

complex name
synthetic
yield (%) mp (°C)

coord
no.a

4, Ce(tBuMeMe)3 85 95-98 8
5, Nd(tBuMeMe)3 85 78-81 8
6, Gd(tBuMeMe)3 51 76-78 8
7, Er(tBuMeMe)3 85 65-68 7
8, Ce(tBuEtMe)3 49 99-101 8b

9, Nd(tBuEtMe)3 62 85-88 8
10, Er(tBuEtMe)3 44 81-82 7
11, Nd(tButBuMe)3 49 125-128 8b

12, Er(tButBuMe)3 70 135-143 7

a As determined from single-crystal X-ray diffraction.b Assumed.
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uents bulkier than a methyl group at the ether R3 site were
successful [i.e., Ln(tBuEtEt)3 and Ln(MeMeEt)3]; however,
only qualitative assessment of physical characteristics was
possible owing to the thick, viscous nature of the liquid
products.

Precursor Molecular Structures. Single-crystal X-ray
diffraction studies were carried out on lanthanide complexes
4-7, 9, 10, and12. Important bond distances and angles for
these structures are tabulated in Tables 5-8, and relevant
lanthanide ionic radii are listed in Table 9. Generally, the
crystal structures of the 8-coordinate Ce3+, Nd3+, and Gd3+

complexes [i.e.,4, 5, 6, and9] reveal that two of the three
ligands are coordinated to the metal through all three possible
donor sites; however, the third ligand is bidentate, with a
noncoordinating ether moiety (Figures 4 and 5, 6 and 7, 8
and 9, and 10 and 11, respectively). Conversely, the solid-
state structures of Er3+ complexes7 and10are 7-coordinate,
with two dangling ether groups (Figures 12 and 13, and 14
and 15, respectively). The crystal structure of complex12
reveals that this Er3+ compound is also 7-coordinate, although
two ligands act as tridentate donors and the third is

monodentate (Figures 16 and 17). Comparisons to known
structures are made in the Discussion section.

Precursor Volatility Trends. Several of the present
lanthanide precursors were further characterized by vacuum
thermogravimetric analysis (TGA) at pressures approximat-
ing those used in film growth. The new precursors were
directly compared to commercially supplied Ce(dpm)4 and
Er(dpm)3. Figure 11a shows the raw comparative weight loss
versus temperature data for cerium complexes4, 8, and Ce-
(dpm)4. An Arrhenius analysis (sublimation rate versus
inverse temperature; Figure 11b) for these Ce complexes
allows direct comparison of the molar volatility/transport rate
characteristics.26 Finally, the Ce complexes were character-
ized in isothermal experiments (Figure 11c). Note that
complex 4 exhibits the highest molar volatility under
MOCVD reactor conditions (155°C; lowest apparent activa-
tion energy; see Figure 11b). Similar plots are shown for Er
complex10 and Er(dpm)3 (Figures 12a-c) and reveal that
10 has constant vaporization characteristics with little ap-
parent thermal instability.

CeO2 Film Growth Experiments. Epitaxial CeO2 films
were deposited in situ on (001)-oriented YSZ substrates using
newly developed Ce precursor4, Ce(tBuMeMe)3. The
reservoir containing4 was maintained at 150-160 °C, and
Ar flowing at 70 sccm carried the precursor into the reactor
hot zone, where it reacted with 100 sccm of O2 to form the

Figure 3. Melting point trends ofâ-ketoiminato lanthanide complexes as
a function of (a) Ln3+ identity and (b) alkyl substituent at ligand imino
R2 site.

Table 5. Selected Bond Lengths (Å) and Angles (deg) for Complexes
4 and5

4 5

Ce(1A)-O(41A) 2.349(3) Nd(1)-O(1) 2.278(1)
Ce(1A)-O(21A) 2.374(3) Nd(1)-O(41) 2.289(1)
Ce(1A)-O(1A) 2.385(3) Nd(1)-O(21) 2.315(9)
Ce(1A)-N(21A) 2.616(4) Nd(1)-N(1) 2.518(9)
Ce(1A)-N(41A) 2.663(4) Nd(1)-N(41) 2.568(1)
Ce(1A)-N(1A) 2.684(4) Nd(1)-N(21) 2.582(1)
Ce(1A)-O(2A) 2.694(3) Nd(1)-O(22) 2.649(8)
Ce(1A)-O(22A) 2.823(3) Nd(1)-O(2) 2.813(9)

O(41A)-Ce(1A)-O(21A) 85.75(1) O(1)-Nd(1)-O(41) 85.3(4)
O(41A)-Ce(1A)-O(1A) 147.42(1) O(1)-Nd(1)-O(21) 121.8(4)
O(21A)-Ce(1A)-O(1A) 119.37(1) O(41)-Nd(1)-O(21) 147.1(3)
O(41A)-Ce(1A)-N(21A) 87.26(1) O(1)-Nd(1)-N(1) 70.9(3)
O(21A)-Ce(1A)-N(21A) 69.82(1) O(41)-Nd(1)-N(1) 89.3(3)
O(1A)-Ce(1A)-N(21A) 83.22(1) O(21)-Nd(1)-N(1) 83.7(3)
O(41A)-Ce(1A)-N(41A) 69.66(1) O(1)-Nd(1)-N(41) 143.5(4)
O(21A)-Ce(1A)-N(41A) 143.31(1) O(41)-Nd(1)-N(41) 70.9(3)
O(1A)-Ce(1A)-N(41A) 94.51(1) O(21)-Nd(1)-N(41) 91.1(4)
N(21A)-Ce(1A)-N(41A) 132.61(1) N(1)-Nd(1)-N(41) 133.6(3)
O(41A)-Ce(1A)-N(1A) 141.54(1) O(1)-Nd(1)-N(21) 79.2(3)
O(21A)-Ce(1A)-N(1A) 80.30(1) O(41)-Nd(1)-N(21) 139.8(3)
O(1A)-Ce(1A)-N(1A) 68.04(1) O(21)-Nd(1)-N(21) 69.2(3)
N(21A)-Ce(1A)-N(1A) 120.19(1) N(1)-Nd(1)-N(21) 119.3(4)
N(41A)-Ce(1A)-N(1A) 102.01(1) N(41)-Nd(1)-N(21) 101.2(4)
O(41A)-Ce(1A)-O(2A) 79.79(1) O(1)-Nd(1)-O(22) 73.5(3)
O(21A)-Ce(1A)-O(2A) 74.47(1) O(41)-Nd(1)-O(22) 78.0(3)
O(1A)-Ce(1A)-O(2A) 124.62(1) O(21)-Nd(1)-O(22) 124.6(3)
N(21A)-Ce(1A)-O(2A) 142.74(1) N(1)-Nd(1)-O(22) 143.0(3)
N(41A)-Ce(1A)-O(2A) 74.67(1) N(41)-Nd(1)-O(22) 74.7(3)
N(1A)-Ce(1A)-O(2A) 62.00(1) N(21)-Nd(1)-O(22) 62.1(3)
O(41A)-Ce(1A)-O(22A) 77.28(1) O(1)-Nd(1)-O(2) 129.9(3)
O(21A)-Ce(1A)-O(22A) 129.81(1) O(41)-Nd(1)-O(2) 78.4(3)
O(1A)-Ce(1A)-O(22A) 70.66(1) O(21)-Nd(1)-O(2) 69.9(3)
N(21A)-Ce(1A)-O(22A) 62.58(1) N(1)-Nd(1)-O(2) 62.0(3)
N(41A)-Ce(1A)-O(22A) 72.01(1) N(41)-Nd(1)-O(2) 72.9(3)
N(1A)-Ce(1A)-O(22A) 137.62(1) N(21)-Nd(1)-O(2) 138.5(3)
O(2A)-Ce(1A)-O(22A) 144.41(1) O(22)-Nd(1)-O(2) 144.7(3)
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desired films. The overall working pressure was 3.5 Torr.
Epitaxial films were successfully obtained at susceptor
temperatures ranging between 450 and 650°C, and the
effects of temperature variation on film microstructure were
closely examined (vide infra). Film thickness varied between
∼100 and 200 nm, with a dependence on growth temperature
(vide infra).

CeO2 Film Characterization. A typical θ-2θ X-ray
diffraction pattern of an as-grown CeO2 film (Figure 13a)
consists of only CeO2 and substrate (00l) reflections. The
intensity of diffraction from films grown for a fixed time
(3.5 h) was found to decrease with increasing deposition
temperature, and diffraction from CeO2 films deposited at
650 °C is quite weak. The film out-of-plane orientation
characteristics were analyzed by anω-rocking scan of the
(002) reflection, and the fwhm, determined by least-squares
fitting, was found to decrease from 1.0° to 0.2° with
increasing deposition temperature (450-650°C). Theω-rock-
ing curves of the films grown at high temperature (>520
°C) are in fact a superposition of a broad underlying peak
with a narrow one sitting on top. With increase of deposition
temperature, the narrow component tends to dominate. The
ω scan fwhm from the CeO2 films deposited at 540°C is
0.85° (Figure 13b).

XRD φ scans were performed to assess the quality of the
in-plane epitaxy. Four equivalent planes of reflection are

observed, repeating every 90° and in the same positions as
those from the YSZ substrates (Figure 13c), demonstrating
a high level of in-plane epitaxy. The fwhm from theφ scan
of {113} CeO2 is 1.65°. From theθ-2θ andφ XRD scans,
the orientation relationship between the film and the YSZ
substrate is therefore CeO2 (001)[1h10]//YSZ (001)[1h10].
AFM images of the as-grown CeO2 films show that the
surfaces consist of a granular structure. At low-growth
temperatures (450°C), the tetragonal-pyramidal shaped
hillock-type grains have sizes in the range 50-110 nm, while
the rms roughness is about 15.5 Å (Figure 14a). At higher
growth temperatures (above 540°C), the surface becomes
much smoother (rms roughness∼ 4.3 Å), and hillock surface
features are not detectable (Figure 14b).

Cross-sectional high-resolution electron microscopy
(HREM) was also used to investigate the epitaxial growth
of the CeO2 films on the (001) YSZ substrates. The CeO2

film grown at 540 °C exhibits sizable regions of single
crystal, defect-free and epitaxial growth (Figure 15). HREM
images and selected area diffraction (Figure 16) also reveal
that the CeO2 films and the YSZ substrates have the same
orientational relationship as that defined by the XRD
experiments (vide supra). The interface area between the
CeO2 and YSZ substrates contains atomic stacking disloca-
tions having a periodicity of∼44 Å. As the deposition
temperature increases, the columnar size remains almost

Table 6. Selected Bond Lengths (Å) and Angles (deg) for Complexes
6 and7

6 7

Gd(1)-O(1) 2.2362(2) Er(1)-O(41) 2.193(3)
Gd(1)-O(3) 2.2773(2) Er(1)-O(21) 2.195(3)
Gd(1)-O(10) 2.280(2) Er(1)-O(1) 2.212(3)
Gd(1)-N(11) 2.537(2) Er(1)-N(41) 2.437(3)
Gd(1)-N(1) 2.540(2) Er(1)-N(1) 2.439(3)
Gd(1)-N(3) 2.549(2) Er(1)-O(2) 2.465(3)
Gd(1)-O(2) 2.554(2) Er(1)-N(21) 2.535(3)
Gd(1)-O(4) 2.7520(2)

O(1)-Gd(1)-O(3) 144.22(7) O(41)-Er(1)-O(21) 160.10(1)
O(1)-Gd(1)-O(10) 94.98(8) O(41)-Er(1)-O(1) 114.88(1)
O(3)-Gd(1)-O(10) 111.39(7) O(21)-Er(1)-O(1) 82.92(1)
O(1)-Gd(1)-N(11) 83.58(8) O(41)-Er(1)-N(41) 76.33(1)
O(3)-Gd(1)-N(11) 82.14(7) O(21)-Er(1)-N(41) 100.69(1)
O(10)-Gd(1)-N(11) 72.17(7) O(1)-Er(1)-N(41) 76.88(1)
O(1)-Gd(1)-N(1) 72.70(7) O(41)-Er(1)-N(1) 77.32(1)
O(3)-Gd(1)-N(1) 134.58(7) O(21)-Er(1)-N(1) 118.18(1)
O(10)-Gd(1)-N(1) 78.25(7) O(1)-Er(1)-N(1) 73.58(1)
N(11)-Gd(1)-N(1) 140.03(7) N(41)-Er(1)-N(1) 126.66(1)
O(1)-Gd(1)-N(3) 95.57(7) O(41)-Er(1)-O(2) 95.18(1)
O(3)-Gd(1)-N(3) 74.43(7) O(21)-Er(1)-O(2) 81.01(1)
O(10)-Gd(1)-N(3) 148.87(7) O(1)-Er(1)-O(2) 123.09(1)
N(11)-Gd(1)-N(3) 138.16(7) N(41)-Er(1)-O(2) 159.86(1)
N(1)-Gd(1)-N(3) 77.12(7) N(1)-Er(1)-O(2) 67.31(1)
O(1)-Gd(1)-O(2) 139.37(7) O(41)-Er(1)-N(21) 87.04(1)
O(3)-Gd(1)-O(2) 74.39(7) O(21)-Er(1)-N(21) 73.07(1)
O(10)-Gd(1)-O(2) 70.77(7) O(1)-Er(1)-N(21) 145.90(1)
N(11)-Gd(1)-O(2) 124.15(7) N(41)-Er(1)-N(21) 84.06(1)
N(1)-Gd(1)-O(2) 67.26(7) N(1)-Er(1)-N(21) 139.33(1)
N(3)-Gd(1)-O(2) 82.29(7) O(2)-Er(1)-N(21) 77.21(1)
O(1)-Gd(1)-O(4) 70.35(6)
O(3)-Gd(1)-O(4) 73.88(6)
O(10)-Gd(1)-O(4) 137.55(6)
N(11)-Gd(1)-O(4) 66.84(7)
N(1)-Gd(1)-O(4) 129.47(7)
N(3)-Gd(1)-O(4) 73.51(6)
O(2)-Gd(1)-O(4) 144.15(6)

Table 7. Selected Bond Lengths (Å) and Angles (deg) for Complexes
9 and10

9 10

Nd(1)-O(1B) 2.303(2) Er(1)-O(1A) 2.185(2)
Nd(1)-O(1A) 2.304(2) Er(1)-O(1C) 2.196(16)
Nd(1)-O(1C) 2.336(2) Er(1)-O(1B) 2.199(16)
Nd(1)-N(5B) 2.543(2) Er(1)-N(5B) 2.438(2)
Nd(1)-N(5A) 2.589(2) Er(1)-N(5C) 2.445(2)
Nd(1)-N(5C) 2.647(2) Er(1)-O(8C) 2.476(2)
Nd(1)-O(9C) 2.663(2) Er(1)-N(5A) 2.559(2)
Nd(1)-O(8B) 2.758(2)

O(1B)-Nd(1)-O(1A) 83.23(7) O(1A)-Er(1)-O(1C) 83.78(6)
O(1B)-Nd(1)-O(1C) 122.76(7) O(1A)-Er(1)-O(1B) 158.86(6)
O(1A)-Nd(1)-O(1C) 146.78(7) O(1C)-Er(1)-O(1B) 113.67(6)
O(1B)-Nd(1)-N(5B) 70.93(7) O(1A)-Er(1)-N(5B) 96.91(6)
O(1A)-Nd(1)-N(5B) 84.56(7) O(1C)-Er(1)-N(5B) 78.32(6)
O(1C)-Nd(1)-N(5B) 85.43(7) O(1B)-Er(1)-N(5B) 76.25(6)
O(1B)-Nd(1)-N(5A) 138.57(7) O(1A)-Er(1)-N(5C) 120.21(7)
O(1A)-Nd(1)-N(5A) 70.37(7) O(1C)-Er(1)-N(5C) 73.51(6)
O(1C)-Nd(1)-N(5A) 95.04(7) O(1B)-Er(1)-N(5C) 77.89(6)
N(5B)-Nd(1)-N(5A) 134.22(7) N(5B)-Er(1)-N(5C) 129.44(7)
O(1B)-Nd(1)-N(5C) 80.42(6) O(1A)-Er(1)-O(8C) 81.72(6)
O(1A)-Nd(1)-N(5C) 141.40(7) O(1C)-Er(1)-O(8C) 122.40(6)
O(1C)-Nd(1)-N(5C) 69.08(6) O(1B)-Er(1)-O(8C) 97.37(6)
N(5B)-Nd(1)-N(5C) 121.75(7) N(5B)-Er(1)-O(8C) 158.66(6)
N(5A)-Nd(1)-N(5C) 100.55(7) N(5C)-Er(1)-O(8C) 67.06(6)
O(1B)-Nd(1)-O(9C) 74.11(6) O(1A)-Er(1)-N(5A) 73.14(6)
O(1A)-Nd(1)-O(9C) 80.40(6) O(1C)-Er(1)-N(5A) 147.69(6)
O(1C)-Nd(1)-O(9C) 123.85(6) O(1B)-Er(1)-N(5A) 86.03(6)
N(5B)-Nd(1)-O(9C) 143.24(7) N(5B)-Er(1)-N(5A) 82.29(6)
N(5A)-Nd(1)-O(9C) 70.51(6) N(5C)-Er(1)-N(5A) 137.85(6)
N(5C)-Nd(1)-O(9C) 61.57(6) O(8C)-Er(1)-N(5A) 76.93(6)
O(1B)-Nd(1)-O(8B) 130.29(6)
O(1A)-Nd(1)-O(8B) 77.20(7)
O(1C)-Nd(1)-O(8B) 70.11(6)
N(5B)-Nd(1)-O(8B) 62.14(7)
N(5A)-Nd(1)-O(8B) 75.01(6)
N(5C)-Nd(1)-O(8B) 138.35(6)
O(9C)-Nd(1)-O(8B) 143.54(6)
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unchanged but the film surface becomes smoother. Film
thickness was also ascertained from cross-sectional TEM
samples. With an increase in deposition temperature, the
CeO2 growth rate decreases slightly from∼10 Å/min at 450
°C to ∼6.5 Å/min at 540°C.

Despite the columnar structure, the present CeO2 films are
very dense, and no fissures are evident either at the interface
or within the film (Figure 15). In fact, the column boundaries
are difficult to observe in the HREM. In contrast, the YSZ
substrates are found not to be atomically smooth. On the
step planes, the CeO2 films grow with an atomically abrupt
interface. However, at the YSZ step edges, slight bending
of crystal planes parallel to the substrate surfaces (arrow 1
in Figure 15) formed near the step. Simultaneously, slight
bending of the crystal planes parallel to the substrate surface,
indicated by arrow 2 in Figure 15, can also be observed near
the columnar boundaries in the films.

YBCO Film Growth on MOCVD-Derived CeO 2 Buffer
Layers. Well-aligned YBCO films were successfully de-

posited by the pulsed MOCVD POMBE101 technique on the
present low-temperature (540°C) MOCVD-derived epitaxial
CeO2 films. XRD θ-2θ data for the YBCO film deposition,
shown in Figure 17a, consists of bilayer film features with
c-axis oriented YBCO growth on the CeO2 film. The ω scan
fwhm of the YBCO films is 0.80° for the (005) reflection
(inset, Figure 17a). Inφ scans on the present specimens, four
equivalent (102) YBCO planes of reflection are observed,
repeating every 90° (Figure 17b). The fwhm from theφ scan
of the{102} YBCO planes is as narrow as 1.30. Four-probe
transport measurements on these multilayer structures reveal
a transition temperature of 86.5 K (transition width∼ 2.0
K; Figure 18a). The critical current density at 77.4 K is
1.08× 106 A/cm2, as shown in Figure 18b.

Discussion
The present synthetic coordination chemistry and film

growth study was undertaken to develop a new class of
lanthanide MOCVD precursors that would be thermally
stable, volatile, fluorine-free, and liquid at typical reservoir
temperatures for useful oxide growth conditions. No existing
commercial or previously synthesized precursor in the
published literature possesses all of these qualifications. The
discussion below shows that the broad new class of lan-
thanideâ-ketoiminate complexes reported here satisfies all
of the desired characteristics and proves to be suitable for
oxide MOCVD, as demonstrated by growth of high-quality
CeO2 thin films and their implementation as buffer layers
for the growth of high-quality YBCO films.

Table 8. Selected Bond Lengths (Å) and Angles (deg) for Complex12

Er(1)-O(1C) 2.165(1) O(8B)-C(7B) 1.429(3)
Er(1)-O(1A) 2.173(1) N(5B)-C(4B) 1.314(3)
Er(1)-O(1B) 2.201(2) N(5B)-C(6B) 1.469(3)
Er(1)-N(5A) 2.415(2) C(2B)-C(3B) 1.385(3)
Er(1)-N(5B) 2.448(2) C(2B)-C(10B) 1.540(3)
Er(1)-O(8B) 2.478(2) C(3B)-C(4B) 1.432(3)
Er(1)-O(8A) 2.484(2) C(4B)-C(14B) 1.563(3)
O(1A)-C(2A) 1.300(2) C(6B)-C(7B) 1.512(4)
O(8A)-C(9A) 1.435(3) O(1C)-C(2C) 1.319(2)
O(8A)-C(7A) 1.437(3) O(8C)-C(9C) 1.409(3)
N(5A)-C(4A) 1.308(3) O(8C)-C(7C) 1.419(3)
N(5A)-C(6A) 1.467(3) N(5C)-C(4C) 1.277(3)
C(2A)-C(3A) 1.374(3) N(5C)-C(6C) 1.450(3)
C(2A)-C(10A) 1.535(3) C(2C)-C(3C) 1.352(3)
C(3A)-C(4A) 1.437(3) C(2C)-C(10C) 1.544(3)
C(4A)-C(14A) 1.565(3) C(3C)-C(4C) 1.470(3)
C(6A)-C(7A) 1.509(4) C(4C)-C(14C) 1.542(3)
O(1B)-C(2B) 1.275(3) C(6C)-C(7C) 1.513(3)
O(8B)-C(9B) 1.423(3)

O(1C)-Er(1)-O(1A) 98.84(6) O(1A)-Er(1)-O(8B) 77.83(5)
O(1C)-Er(1)-O(1B) 176.56(6) O(1B)-Er(1)-O(8B) 102.69(6)
O(1A)-Er(1)-O(1B) 82.69(6) N(5A)-Er(1)-O(8B) 150.64(6)
O(1C)-Er(1)-N(5A) 90.58(6) N(5B)-Er(1)-O(8B) 66.64(6)
O(1A)-Er(1)-N(5A) 75.91(6) O(1C)-Er(1)-O(8A) 90.01(5)
O(1B)-Er(1)-N(5A) 86.80(6) O(1A)-Er(1)-O(8A) 143.04(6)
O(1C)-Er(1)-N(5B) 107.74(6) O(1B)-Er(1)-O(8A) 86.94(6)
O(1A)-Er(1)-N(5B) 130.48(6) N(5A)-Er(1)-O(8A) 68.14(6)
O(1B)-Er(1)-N(5B) 73.24(6) N(5B)-Er(1)-O(8A) 78.90(6)
N(5A)-Er(1)-N(5B) 142.28(6) O(8B)-Er(1)-O(8A) 139.13(5)
O(1C)-Er(1)-O(8B) 80.68(6)

Table 9. Average Lanthanide-Ligand Atom Bond Distances and Bond
Distance Trends (Å) for Complexes4-7, 9, 10, and12

complex
coord
no.

Ln3+ ionic
radiusa

Ln-
O(keto)

Ln-
N(imino)

Ln-
O(ether)

4, Ce(tBuMeMe)3 8 1.143 2.371(6) 2.655(2) 2.760(3)
5, Nd(tBuMeMe)3 8 1.109 2.294(4) 2.556(4) 2.731(9)
6, Gd(tBuMeMe)3 8 1.053 2.264(6) 2.543(9) 2.653(1)
7, Er(tBuMeMe)3 7 0.945 2.200(3) 2.470(6) 2.465(3)
9, Nd(tBuEtMe)3 8 1.109 2.314(5) 2.593(2) 2.710(7)
10, Er(tBuEtMe)3 7 0.945 2.194(2) 2.480(7) 2.476(2)
12, Er(tButBuMe)3 7 0.945 2.180(1) 2.432(2) 2.481(2)
Ce3+ av 8 1.143 2.371(6) 2.655(2) 2.760(3)
Nd3+ av 8 1.109 2.304(5) 2.574(8) 2.721(3)
Gd3+ av 8 1.053 2.264(6) 2.543(9) 2.653(1)
Er3+ av 7 0.945 2.191(5) 2.461(2) 2.474(2)

a Ionic radii for corresponding coordination number.74

Figure 4. (a) Solid-state crystal structure of 8-coordinate cerium complex
4, Ce(tBuMeMe)3. (b) Immediate coordination environment of 8-coordinate
cerium complex4, Ce(tBuMeMe)3.
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Precursor Synthesis, Structures, and Properties.The
one-pot syntheses of the present ether-functionalized lan-
thanide â-ketoiminate complexes are uncomplicated, and
isolation by in vacuo removal of the HN(SiMe3)2 byproduct
followed by recrystallization of the crude material from
pentane is straightforward. The waxy solids obtained (Figure
2) are characteristically highly colored, display melting points
below those reported for commonly usedâ-diketonate
precursors,102 and can be sublimed at suitably low temper-
atures (80-110 °C) under reduced pressure (10-4 Torr).
Additionally, substitution of various alkyl moieties on the
â-ketoiminate ligand backbone allows tailoring of theâ-ke-
toiminate melting point, as summarized in Table 4. The
observed melting point decreases across the lanthanide series
for a given ligand system [i.e., for the Ln(tBuMeMe)3
series: mp4, 95-98 °C; 5, 78-81 °C; 6, 76-78 °C; 7,
65-68 °C; see Figure 3a], a manifestation of the lanthanide
contraction. This melting point trend is also observed for
the lanthanideâ-diketonates, Ln(dpm)3.102 Substitution of an
alkyl group with greater steric bulk at the imino location R2

(e.g., ethyl ortert-butyl for methyl) leads to a higher melting
point (i.e., mp5, 78-81 °C; 9, 85-88 °C; 11, 125-128
°C; see Figure 3b). It can be speculated that a greater R1 to
R2 size disparity (i.e., R1 ) tBu, R2 ) Me versus R1 ) tBu,
R2 ) Et or tBu) lowers the symmetry of the complex,
affording a lower-melting precursor.

Single-crystal X-ray diffraction experiments reveal that all
lanthanide complexes formed with the presentâ-ketoiminate
ligands are monomeric, a characteristic preferred for optimum
volatility (Figures 4-17). In fact, the three potentially
tridentate ligands exceed the coordinative demands of the
Ln3+ ion in all cases studied (Ln3+ ) Ce3+, Nd3+, Gd3+,
Er3+), resulting in 8-coordinate complexes for Ce, Nd, and
Gd (4, 5, 6, and9; Figures 4 and 5, 6 and 7, 8 and 9, and 10
and 11, respectively), compared to 7-coordinate Er com-
pounds (7, 10, and12; Figures 12 and 13, 14 and 15, and
16 and 17). This difference is doubtless a result of the
lanthanide contraction, with the smaller Er3+ ion being
coordinatively saturated at a lower coordination number. All
the 8-coordinate structures display two ligands acting in
tridentate fashion, with the third being bidentate with a
noncoordinating ether group, consistent with the ether
functionality being the only neutrally charged donor site.

Further of note is the anomalous solid-state structure of
Er complex12 (Figure 16), in which two of the three ligands
act as tridentate donors, while the third is only monodentate,
having both noncoordinating imino and ether components.
This is in contrast to the other Er structures (7 and10; Figures
12 and 13, and 14 and 15, respectively), which display one
tridentate ligand and two bidentate ligands with dangling
ether moieties, a bonding scheme similar to that observed

(102) Eisentraut, K. J.; Sievers, R. E. J. Am. Chem. Soc.1965, 87, 5254-
5256.

Figure 5. (a) Solid-state crystal structure of 8-coordinate neodymium
complex5, Nd(tBuMeMe)3. (b) Immediate coordination environment of
8-coordinate neodymium complex5, Nd(tBuMeMe)3.

Figure 6. (a) Solid-state crystal structure of 8-coordinate gadolinium
complex6, Gd(tBuMeMe)3. (b) Immediate coordination environment of
8-coordinate gadolinium complex6, Gd(tBuMeMe)3.
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for the 8-coordinate Ce3+, Nd3+, and Gd3+ complexes (vide
supra). The increased steric bulk of atert-butyl group at the
ligand imino site R2 apparently restricts the “bite” of the
chargedâ-ketoimine portion of this ligand. Close examina-
tion of the bond distances for complex12 (Table 8, Figure
19) indicates that the intraligand metrical parameter trends
are consistent with Er3+ coordination, since the keto oxygen-
to-carbon bond length is longer, and the imino nitrogen-to-
carbon bond length is shorter for the monodentate ligand
than for the other two (tridentate) ligands.

Important bond distances and angles for all structures
analyzed in this study (complexes4-7, 9, 10, and12) are
compiled in Tables 5-8. Average bond distance values and
bond distance trends based on lanthanide identity are
compiled in Table 9. In all cases (Ln) Ce, Nd, Gd, Er), the
Ln-O(keto) bond length is shorter than the Ln-O(ether)
distance, consistent with the fact that the keto oxygen atom
is a component of the anionicâ-ketoiminato ligand fragment
while the ether oxygen atom is a neutrally charged pendant
donor. Additionally, the trend across the lanthanide series is
for all Ln-O and Ln-N bond distances to decrease as the
Ln3+ ion becomes heavier, an obvious manifestation of the
lanthanide contraction. Variation in ligand substitution pattern
effects only minor deviations in bond distances for a
particular Ln3+ ion.

The average bond distances observed in Ce structure4
(Table 9) can be compared to those reported for the
8-coordinate cerium of the dimer Ce2(etbd)6(tetraglyme)
(IX ).64 The average Ce-O(keto) bond length of4 [2.371(6)

Å] is slightly shorter than that ofIX [2.440(4) Å], while the
average Ce-O(ether) bond length is longer [2.760(3) vs
2.605(0) Å]. This result is not surprising, in that fluorinated
ligands are known to induce tighter binding of polyether
oxygens, owing to greater induced electrophilicity at the

Figure 7. (a) Solid-state crystal structure of 8-coordinate neodymium
complex 9, Nd(tBuEtMe)3. (b) Immediate coordination environment of
8-coordinate neodymium complex9, Nd(tBuEtMe)3.

Figure 8. (a) Solid-state crystal structure of 7-coordinate erbium complex
7, Er(tBuMeMe)3. (b) Immediate coordination environment of 7-coordinate
erbium complex7, Er(tBuMeMe)3.
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metal center. Complex4 can also be compared to the reported
structure of 8-coordinate Ce(acac)3(phenanthroline) (X).103

Here the average Ce-O(keto) bond length is 2.464(2) Å,
longer than that of4 [2.371(6) Å], and the average Ce-N
bond length of 2.741(5) Å is comparable to that of complex
4 [2.760(3) Å].

The average Gd-O bond lengths in Gd complex6 [Gd-
O(keto), 2.264(6) Å; Gd-O(ether), 2.543(9) Å, Table 9] can
be compared to those in complexXI . This Gd(dpm)3-

(monoglyme) compound62 has a longer average Gd-O(keto)
bond length [2.333(4) Å] and a bit longer average Gd-
O(ether) bond length [2.575(2) Å]. Clearly, theâ-ketoiminate
ligand of complex6 is more tightly bound through the
oxygen atoms to Gd3+ than in theâ-diketonate/glyme ligand
combination of complexXI . Perhaps directly appending the

ether moiety to theâ-ketoiminate backbone renders this
ligand more compact, resulting in the shorter average bond
lengths observed for6.

The overall average Er-O(keto) and Er-O(ether) bond
distances (averaged values for complexes7, 10, and12; Table
9) are 2.191(5) and 2.461(2) Å, respectively. The average
Er-N bond distance for the present three complexes (7, 10,
and12) of 2.474(2) Å can be compared to those in structure
XII .53 Here theη2-pyrazolato nitrogen atoms bind at a shorter
average Er-N distance of 2.296(4) Å.

From the foregoing discussions, it is not surprising that
introduction of alkyl substituents with greater steric bulk at
the ether R3 ligand site lowers the precursor melting point
dramatically, judging from the fact that at least one of three
possible ether components is not coordinated to the metal
center in all cases characterized by X-ray diffraction, and
from the symmetry-breaking arguments advanced above.
Complexes of the type Ln(tBuEtEt)3 and Ln(MeMeEt)3
(substitution of ethyl for methyl at R3) were also synthesized
in this study; however, attempts to purify the resulting
viscous liquids were unsuccessful. Qualitatively, these crude
complexes are lower-melting than the crude products ob-
tained for complexes4-12 as discussed above. Note that a
precursor which exists in the liquid state at room temperature
is undesirablebecause of difficulties in manipulation and
transfer. Complexes4-12 display optimum melting points,
affording room-temperature solids that can easily be weighed
and transferred to MOCVD precursor reservoirs, while also

(103) Christidis, P. C.; Tossidis, I. A.; Paschalidis, D. G.; Tzavellas, L. C.
Acta Crystallogr.1998, C54, 1233-1236.

Figure 9. (a) Solid-state crystal structure of 7-coordinate erbium complex
10, Er(tBuEtMe)3. (b) Immediate coordination environment of 7-coordinate
erbium complex10, Er(tBuEtMe)3.

Figure 10. (a) Solid-state crystal structure of 7-coordinate erbium complex
12, Er(tButBuMe)3. (b) Immediate coordination environment of 7-coordinate
erbium complex12, Er(tButBuMe)3.
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melting at low temperatures to allow liquid-state operation
and constant delivery into the reactor during film growth.

Thermogravimetric analysis (TGA) of the newâ-ketoim-
inate precursors gives insight into volatility characteristics,
since these analyses are carried out at a typical experimental
MOCVD reactor pressure [5.0 (( 0.1) Torr]. Ce complexes

Figure 11. (a) Weight loss TGA volatility comparison between the new
precursors Ce(tBuMeMe)3 (4) and Ce(tBuEtMe)3 (8), and commercially
available Ce(dpm)4. Data were collected at a ramp rate of 1.5°C/min under
5.0 (( 0.1) Torr of N2. (b) Thermal activation TGA plot showing direct
volatility comparison between the new precursors Ce(tBuMeMe)3 (4) and
Ce(tBuEtMe)3 (8), and commercially available Ce(dpm)4. Data were
collected at a ramp rate of 1.5°C/min under 5.0 (( 0.1) Torr of N2. Arrow
points to experimental MOCVD reservoir temperature used for precursor
4. (c) Isothermal TGA data comparing volatility of the new precursors Ce-
(tBuMeMe)3 (4) and Ce(tBuEtMe)3 (8), and commercially available Ce-
(dpm)4. Data were collected at 155°C under 5.0 (( 0.1) Torr of N2.

Figure 12. (a) Weight loss TGA volatility comparison between the new
precursor Er(tBuEtMe)3 (10) and commercially available Er(dpm)3. Data
were collected at a ramp rate of 1.5°C/min under 5.0 (( 0.1) Torr of N2.
(b) Thermal activation TGA plot showing direct volatility comparison
between the new precursors Er(tBuEtMe)3 (10) and commercially available
Er(dpm)3. Data were collected at a ramp rate of 1.5°C/min under 5.0 ((
0.1) Torr of N2. (c) Isothermal TGA data showing volatility comparison
between the new precursor Er(tBuEtMe)3 (10) and commercially available
Er(dpm)3. Data were collected at 155°C under 5.0 (( 0.1) Torr of N2.
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4 and 8 and Er complex10 were directly compared with
commercially available Ce(dpm)4 and Er(dpm)3. Figure 11a
presents the weight-loss data for the Ce complexes, and
although4 and8 appear to sublime with∼8% residue, we
believe that this is a result of unavoidable exposure to
ambient atmosphere during TGA handling. The thermal
activation plot of sublimation rate is more directly related
to MOCVD reactor behavior, and these data show that4
and 8 clearly have substantially higher vaporization rates
under typical film growth conditions and at lower temper-
atures than does Ce(dpm)4, a characteristic preferred for
optimum film growth (Figure 11b). The isothermal data
(Figure 11c) reveal that all three Ce complexes show some
degree of depressed volatility over time.

TGA weight-loss data for Er complex10 and Er(dpm)3
show that both complexes have favorable volatility charac-
teristics, with the new complex subliming with a small
amount of residue (as in the Ce case), most likely due to

ambient-air exposure (Figure 12a). The thermal activation
plot (Figure 12b) reveals that both Er complexes provide
stable transport characteristics. Most significantly, the iso-
thermal data show that10exhibits a stable evaporation rate,
while Er(dpm)3 sublimes more quickly initially, but then

Figure 13. XRD of a 540°C MOCVD-derived CeO2 film grown on (001)
YSZ: (a) θ-2θ scan showing only (00l) reflections of both the film and
substrate; (b)ω-rocking curve of the (002) reflection showing the film to
have a high degree of out-of-plane epitaxy; (c)φ scan of the{113} peak
revealing that the film has a high degree of in-plane microstructural
alignment.

Figure 14. AFM images over a 2× 2 µm2 area of CeO2 films grown at
(a) 450°C, with an rms roughness of∼15.5 Å, and (b) 540°C, with an
rms roughness of∼4.3 Å.

Figure 15. HREM image of the CeO2/YSZ interface. Solid arrows mark
the bent planes; open arrow points to the step on the substrate surface; “I”
is for interface.
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displays a sudden fall in transport rate (Figure 12c). The
superior MOCVD precursor is certainly one that provides a
constant transport rate, as this implies stable delivery of the
metal-containing species into the reactor hot-zone, hence
compositionally reproducible thin film growth.

CeO2 Film Growth. Buffer layers suitable for supercon-
ducting current-carrying applications must meet stringent

orientation and processing requirements. Thus, the present
CeO2 films grown in situ at 450-650°C by MOCVD were
subjected to a battery of microstructural characterization
techniques to assess crystalline quality. The XRDθ-2θ
diffraction pattern (Figure 13a) shows that the films consist
of only (00l) oriented components on single-crystal (001)
YSZ substrates. Such orientation is critical for subsequent
deposition of a highly conductive (001)-oriented supercon-
ducting layer. A decrease in the XRD peak intensity is
observed as the growth temperature is increased. The full-
width-at-half-maximum (fwhm) of theω scan assays the
alignment/perfection of the film growth plane with respect
to the substrate surface. In this case, theω-rocking curve
fwhm of the (002) reflection decreases from 1.0° to 0.2° with

Figure 16. Composite electron diffraction pattern of CeO2/YSZ.

Figure 17. XRD of a YBCO/CeO2/YSZ(001) multilayer structure: (a)
θ-2θ scan pattern; inset displays theω-rocking curve of the (005) YBCO
reflection, revealing good out-of-plane epitaxy; (b)φ scan of the{102}
YBCO reflection showing excellent in-plane alignment.

Figure 18. (a) Tc (with a transition width of∼2.0 K) and (b)Jc mea-
surements on an YBCO/CeO2/YSZ(001) multilayer.

Figure 19. Schematic of the monodentate ligand of complex12. Arrows
and the table express the comparative shortening and lengthening of the
monodentate ligand bonds as compared to the two tridentate ligands of
complex12.
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increasing growth temperature. These values are comparable
to those of films grown at considerably higher tempera-
tures.46,47,93 The higher-temperature film growthω scan
actually consists of a superposition of a narrow peak on top
of a broader one, and the narrow component dominates as
the temperature increases, which suggests thinner films.46,93

This observation, together with the deposition temperature
dependence of the XRD intensity, clearly indicates lower
growth rates at higher temperatures. Although the 0.85° ω
scan fwhm from the CeO2 films deposited at 540°C (Figure
13b) is slightly larger than those previously reported,46,47,93

this result is impressive considering the low deposition
temperature.

XRD φ scans demonstrate that the present CeO2 films have
a high degree of in-plane epitaxy with the underlying YSZ
(Figure 13c). The fwhm from theφ scan of{113} CeO2,
which greatly affects YBCO in-plane alignment and thus the
Jc,104 is 1.65°. Thus, from both theθ-2θ andφ scans, the
orientation of the CeO2 film on the YSZ substrate has the
relationship CeO2 (001)[1h10]//YSZ (001)[1h10].

AFM studies of the present CeO2 films give more detail
on surface morphology and roughness. Upon increasing the
deposition temperature, the grain diameter remains ap-
proximately the same (50-110 nm); however, the root-mean-
square (rms) film roughness decreases. At low growth
temperatures (450°C; Figure 14a), the rms roughness is
∼15.5 Å. Close observation of the grain particles indicates
that the grains are composed of tetragonal-pyramidal shaped
hillocks, which are thought to consist of four (111) planes.93

These hillock formations are not observed in the 540°C
sample (Figure 14b), and the surface of the films is much
smoother (rms∼4.3 Å), most likely owing to the slower
growth rates at higher temperatures.

Cross-sectional HREM (Figure 15) shows that a CeO2 film
grown at 540°C exhibits a high content of single-crystal
regions with low defect densities. HREM images and
selected-area electron diffraction (Figure 16) confirm the
high-quality epitaxial relationship between the CeO2 and
YSZ, as also determined using XRD. The single-crystal-like
CeO2 electron diffraction pattern is characteristic of a high-
quality epitaxial film. Owing to the slight lattice mismatch
(∼5%), the interface area between the film and substrate
contains atomic stacking dislocations having a periodicity
of ∼44 Å [(020) layers].36,47,94Consistent with the AFM grain
size observations, the columnar size remains unchanged;
however, the smoothness increases as the deposition tem-
perature is increased. This increased smoothness is doubtless
a result of the slower growth rate at higher temperatures,
which was determined to decrease from∼10 Å/min at 450
°C to ∼6.5 Å/min at 540°C.

Further analysis of the HREM images (Figure 15) reveals
that the CeO2 films are densely packed with no cracks evident
either at the interface with the substrate or within the film,
consistent with the narrow fwhms of the XRDφ andω scans,
and in spite of the columnar microstructure. The single-

crystal YSZ substrates, in contrast, are not atomically smooth,
and although CeO2 grows with an abrupt interface on the
step planes, crystal plane bending parallel to the surface is
observed at the step edges (arrow 1 in Figure 15). Owing to
the slight lattice mismatch, stress may build up when the
CeO2 film atomic planes on the lower part of the step attempt
to match the neighboring substrate planes, resulting in the
observed bending. Crystal plane bending parallel to the
surface is also observed at the columnar boundaries of the
film (arrow 2 in Figure 15), in a fashion similar to HREM
observations on CeO2 films grown on SrTiO3.46 Such types
of dislocations could alter the XRDω scan fwhms. When
the CeO2 films are thin, perfectly aligned CeO2 film portions
on the step planes contribute mainly to the narrow portion
of the XRD ω-rocking curve, while the broad underlying
portion may arise principally from the crystal plane bending
of CeO2 film portions above the substrate steps. With
thickening of the CeO2 films, the existences of atomic plane
bending near the columnar boundaries would broaden the
XRD ω scan curves, and they would appear as a conventional
mosaic, but broader than those of the underlying substrates.

YBCO Film Growth. YBCO films were successfully
deposited on the 540°C MOCVD-derived CeO2 using a
pulsed MOCVD technique, POMBE.101 XRD θ-2θ (Figure
17a) andω scan (inset, Figure 17a) data show that the YBCO
films are (001)-oriented with a high degree of out-of-plane
crystallinity. This compares rather well with data for
POMBE-derived YBCO (700°C growth) and MOCVD-
derived YSZ (850°C) bilayer films.105 A high level of in-
plane epitaxy is also revealed byφ scan XRD data (Figure
17b). The multilayer therefore has the following heteroepi-
taxial relationship: (YBCO(001)[010]//CeO2(001)[1h10]//
YSZ(001)[1h10]), with the YBCO rotated 45° in the basal
plane of the CeO2 underlayer. The narrow 1.30° fwhm of
the{102} φ scan should correlate with high critical current
density (Jc).104 Indeed, four-probe transport measurements
reveal a superconducting transition temperature (Tc) of 86.5
K and aJc of 1.08× 106 A/cm2 (Figure 18, plots a and b,
respectively). Considering the low deposition temperature
of the CeO2, which simplifies processing and may be critical
for multilayer (superconductor-insulator-superconductor)
device fabrication, this result represents a significant im-
provement.

Conclusions
A new series of fluorine-free lanthanide MOCVD precur-

sors has been prepared which exhibit good volatility and
lower melting points versus commercial and other previously
reported lanthanide sources. Theâ-ketoiminate ligand is a
versatile, multidentate system, producing coordinatively
saturated, monomeric lanthanide complexes which are proven
here to be excellent MOCVD precursors. Substitution of
various alkyl moieties at the keto, imino, and ether sites of
the â-ketoiminate ligand offers significant tuning of the
melting point and volatility characteristics, facilitating the
design of customized lanthanide precursors.

(104) Dimos, D.; Chaaudhari, P.; Mannhart, J.Phys. ReV. B 1990, 41,
4038-4049.

(105) Kaatz, F. H.; Markworth, P. R.; Dai, J. Y.; Buchholz, D. B.; Liu,
X.; Chudzik, M. P.; Belot, J. A.; Kannewurf, C. R.; Marks, T. J.;
Chang, R. P. H.Chem. Vap. Deposition1998, 4, 99-102.
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CeO2 buffer layer films have been epitaxially deposited
on (001) YSZ in the temperature range 450-650 °C by
MOCVD using the newly developed Ce(tBuMeMe)3 precur-
sor. With an increase in deposition temperature, the film
growth rate declines while the films tend to be smoother.
High-quality epitaxial CeO2 films can be grown at temper-
atures as low as 540°C with smooth surfaces (rms roughness
∼ 4.3 Å) and good in-plane (∆φ ) 1.65°) and out-of plane
(∆ω ) 0.85°) alignment. YBCO films grown on these CeO2

buffer layers by POMBE are epitaxial and exhibit very good
transport properties (Tc ) 86.5 K,Jc ) 1.08× 106 A/cm2 at
77.4 K). The new precursor has thus proven stable and is

attractive for low-temperature growth of CeO2 buffer layers
for coated conductors.
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