Dalton
Transactions
View Article Online

Published on 15 January 2018. Downloaded by Hanyang University on 06/03/2018 04:13:18.

PAPER

Cite this: Dalton Trans., 2018, 47,
2415

View Journal | View Issue

Synthesis and characterization of heteroleptic
titanium MOCVD precursors for TiO2 thin ﬁlms†
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Heteroleptic titanium alkoxides with three diﬀerent ligands, i.e., [Ti(OiPr)(X)(Y)] (X = tridentate, Y = bidentate
ligands), were synthesized to ﬁnd eﬃcient metal organic chemical vapor deposition (MOCVD) precursors
for TiO2 thin ﬁlms. Acetylacetone (acacH) or 2,2,6,6-tetramethyl-3,5-heptanedione (thdH) was employed as
a bidentate ligand, while N-methyldiethanolamine (MDEA) was employed as a tridentate ligand. It was
expected that the oxygen and moisture susceptibility of titanium alkoxides, as well as their tendency to form
oligomers, would be greatly reduced by placing multidentate and bulky ligands around the center Ti atom.
The synthesized heteroleptic titanium alkoxides were characterized both physicochemically and crystallographically, and their thermal behaviors were also investigated. [Ti(OiPr)(MDEA)(thd)] was found to be monoReceived 27th December 2017,
Accepted 14th January 2018

meric and stable against moisture; it also showed good volatility in the temperature window between volatil-
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ization and decomposition. This material was used as a single-source precursor during MOCVD to generate
TiO2 thin ﬁlms on silicon wafers. The high thermal stability of [Ti(OiPr)(MDEA)(thd)] enabled the fabrication
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of TiO2 ﬁlms over a wide temperature range, with steady growth rates between 500 and 800 °C.

Introduction
Titanium dioxide, also known as titania, is one of the most
important and widely investigated inorganic materials. It has
been used for diverse applications in chemical engineering,
materials science, and a range of industries. Titania is an
important component of pigments, dye-sensitized solar cells,
self-cleaning coatings, photocatalysts, quantum dots, and lowk oxide layers for complementary metal oxide semiconductor
(CMOS) devices. It is useful because of its excellent properties,
such as a high refractive index, high chemical stability, photocatalytic activity, good electrical properties, and chemical inertness to the environment.1–6
For these industrial applications, titanium dioxides with
various nanostructures were prepared by a variety of chemical
routes, including sol–gel processing, solvo/hydrothermal synthesis, and chemical vapor deposition (CVD).7–14 Among these
chemical routes, metalorganic chemical vapor deposition
(MOCVD) is regarded as the most suitable technique for the
formation of TiO2 thin films because of its inherent flexibility,
good step coverage, high deposition rate, large area uniformity,
and high throughput.10,15 However, one of the problems facing
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MOCVD is the lack of suitable precursors that have convenient
vapor pressures at moderate temperatures (allowing for
decomposition at modest temperatures) and long storage
stability. Titanium chloride and titanium alkoxide have been
frequently used as titanium precursors; unfortunately, these
demonstrate several problems including the production of
toxic chloro-byproducts (for titanium chloride), poor mass
transport (for titanium alkoxide, due to oligomer formation),
and high moisture and oxygen susceptibility (for both titanium sources). As a result, there are additional production
costs related to treating toxic components or preventing oligomer formation in the nanostructures during fabrication. There
have been attempts to resolve these issues of titanium alkoxides. The most widely used technique involves using heteroleptic Ti alkoxides by treating the parent Ti monoalkoxides with
chelating ligands, such as β-diketonates and aminoalcohols,
which saturate the coordination sphere of the central metal
with controlled nuclearity.16–21 As a representative example,
the mixed alkoxide–diketonate compound [Ti(OiPr)2(thd)2]
(thd = 2,2,6,6-tetramethyl-3,5-heptanedionate) exhibits a
higher stability than the parent alkoxide during the MOCVD of
TiO2 thin films, despite the fact that higher deposition temperatures, relative to those used for titanium isopropoxide, are
required.22,23 Other precursors such as volatile Ti(NMe2)4 have
also been reported, but these require a more complicated
process to form TiO2 thin films because they must be supplied
with external oxygen sources (e.g., O2 or H2O2).24,25
In this study, Ti alkoxide precursors with three diﬀerent
ligands were developed to enhance the Ti precursor stability
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against oxygen, moisture, and oligomer formation while simultaneously maintaining suﬃcient volatility for CVD. Two
diﬀerent types of precursors were synthesized by replacing two
alkoxide groups in titanium isopropoxide (Ti(OiPr)4, TTIP)
with two chelating ligands: N-methyldiethanolamine (MDEA)
ligands and one of two β-ketonate ligands, acetylacetone
(acacH), and/or 2,2,6,6-tetramethyl-3,5-heptanedione (thdH).
We expected that these dissymmetrical, bulky ligands would
prevent the formation of oligomers and stable packing structures in crystal lattices, thereby maintaining or enhancing the
volatility. Moreover, the multiple coordinations of multidentate
ligands (which produce a strong and compact structure around
the central atom) combined with the bulkiness of the ligand
produced precursors that resist the attack of oxygen and moisture better than the parent compound TTIP or a representative
heteroleptic compound ([Ti(OiPr)2(thd)2]). The two synthesized
Ti precursors were characterized via Fourier-Transform Infrared
(FT-IR) and Nuclear Magnetic Resonance (NMR) spectroscopies,
and Thermal Gravimetric Analysis (TGA), and their crystalline
molecular structures were investigated by single-crystal X-ray
crystallography. [Ti(thd)(MDEA)(OiPr)] was selected as a singlesource precursor for TiO2 thin films formed using the MOCVD
process due to its better stability and higher volatility. The evolution processes of the TiO2 thin film phases were investigated
by chemical–physical characterization, such as X-Ray Diﬀraction
(XRD), Scanning Electron Microscopy (SEM), and Atomic Force
Microscopy (AFM) techniques.

Experimental
General
Titanium tetraisopropoxide (TTIP, 97%, Sigma-Aldrich, USA),
N-methyldiethanolamine (MDEA, 99%, Sigma-Aldrich, USA),
acetylacetone (acacH, 99%, Sigma-Aldrich, USA), and 2,2,6,6tetramethyl-3,5-heptanedione (thdH, 98%, Alfa Aesar, USA)
were used without further purification. Organic solvents (tetrahydrofuran and hexane) were purchased from Daejung
Chemicals (Korea), purified by distillation with sodium, and
stored using molecular sieves. Deuterated chloroform (CDCl3,
98%, Sigma-Aldrich, USA) was employed for NMR measurements and used as received. Synthesized titanium precursors
were characterized by FT-IR (ABB, FTLA 2000) and 1H-NMR
spectroscopy (Varian, Mercury 300, 300 MHz) and TGA (TA
Instrument, SDT Q600). The molecular structures of the synthesized titanium compounds were characterized using singlecrystal X-ray crystallography (Bruker, Smart CCD 1000). The
crystalline phases of TiO2 films prepared by the MOCVD
method were analyzed by XRD (Rigaku, MiniFlex 600) at 40 kV
and 100 mA. The morphological analysis of TiO2 thin films
was carried out using FE-SEM (Jeol, JEM-6340F) and AFM
(Park Systems, XE-100) methods.
Syntheses
Ti(OiPr)(MDEA)(thd) (1). 1 ml of TTIP (3.379 mmol) was dissolved in 30 ml of anhydrous tetrahydrofuran (THF). 0.70 ml
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of thdH (3.379 mmol) and 0.39 ml of MDEA (3.379 mmol)
were slowly added to the above solution. The resulting solution
was heated at 66 °C under reflux conditions for 6 h. After
reflux, the solvent was evaporated under vacuum. Then, the
residue was re-dissolved in a minimal amount of anhydrous
hexane and stored at −20 °C for crystallization. After 5 days,
transparent crystals were obtained after filtration. The yield
after drying was 1.20 g (87%). FT-IR (KBr, cm−1): 2965 s (CH,
thd and OiPr), 2867 s (CH, MDEA), 1574 vs, 1560 vs and 1509 s
(CvO, thd), 1377 s and 1356 s (CvC, thd), 1102 s and 1073 s,
(C–O or C–N, thd and MDEA). 1H-NMR (300 MHz, CDCl3,
ppm): δ 5.911 (1 H, s, CH, thd), 4.566 (1 H, m, CH, OiPr), 4.500
and 4.318 (4 H, m, CH2O, MDEA), 3.022 and 2.774 (4 H, m,
NCH2, MDEA), 2.086 (3 H, s, NCH3, MDEA), 1.194 (18 H, s,
CH3, thd), 1.107 (6 H, d, CH3, OiPr).
Ti(OiPr)(MDEA)(acac) (2). 1 ml of TTIP (3.379 mmol) was
dissolved in 30 ml of anhydrous THF. 0.35 ml of acacH
(3.379 mmol) and 0.39 ml of MDEA (3.379 mmol) were slowly
added to the above solution. The resulting solution was heated
at 66 °C under reflux conditions for 6 h. After removing THF
under vacuum, the product was extracted with anhydrous
hexane and then stored at −20 °C for crystallization. After 10
days, transparent crystals were obtained after filtration. The
yield after drying was 0.85 g (78%). FT-IR (KBr, cm−1): 2966 m
(CH, OiPr), 2849 m (CH, acac and MDEA), 1577 s and 1532 s
(CvO, acac), 1363 s (CvC, acac), 1098 s and 1016 s (C–O or
C–N, acac and MDEA). 1H-NMR (300 MHz, CDCl3, ppm):
δ 5.597 (1 H, s, CH, acac), 4.626 (1 H, m, CH, OiPr), 4.478 and
4.323 (4 H, m, CH2O, MDEA), 3.019 and 2.795 (4 H, m, NCH2,
MDEA), 2.162 (3 H, s, NCH3, MDEA), 2.035 (6 H, s, CH3, acac),
1.153 (6 H, d, CH3, OiPr).
[(MDEA)(acac)Ti]2(μ-O) (3). 1 ml of TTIP (3.379 mmol) was
dissolved in 30 ml of tetrahydrofuran (THF). Then, 0.53 ml of
acacH (3.379 mmol) and 0.39 ml of MDEA (3.379 mmol) were
slowly added to this solution. After adding a drop of DI water,
the solution was heated at 66 °C under reflux conditions for
2 h. After cooling down to RT, transparent crystals were
obtained upon evaporation of the solvent. The yield after drying
was 0.46 g (50%). FT-IR (KBr, cm−1): 2962 w (CH, OiPr), 2854 m
(CH, acac and MDEA), 1585 s and 1536 s (CvO, acac), 1374 s
(CvC, acac), 1069 m and 1016 m (C–O or C–N, acac and
MDEA). 1H-NMR (300 MHz, CDCl3, ppm): δ 5.602 (2 H, s, CH,
acac), 4.401 (8 H, m, CH2O, MDEA), 2.910 (8 H, m, NCH2,
MDEA), 2.163 (6 H, s, NCH3, MDEA), 2.044 (12 H, s, CH3, acac).
X-ray structure analyses
Crystals of titanium precursors 1 and 3 were obtained as
described above, and structural analyses were conducted with
Mo Kα radiation on an X-ray diﬀraction camera system using an
imaging plate equipped with a graphite crystal incident beam
monochromator. RapidAuto softwareS1 was used for data collection and data processing. The structures were determined by a
direct method and refined through full-matrix least-squares
calculations with the SHELXTL software package.S2
S1. Rapid Auto software, R-Axis series, Cat. No. 9220B101,
Rigaku Corporation.
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Titania thin film preparation by MOCVD
Titania films were prepared with the Ti precursor 1 using the
MOCVD process. 1.0 g of Ti precursor 1 (2.46 mmol) was dissolved in 4.0 ml of anhydrous toluene. The organic impurities
on a silicon wafer, which was used as a substrate, were
removed by sonication in acetone and methanol (for 10 min).
Silicon dioxide layers were then etched by a diluted HF solution. The temperatures of the canister and the reaction
chamber were controlled to be 133 °C and 400 to 800 °C,
respectively. The argon carrier gas flowed through the
chamber at 50 sccm. The operation pressure range and time
were 1.5 to 10 torr and 30 min without a post-sintering
process, respectively. The morphology and structure analyses
of the fabricated titania thin films were carried out by SEM,
XRD, and AFM methods.

Results and discussion
The reactions of [Ti(OiPr)4] with multidentate chelating
ligands proceed in a straightforward fashion to yield stable
heteroleptic titanium alkoxides under reflux conditions.
Ti(OiPr)(MDEA)(thd), i.e., precursor 1, was synthesized from the
reaction of TTIP with 1 equivalent of thdH and MDEA. When
acacH was used instead of thdH, Ti(OiPr)(MDEA)(acac) (2)
could be obtained. AcacH and thdH, as chelating β-ketonate
ligands, easily substitute for monodentate iso-propoxide
ligands, even at room temperature. However, a tridentate
MDEA ligand needs at least 6 h of reflux in THF solvent to
replace two iso-propoxide ligands. Otherwise, a sticky byproduct is dominantly obtained due to the incomplete reaction. The progress of the substitution reaction in THF was
investigated using 1H-NMR spectroscopy, as shown in Fig. 1. It
was shown that the relative intensity of proton absorption
peaks between free MDEA and coordinated MDEA was
0.36 and 0.12 after the reaction times of 3 and 6 h, respectively.
The white powdered product was obtained for 6 h of the reaction after the work-up process.
Precursor 1 was synthesized by reacting titanium isopropoxide with thdH and MDEA. As mentioned earlier, at least 6 h
under reflux conditions were needed to complete the substitution of iso-propoxide with an MDEA ligand. Precursor 1 was
soluble in all common organic solvents and was quite stable to
the hydrolysis of iso-propoxide ligands via moisture attack,
which could induce decomposition. This is probably due to
the steric hindrance of the bulky thd ligand. The FT-IR spectrum of precursor 1 exhibits aliphatic CH stretching
vibrational peaks at 2965 and 2867 cm−1 (from the three
organic ligands) and CvO and CvC absorption peaks at
1574, 1560, 1356, and 1377 cm−1 (from the thd ligand). The
1
H NMR spectral pattern also shows resonance peaks at 5.911
and 1.193 ppm (from the thd ligand) and peaks at 4.500,

This journal is © The Royal Society of Chemistry 2018

Fig. 1 1H-NMR spectra of titanium precursor 1 prepared in THF solvent
under (a) 3 h and (b) 6 h reﬂux conditions.

4.318, 3.022, 2.774, 2.806, 4.566, and 1.107 ppm (from MDEA
and OiPr ligands). Replacing thdH with acacH in the above
synthetic process yields precursor 2, which was soluble in
polar solvents such as chloroform, THF, and alcoholic solvents. Precursor 2 was also sparingly soluble in ether, toluene,
and hexane. The FT-IR spectrum of precursor 2 exhibits aliphatic CH stretching vibrational absorption peaks at 2966 and
2849 cm−1 from all three types of organic ligands. It also
shows CvO stretching absorption peaks at 1577 and
1532 cm−1 and CvC stretching absorption peaks at 1363 cm−1
from the acac ligand. The 1H NMR spectrum of precursor 2
shows proton resonance peaks at 5.597 and 2.035 ppm (from
the acac ligand) as well as peaks from MDEA and OiPr that are
similar to those in the spectrum of precursor 1. When a drop
of water was added to the reaction mixture during the synthesis of precursor 2, precursor 3 (i.e., [(MDEA)(acac)Ti]2(μ-O)]
was formed by the hydrolysis of the iso-propoxide ligand in
precursor 2. This indicated that precursor 2 is too susceptible to
moisture, rendering it unsuitable as a CVD precursor. Precursor
3 was insoluble in THF, ether, toluene, and hexane, but soluble
in chloroform. The FT-IR spectrum of precursor 3 also exhibits
aliphatic CH and CvO stretching vibrational absorption peaks
from the coordinated organic ligands; a notable decrease in the
intensity of the peak at 2962 cm−1 is also observed due to the
conversion of iso-propoxide ligands to bridging oxo ligands.
The 1H NMR spectrum also shows similar absorption peaks
from the corresponding organic ligands, except for those
attributable to the iso-propoxide ligand.
A single crystal of precursor 1 was analyzed after recrystallization in hexane at −25 °C, while a crystal of precursor 3 was
obtained by using the solvent evaporation method. The molecular structures of precursors 1 and 3 are shown in Fig. 2, and
their crystallographic data, bond lengths, and bond angles are
shown in Tables 1 and 2, respectively. It was found out that for
precursor 1, an asymmetric unit was occupied by three mole-
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Table 1

Crystal data and structure reﬁnement of precursors 1 and 3

Empirical formula
Formula weight
Temperature (K)
Wavelength (Å)
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
dcalcd (g cm−3)
Abs. coeﬀ. (mm−1)
F(000)
Crystal size (mm3)
θ range (°) for data
collection
Index ranges

Fig. 2 Molecular structure of (a) precursor 1 and (b) precursor 3.
Hydrogen atoms are omitted for clarity.

cules, while the half of a molecule was located in an asymmetric unit for precursor 3.
Fig. 2(a) shows that precursor 1 has a monomeric structure,
which is likely due to the fact that the two bulky ligands of thd
and MDEA prevent oligomer formation. This structure has
excellent characteristics, such as suﬃcient volatility and stability against oxygen and moisture, making precursor 1 an
eﬀective CVD precursor. In precursor 1, a central titanium
atom is surrounded by five oxygen atoms and one nitrogen
atom to form an octahedral structure; here, thd and MDEA
ligands are coordinated as a six-membered ring and two fivemembered rings, respectively. The average Ti–O bond lengths
of Ti-thd and Ti-MDEA are 2.052(6) and 1.865(6) Å, respectively, indicating that the double bond character in keto (CvO)
groups weakened the Ti–O bonds in the six-membered ring of
the bidentate thd ligand relative to those in the MDEA ligand,
which showed a single-bond character in the C–O bond. The
average Ti–N bond length of Ti-MEDA is 2.326(8) Å and the
average Ti–O(5) bond length with a terminal OiPr ligand is
1.778(7) Å, which is shorter than the bridging μ2-oxide ligand
in precursor 3 (1.815(1) Å). The average O–Ti–O(N) bond angles
around the central Ti atom indicate that precursor 1 has a
slightly distorted octahedral geometry, which is congested
toward the tridentate MDEA ligand. As shown in Fig. 2(b), precursor 3 possesses a dimeric structure; each Ti atom on both
sides is surrounded by an acac ligand (as the six-membered
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Reflections
collected
Independent
reflections
Completeness to θ
Absorption
correction
Max. and min.
transmission
Refinement
method
Data/restraints/
parameters
GOF on F2
Final R indices
(I > 2σ(I))
R indices (all data)
Absolute structure
parameter
Extinction coeﬀ.
Largest diﬀ. peak/
hole

Precursor 1

Precursor 3

C19H37N1O5Ti1
407.37
100
0.700
Monoclinic
P21
14.894(3)
9.1120(18)
25.580(5)
90
106.59(3)
90
3327.0(13)
6
1.220
0.392
1320.0
0.0095 × 0.090 × 0.080
1.405 to 27.997

C20H36N2O9Ti2
544.31
100
0.800
Orthorhombic
P21212
12.145(2)
12.728(3)
8.0270(16)
90
90
90
1240.8(4)
2
1.457
0.955
572
0.078 × 0.062 × 0.024
2.609 to 33.273

−19 ≤ h ≤ 19, −12 ≤ k
≤ 12, −34 ≤ l ≤ 34
30 113

−16 ≤ h ≤ 16, −16 ≤ k
≤ 16, −10 ≤ l ≤ 10
9565

16 614 [R(int) = 0.0687]

2920 [R(int) = 0.0775]

99.7% (θ = 24.835°)
Semi-empirical from
equivalents
0.969 and 0.964

100% (θ = 28.685°)
Semi-empirical from
equivalents
0.977 and 0.929

Full-matrix leastsquares on F2
16 614/16/731

Full-matrix leastsquares on F2
2920/0/153

1.066
R1 = 0.1027,
wR2 = 0.2858
R1 = 0.1574,
wR2 = 0.3216
0.006(12)

1.164
R1 = 0.0550,
wR2 = 0.1190
R1 = 0.0815,
wR2 = 0.1412
0.03(2)

0.044(6)
0.840/−0.648 e Å−3

—
0.530/−0.870 e Å−3

ring) and an MDEA ligand (as the two five-membered rings),
while a bridging μ2-oxide ligand (i.e., O(5)) connects two Ti
atoms. As in the case of precursor 1, each Ti atom in precursor
3 is coordinated by three types of ligands in an octahedral
structure. Two acac ligands, as well as two MDEA ligands, are
arranged cis to each other, while the bond angle of Ti(1)–O(5)–
Ti(1A) is 168°, slightly deviating from a linear configuration.
Similar to precursor 1, the bond lengths of Ti–O (2.056 Å) in
the acac ligand are slightly longer than those in the MDEA
ligand (1.870 Å), which is caused by the CvO double-bond
character in the thd ligand and C–O single-bond character in
the MDEA ligand. The Ti–N bond length (2.371 Å) in the
MDEA ligand is comparable to those in precursor 1.
To investigate the thermal behavior of the compounds,
thermal analyses were carried out. Fig. 3 shows TGA curves for
precursors 1 through 3 obtainedunder nitrogen. A slight initial
decrease in the sample weight was observed for all three com-

This journal is © The Royal Society of Chemistry 2018
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Precursor 1

Precursor 3

Average bond lengths (Å)

Average bond angles (°)

Bond lengths (Å)

Bond angles (°)

Ti(1)–O(1) 2.038(6)
Ti(1)–O(2) 2.065(6)
Ti(1)–O(3) 1.859(5)
Ti(1)–O(4) 1.870(6)
Ti(1)–O(5) 1.778(7)
Ti(1)–N(1) 2.326(8)

O(1)–Ti(1)–O(2) 80.2(2)
O(1)–Ti(1)–O(4) 87.5(3)
O(2)–Ti(1)–O(3) 85.9(3)
O(3)–Ti(1)–O(4) 100.8(3)
O(1)–Ti(1)–O(5) 97.6(3)
O(2)–Ti(1)–O(5) 98.0(3)
O(3)–Ti(1)–O(5) 100.5(3)
O(4)–Ti(1)–O(5) 99.5(3)
O(1)–Ti(1)–N(1) 84.3(3)
O(2)–Ti(1)–N(1) 85.2(3)
O(3)–Ti(1)–N(1) 78.4(3)
O(4)–Ti(1)–N(1) 77.6(3)
O(5)–Ti(1)–N(1) 176.5(3)

Ti(1)–O(1) 2.048(4)
Ti(1)–O(2) 2.064(4)
Ti(1)–O(3) 1.866(4)
Ti(1)–O(4) 1.873(5)
Ti(1)–O(5) 1.815(1)
Ti(1)–N(1) 2.371(5)

O(1)–Ti(1)–O(2) 81.21(18)
O(1)–Ti(1)–O(4) 88.0(2)
O(2)–Ti(1)–O(3) 84.11(18)
O(3)–Ti(1)–O(4) 100.6(2)
O(1)–Ti(1)–O(5) 95.5(2)
O(2)–Ti(1)–O(5) 100.27(19)
O(3)–Ti(1)–O(5) 102.36(19)
O(4)–Ti(1)–O(5) 98.72(19)
O(1)–Ti(1)–N(1) 85.52(18)
O(2)–Ti(1)–N(1) 84.74(18)
O(3)–Ti(1)–N(1) 77.69(18)
O(4)–Ti(1)–N(1) 76.39(19)
O(5)–Ti(1)–N(1) 175.0(2)
Ti(1)–O(5)–Ti(1A) 168.6(4)

Average values of bond length and bond angle for precursor 1 were obtained from three molecules located in an asymmetric unit. Symmetry
transformations used to generate equivalent atoms for precursor 3.

Fig. 3

TGA curves of precursor 1, 2 and 3 under N2 conditions.

pounds; this likely resulted from the evaporation of solvent
molecules in each sample.
As shown in Fig. 3, precursor 1 showed a nearly single-step
evaporation curve centered at 214 °C, beyond which the compound decomposed to leave a residue that was 6.4% of the
original weight. This result indicated that precursor 1 would
be an excellent MOCVD precursor in terms of its volatility and
adequate temperature window between volatilization and
decomposition. Precursors 2 and 3 exhibited similar multistep
decomposition patterns, except for the fact that the first
weight loss was observed around 160 °C for precursor 2. Since
these two precursors are coordinated by the same types of
organic ligands (i.e., acac and MDEA), the first weight loss for
precursor 2 can be attributed to the decomposition of the isopropoxide ligand, which precursor 3 does not possess. The
second weight loss, centered between 210 and 220 °C, might
be assigned to the decomposition of MDEA ligands, while the
subsequent weight losses ranging between 250 and 600 °C
could be associated with the decomposition of the acac ligand.

This journal is © The Royal Society of Chemistry 2018

Kurajica et al. also reported a similar thermal decomposition
of acac ligands in Ca(acac)2·nH2O in the temperature range of
250–600 °C.26 The final residues for precursors 2 and 3 were
31.4 wt% and 36.9 wt%, respectively.
TiO2 thin films were fabricated by MOCVD using precursor
1 as a single-source precursor at temperatures between 400
and 800 °C. Toluene was chosen as the thermal stabilizer and
delivering solvent. Uniform, well-adhered TiO2 thin films were
deposited on the Si substrate.
Fig. 4 shows the XRD patterns of TiO2 thin films grown on
Si substrates at diﬀerent temperatures. As can be seen in
Fig. 4, the film was amorphous at 400 °C, showing only a
single peak at 33° (from the silicon substrate). The onset of
TiO2 formation was observed at 500 °C, exhibiting two major
peaks from anatase (101) and (211) and a very small peak from
rutile (110). As the temperature of the reaction chamber

Fig. 4 XRD patterns of titania thin ﬁlms prepared from precursor 1 at
400 to 800 °C (A = anatase, R = rutile).
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SEM (top, bar = 100 nm) and AFM (bottom) images of TiO2 thin ﬁlms prepared from precursor 1 at (a) 500 °C and (b) 800 °C.

increased to 600 °C, the two reflections from the anatase
phase increased in intensity and the peak from rutile (110)
became clearer. A mixture of two TiO2 phases (anatase and
rutile) was observed when the temperature was increased up to
700 °C. Kim et al. also reported a similar observation in their
studies.27 Finally, only the rutile (110) peak was observed at a
growth temperature of 800 °C.
Titanium alkoxides with three diﬀerent ligands (i.e.,
[Ti(OiPr)(MDEA)(L)] (L=acac or thd)) were synthesized as
eﬀective CVD precursors to make TiO2 thin films. The heteroleptic titanium alkoxides were synthesized by replacing two
alkoxide groups in titanium tetraisopropoxide with a bidentate
β-ketonate ligand (acac or thd) and a tridentate ligand (MDEA)
and characterized by FT-IR, NMR, TGA, and single-crystal X-ray
crystallography. Ti(OiPr)(MDEA)(acac) was found to be easily
hydrolyzed by adventitious moisture, forming the dimeric oxocompound [(MDEA)(acac)Ti]2(μ-O), while [Ti(OiPr)(MDEA)
(thd)] was relatively stable with respect to moisture and
oxygen; this is likely due to the presence of the bulky thd
ligand. Monomeric [Ti(OiPr)(MDEA)(thd)] was used as a
single-source precursor in LD-MOCVD to generate TiO2 thin
films on Si wafers between 500 and 800 °C. These films
underwent microstructural and morphological characterization using XRD, AFM, and FE-SEM (Fig. 5). The formation
of TiO2 (anatase) started at 500 °C. Up to 700 °C, a mixture of
TiO2 (anatase and rutile) was observed, while only rutile was
obtained at 800 °C. Uniform, adherent TiO2 thin films can be
successfully grown on Si substrates with morphological features that are dependent on the growth conditions.
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Conclusions
Titanium alkoxides with three diﬀerent ligands (i.e., [Ti(OiPr)
(MDEA)(L)] (L = acac or thd)) were synthesized as eﬀective CVD
precursors to generate TiO2 thin films. The heteroleptic
titanium alkoxides were synthesized by replacing two alkoxide
groups in titanium tetraisopropoxide with a bidentate
β-ketonate ligand (acac or thd) and a tridentate ligand (MDEA)
and characterized by FT-IR, NMR, TGA, and single-crystal X-ray
crystallography. Ti(OiPr)(MDEA)(acac) was found to be easily
hydrolyzed by adventitious moisture, forming the dimeric
oxo-compound [(MDEA)(acac)Ti]2(μ-O), while [Ti(OiPr)(MDEA)
(thd)] was relatively stable with respect to moisture and
oxygen; this is likely due to the presence of the bulky thd
ligand. Monomeric [Ti(OiPr)(MDEA)(thd)] was used as a singlesource precursor in LD-MOCVD to generate TiO2 thin films on
Si wafers between 500 and 800 °C. These films underwent
microstructural and morphological characterization using
XRD, AFM, and FE-SEM. The formation of TiO2 (anatase)
started at 500 °C. Up to 700 °C, a mixture of TiO2 (anatase and
rutile) was observed, while only rutile was obtained at 800 °C.
Uniform, adherent TiO2 thin films can be successfully grown
on Si substrates with morphological features that are dependent on the growth conditions.
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