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High Temperature Stability of Anatase Films Prepared by MOCVD

Rong Tu and Takashi Goto

Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

Highly thermally stable anatase films were prepared by metal-organic chemical vapor deposition (MOCVD) using Ti(O-i-Pr),(dpm), as
precursor. The effect of heat treatment on the microstructure, transmittance, optical band gap and refractive index of anatase films was
investigated. Anatase films in a single phase were obtained at T, (substrate temperature) < 723 K. By heat-treating the anatase film at 1273 K,
no phase transformation was observed without changing the transmittance and optical band gap, whereas the refractive index increased. A small
amount of rutile phase was identified in the anatase film by heat-treating at 1323 K. The anatase films transformed into rutile in a single phase by

heat-treating at 1373 K, resulting in a decrease in transmittance and optical bandgap and an increase in refractive index.
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1. Introduction

Among the polymorphisms of titanium oxide (TiO,), i.e.,
anatase, rutile and brookite, the anatase phase has excellent
photocatalytic? and self-cleaning activities.”? The anatase
would generally transform into rutile around 1000 K resulting
in a decrease of photocatalysis.?’ Therefore, it is advanta-
geous to prepare thermally stable anatase hardly transforming
to rutile.

Anatase films have been commonly prepared by sol-gel, ¥
sputtering,” evaporation® and CVD.”® It is known that the
transformation temperature from anatase to rutile (7ar)
would strongly depend on the preparation processing and
their conditions.” An anatase film prepared by sol-gel trans-
formed into rutile at 1000K,'®'D and that prepared by
sputtering transformed at 1123 K.'? On the other hand, the
Tar of anatase films and particles prepared by MOCVD are
generally higher than those by sol-gel and sputtering. The
anatase particles synthesized by CVD using titanium tetra-
butoxide (TTB) slightly transformed into rutile between 1073
and 1173 K'3!® whereas those prepared by using titanium
tetraisopropoxide (TTIP) transformed at 1173 to 1273 K.” It
is known that the Tar may depend on impurity, typically
carbon, in the anatase particles,ls) and therefore, it is critical
to choose appropriate deposition conditions and a precursor
to obtain anatase film with high Txgr. In the present study, we
have used Ti(O-i-Pr),(dpm), and studied the effect of
deposition conditions on the crystal phase and microstructure
of TiO; films, and then investigated the phase transformation
behavior from anatase to rutile.

2. Experimental

A vertical cold-wall type CVD reactor was used to prepare
TiO, film.'® A source precursor of Ti(O-i-Pr),(dpm),
(bis-dipivaloylmethanato diisopropoxy titanium, Ti(OCH-
(CH3)2)2(0,C3H(C4Hy),)2) was vaporized at 423K, and
carried with Ar gas into the CVD reactor. O, gas was
separately introduced by using a double tube nozzle, and
mixed with the precursor vapor in a mixing chamber placed
above a substrate holder. Fused quartz glass plates (10 by 15
by 1 mm) were used as substrates. The total pressure in the

Table 1 Deposition conditions of TiO, film by MOCVD.
Evaporation temperature of precursor, 7r;/K: 423
Substrate temperature, Ty, /K: 573-1173
Total pressure in chamber, Py /kPa: 0.6-1.0
Deposition time, #gep/Ks: 0.9
Flow rate of oxygen, FRo,/1077 m?s™!: 16.67
Flow rate of Argon, FRx,/10~" m?s™!: 16.67
Flow rate of total gas, FRy,/10~7 m?s~!: 33.33

CVD reactor (Py,) was controlled between 0.6 to 1.0kPa.
The substrate temperature (7g,,) was changed from 573 to
1173 K. The preparation conditions were summarized in
Table 1. The anatase films were heat-treated at 1073 to
1373 K in air for 10.8 ks. The crystal structure was studied by
X-ray diffraction (XRD). The microstructure and thickness
of films were examined by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The
transmittance was measured by a UV-VIS-NIR scanning
spectrophotometer (Shimazu UV-3101PC) in the range of
200 to 2000 nm. The refractive index was measured by an
ellipsometer (Gartner L116BLC-310) at a fixed wavelength
of 632.8 nm.

3. Results and Discussion

Figure 1 depicts the X-ray diffraction patterns of TiO,
films deposited at Py = 0.8 kPa and Ty, = 723 to 1073 K.
At Ty, = 723 K, anatase TiO, films in a single phase with
(004) orientation were obtained (Fig. 1(a)). At Ty, = 873K,
rutile TiO, films were obtained in a single phase with (200)
orientation (Fig. 1(b)). At Ty, = 1073 K, mixtures of non-
oriented rutile and anatase films were obtained (Fig. 1(c)).
Generally, the preferred orientation of film in CVD would
be related with the mobility of atoms and the surface energy
of crystal plane, and could be explained as follows. The
mobility of atoms is low at low Ty, and then the crystal
plane with relatively low atom-packing density might form
easily. On the other hand, if the atoms have high mobility at
high Ty, they can move to a stable site. Thus, the crystal
plane with the lowest surface energy would be preferentially
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Fig. 1 X-ray patterns of TiO, films prepared at T4, = 723 (a), 873 (b)
and 1073K (c).

grown at high Tg,,. The (004) plane of anatase has a low
atom-packing density!” whereas the (101) is the lowest
surface energy plane.'® Then, the preferred orientation of
anatase TiO, films might change from (004) to (101) with
increasing Typ. The (200) of rutile has a low atom-packing
density and the (110) of rutile is the lowest surface energy
plane.'” Then, the preferred orientation of rutile TiO, films
would change from (200) to (110) with increasing T,. These
trends are well coincide with the experimental results shown
in Fig. 1.

Figure 2 depicts the effects of Ty, and Py on the crystal
phase of TiO; films. At Ty > 973 K, the TiO, films were
mixtures of anatase and rutile. Rutile TiO, films in a single
phase were obtained at Ty, = 873K and Py = 0.6 to
0.8kPa. At Typ between 723 and 873 K, the TiO, films
became again mixtures of anatase and rutile. Anatase TiO,
films in a single phase were obtained between 600 and 723 K.
No films were formed at Ty, < 600 K.

Figure 3 demonstrates the effect of Ty, on the deposition
rate (Ryep) in the Arrhenius format. The Rgp increased with
increasing Ty, and then became almost constant or slightly
decreased, showing a maximum Rgyep (30 um h™!) at Typ =
973K and Py = 0.6 kPa. The Ry, of the rutile TiO, films in
a single phase was about 20 umh~', which was almost the
same as that reported by Krumdieck et al. (Rgep =20 to
25umh™").2Y On the other hand, the Rg.,, of the anatase TiO,
films in a single phase was about 1umh~! that was higher
than the value (0.4 umh™") reported by Kim et al.®

Figure 4 depicts the surface and cross-sectional SEM
image of TiO, films prepared at Py, = 0.8kPa and Ty, =
723 to 1073 K. The anatase TiO, film obtained at 723 K
showed a fine needle-like surface (Fig. 4(a)) with a dense
cross-section (Fig. 4(b)). The grain size was about several
10nm. The rutile TiO, film obtained at 873 K had a pebble-
like surface about 200 nm in grain size (Fig. 4(c)) and well-
developed columnar cross-section (Fig. 4(d)). A high mag-
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Fig. 4 Surface and cross-section of TiO, films prepared at Ty, = 723 (a), (b), 873 (c), (d) and 1073 (e), (f).

nification TEM image revealed many pores about 10 nm in
diameter in the columnar grains. We have reported that
a large amount of pores about 10nm in diameter were
contained in columnar grains of yttria stabilized zirconia
(YSZ) films prepared by MOCVD and laser-assisted
CVD.?!?? The pores in nano-meter size tended to form in
films prepared at a high deposition rate around several 10
to several 100umh~"'. The columnar structure would form

due to a low mobility of atoms particularly to transverse
direction. The lack of mobility might therefore result in the
nano-sized porous micro-texture. The TiO, films prepared
at 1073 K were mixture of anatase and rutile, and had a
cauliflower-like surface about 100nm in grain size with
coarse columnar cross-section. Further study should be
conducted to understand the formation mechanism of the
nano-sized pores.
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Fig. 5 Surface SEM images of anatase TiO, films after heat-treatment at 1323 (a) and 1373 K (b) in air for 10.8 ks.

Figure 5 shows the surface SEM images of the anatase
TiO, film prepared at Py, = 0.8 kPa and Ty, = 723K after
heat treated at 1323 to 1373 K. The TiO, film heat-treated at
1323K had a granular microstructure about 100nm in
diameter, and cracks of several 10 nm in width (Fig. 5(a)).
The anatase TiO; film heat-treated at 1373 K changed to a
cracked dense plate-like surface about 1 to 2 um in size, and
the cracks were several 100nm in width (Fig. 5(b)). The
surface of anatase TiO, films heat-treated at below 1273 K
showed almost no change.

Figure 6 shows TEM images of anatase TiO, films
prepared at Py = 0.8kPa and Ty = 723K after heat-
treated at 1273 to 1373 K. As-deposited anatase TiO, film
had a dense microstructure with granular grains about 5 nm in
diameter (Fig. 6(a)). The anatase TiO, film heat-treated at
less than 1273 K showed almost no grain growth, and many
gaps about 2nm in width were observed (Fig. 6(b)). The
anatase TiO, film heat-treated at 1373 K showed a uniform
microstructure and no granular grains (Fig. 6(c)).

Figure 7 shows XRD patterns of anatase TiO, film
prepared at Py = 0.8kPa and Ty, = 723K after heat-
treated at 1273 to 1373 K. As-deposited anatase TiO, film
had a significant preferred orientation of (004) as shown in
Fig. 1(a). With increasing the heat-treatment temperature,
the (004) peak of anatase TiO, became sharper and the (101)
peak intensity of anatase TiO, decreased. The anatase TiO,
films heat-treated at less than 1273 K showed no phase
transform to rutile (Fig. 7(a)—(c)). A rutile phase was
detected after heat-treated at 1323 K (Fig. 7(d)). The trans-
formation temperature (Tar) of anatase TiO, films prepared
by TTIP was around 1173 to 1273K,” whereas that of
anatase TiO, films prepared by TTB was 1073 to 1173 K.'¥
The Tagr of anatase TiO, films prepared by Ti(O-i-Pr),(dpm),
in the present study was 1323 to 1373 K, much higher than
those reported values. The anatase TiO, film heat-treated at
1373K transformed to rutile with a strong (110) peak
(Fig. 7(e)). Although the (110) peak is the highest in the
XRD profile of rutile in International Centre for Diffraction
Data,?® other peaks were much less than those of the card,
implying preferred (110) orientation. The (004) plane of

anatase TiO, has a specific relationship with the (110) plane
of rutile TiO; as depicted in Fig. 8.

Figure 9 shows the optical transmittance (O,) of the
anatase TiO, films prepared at Py =0.8kPa and
Tswn = 723 K after heat-treatment at 1073 to 1373 K. The
heat-treated anatase TiO, film showed an absorption edge at
around a wave length (1) of 300nm. The O, of the as-
deposited anatase TiO, film was 60 to 80% at 4 > 400 nm
having the highest O; of 78% at A =550nm. The O
increased with increasing heat-treatment temperature from
1073 to 1273 K. The anatase TiO, film heat-treated at 1173 K
had the highest O, over 90% at 1 = 450 nm. However, the O,
of the films at 7, = 1323 to 1373 K slightly decreased in the
visible light range, and the absorption edge shifted to higher
A. The optical bandgap (E;) can be obtained from the
relationship (o = ao(E — Eg)2)24’25) between absorptance
(e = 1/0,) and photon energy (E = hv). The E, of the as-
deposited was 3.27 eV, almost the same as that heat-treated at
1073 to 1173 K. The E, of the anatase TiO, film heat-treated
at 1273 K decreased to 3.17¢eV, and further decreased to
3.05eV heat-treated at 1323 K. It is known that optical
bandgap of anatase and rutile TiO, are 3.25eV and 3.0 to
3.05eV,*?% respectively. Mardare et al. reported that the E,
of anatase TiO, film prepared by RF sputtering was 3.20 to
3.25 eV, and that of anatase-rutile mixture TiO, film was 3.11
to 3.15eV.?> Won et al. reported that the E, of anatase TiO,
film prepared by CVD was 3.5eV. The anatase TiO, film
heat-treated at 1073 K showed no phase transformation, and
a slight transformation was identified by heat-treating at
1173K resulting in the decrease of E, to 3.2eV.” In the
present study, the Tag of 1323 K was higher than those
prepared by conventional sputtering and CVD.

Figure 10 shows the effect of heat-treatment temperature
on the change of refractive index (n) of anatase TiO, film
prepared at Py = 0.8kPa and Ty, = 723K. The heat-
treatment temperature less than 1273 K caused no trans-
formation, whereas that at more than 1323 K yielded in a
mixture of anatase and rutile TiO,, or rutile TiO; in a single
phase. The n of as-deposited anatase TiO, film was 2.36 and
increased with increasing heat-treatment temperature. The n



2044

(b)

(©)

rutile

v

Fig. 6 Cross-sectional TEM images of anatase TiO, film (a) and that heat-
treated at 1273 (b) and 1373 K (c) in air for 10.8 ks.

of the anatase TiO, film heat-treated at 1273 K increased to
2.58. This may be caused of the grain growth by the heat
treatment. The crystallite size of as-deposited anatase TiO,
film calculated from the Scherrer’s equati0n27) was 8 nm, and
increased to 12 nm by heat-treating at 1273 K. The n of the
mixture of anatase and rutile TiO, film heat-treated at 1373 K
increased to 2.72. The n of anatase and rutile TiO, are known
as 2.5 and 2.7,”® respectively. Won et al. reported that the n
of anatase TiO, film prepared by MOCVD was 2.0 at
A = 623 nm, and increased to 2.4 and 2.6 by heat-treating at
1073 and 1273 K.” respectively. They explained that the
increase in n of anatase TiO, film heat-treated at 1073 K was
resulted from the increase in density, whereas that at higher
heat-treatment temperature would be caused of the trans-
formation.” The n and TR in the present study were higher
than those reported by Won et al.

R. Tu and T. Goto
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Fig. 7 X-ray patterns of anatase TiO; films after heat treatment at 1073 (a),
1173 (b), 1273 (c), 1323 (d) and 1373 K (e) in air for 10.8ks.
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Fig. 8 Crystal structures of anatase (a) and rutile (b).

Figure 11 shows the transformation temperature from
anatase to rutile (Tagr) comparing to those in literatures.
The anatase films prepared by sol-gel were reported to be
transformed to rutile in between 873 and 1073 K.2*-3D
The Tar of the films prepared by sputtering was 1023 to
1173 K.3233 The anatase films prepared by CVD had higher
Tar than those prepared by sol-gel and sputtering, around
973 to 1273 K. Furthermore, the anatase film in the present
study had the highest Tag from 1323 to 1373 K. Kim et al.
reported that the Thgr of anatase particles synthesized by
CVD using TTIP was ranged between 1073 and 1173K;
where the higher carbon content the lower Txr. However, the
amount of carbon content was not determined." In the
present study, the carbon content in the anatase films
prepared by using Ti(O-i-Pr),(dpm), was about 3 mol%
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according to Auger electron spectroscopy. Although the
precise determination of carbon content is commonly
difficult for films, the amount of 3mol% carbon in the
anatase film is rather low comparing with other processes
such as sol-gel. The low content reasons for the high Tagr in
the present study would be associated with the high Tar of
the present anatase TiO, films. The photocatalytic property
of the anatase TiO, films will be reported elsewhere.

4. Conclusions

Anatase and rutile TiO, films in a single phase were
prepared by MOCVD using a Ti(O-i-Pr),(dpm), precursor.
The anatase TiO, film in a single phase was obtained at
Ten < 723K and Pyt = 0.6 to 1.0kPa, and the rutile TiO,
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film in a single phase was obtained at Ty, = 873K and
Py, = 0.6 to 0.8 kPa. The morphology of TiO; films changed
from a needle-like to caulifiower-like surface and dense to
coarse columnar cross-section with increasing Tgy. The
anatase film showed no transformation by heat-treating less
than 1273 K, and then transformed to rutile TiO, by heat-
treating at 1373 K. The transformation temperature of the
anatase TiO, film was 1323 to 1373 K, the highest in the
literatures. The transmittance and optical bandgap of anatase
films showed almost no change by heat-treating less than at
1273 K, whereas the refractive index increased from 2.36 to
2.58. The refractive index of the TiO, films increased from
2.58 to 2.72 with increasing heat-treatment temperature from
1273 to 1373 K, due to the transformation.
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