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TiO, films were formed by thermal oxidation of electron-beam-evaporated and magnetron-sputtered
titanium (Ti) films. It was found that the TiO, films formed by thermal oxidation of evaporated Ti films at
450°Cwere of rutile phase, while those derived from thermal oxidation of sputtered Ti films at 450-600 °C
kept to be of anatase phase. Such different crystallization behaviors of TiO, films seem to be due to the dif-

ference between the microstructures of evaporated and sputtered Ti films. Furthermore, the mechanism
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underlying the different crystallization behaviors of TiO, films has been tentatively explored.
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1. Introduction

TiO, films have been widely applied in catalysis, solar cells,
optical and electronic devices because of their desirable optical
and electronic properties [1-4]. Generally, TiO, exhibits three crys-
tal structures, i.e. anatase, brookite and rutile. The former two
structures are thermodynamically unstable, while the latter one
is stable [5-7]. A variety of routes such as sol-gel process, sputter-
ing, electron beam evaporation, chemical vapor deposition (CVD)
and thermal oxidation have already been used to prepare TiO, films
[8-14]. Among them, thermal oxidation is relatively simple to pre-
pare TiO, films. The crystallization behaviors of TiO, films formed
by thermal oxidation of Ti films have been investigated previously.
Hass et al. found that rutile TiO; films were formed at 400-450°C
by thermal oxidation of the Ti films deposited by fast evapora-
tion under high vacuum, while anatase TiO, films were formed
by thermal oxidation of the Ti films deposited by slow evapora-
tion under poor vacuum [14]. Other research groups reported that
rutile TiO, films were formed by thermal oxidation of sputtered Ti
films at 500-550°C [15-19]. However, the mechanism for the crys-
tallization behaviors of TiO; films derived from thermal oxidation
of evaporated and sputtered Ti films has not been addressed in the
above-mentioned investigations.

In this work, we have studied the crystallization behaviors of
TiO, films formed by thermal oxidation of evaporated and sputtered
Ti films. It was found that TiO, films formed by thermal oxidation
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of evaporated Ti films at 450°C were of rutile phase, while those
derived from thermal oxidation of sputtered Ti films at 450-600 °C
kept to be of anatase phase. The possible origin of this phenomenon
has been tentatively explored.

2. Experimental

Ti films were prepared by electron beam evaporation and direct current (DC)
magnetron sputtering, respectively, on (1 00) oriented p-type polished silicon sub-
strates. Prior to being loaded into the chamber, the silicon substrates were cleaned
by the standard RCA method [20]. For the evaporation of Ti films, the chamber was
evacuated to 5 x 103 Pa and the electron beam was accelerated by a voltage of 8 kV.
~150-nm thick Ti films were evaporated on the non-heated substrates at a rate
of 0.2nm/s. For the sputtering of Ti films, the chamber was firstly evacuated to
5x 1073 Pa and then charged with argon gas at a flux of 30sccm to reach a con-
trolled working pressure of ~0.8 Pa. ~100-nm thick Ti films were sputtered on the
non-heated substrates at a rate of 0.15 nm/s using a 99.9% pure titanium target. Sub-
sequently, the deposited Ti films were oxidized at 400-600 °C for 5 h under oxygen
ambient to form TiO; films.

The crystal structures of Ti films and TiO, films were analyzed by a D/max-rA,
Rigaku X-ray diffractometer (XRD) using a Cu Ka radiation. The morphologies of
Ti films and TiO, films were analyzed by a JEM-2010 transmission electron micro-
scope (TEM) and a SIRION-100 field emission scanning electron microscope (FESEM).
Regarding the preparation of specimens for the TEM observation, the silicon sub-
strates were firstly grinded to be ~40 pm. Subsequently, an ion beam thinner was
used to drill a hole initiating from the silicon substrates. The TEM observation was
performed on the areas around the hole.

3. Results and discussion

Fig. 1(a) shows the XRD patterns of the films obtained by thermal
oxidation of evaporated and sputtered Ti films at 500 °C for 5 h. All
of the peaks in the XRD patterns 1 and 2 can be respectively indexed
into anatase and rutile TiO, phases, indicating that the evaporated
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Fig. 1. XRD patterns of the TiO, films formed by thermal oxidation of (a) as-
deposited Ti films and (b) Ti films pre-annealed at 500 °C for 2 h under a vacuum of
5 x 10~3 Pa. Thermal oxidation was performed under oxygen ambient at 500 °C for
5h. 1 and 2 denote evaporated and sputtered Ti films, respectively. A and R denote
anatase and rutile, respectively.

and sputtered Ti films were substantially transformed into TiO,
films by thermal oxidation. It can be seen from Fig. 1(a) that the
rutile and anatase TiO, films were formed by thermal oxidation of
evaporated and sputtered Ti films, respectively.

Generally, there are stresses between the deposited Ti films and
the substrates. In order to clarify the effects of stresses on the
crystallization behaviors of TiO, films formed by thermal oxida-
tion of Ti films, the evaporated and sputtered Ti films were firstly
annealed at 500 °C for 2 h under a vacuum of 5 x 10~3 Pa and then
cooled slowly in order to relax the stresses. Subsequently, such
pre-annealed Ti films were further oxidized at 500°C for 5h under
oxygen ambient. The XRD patterns for the resulting films are shown
in Fig. 1(b). The comparison between Fig. 1(a) and (b) indicates that
the pre-annealing of Ti films under the vacuum has no effect on the
crystallization behaviors of TiO, films. Accordingly, it is reasonably
believed that the stresses between the deposited Ti films and the
substrates do not substantially affect the crystallization behaviors
of TiO, films.

Fig. 2 shows the XRD patterns of the films derived from thermal
oxidation of evaporated and sputtered Ti films at 400-600°C for
5h. It can be seen that: (1) thermal oxidation of evaporated and
sputtered Ti films at 400°C just led to amorphous TiO, films; (2)
the rutile TiO, films could be formed by thermal oxidation of evap-
orated films at 450°C; and (3) thermal oxidation of sputtered Ti
films at 450-600 °C resulted in the anatase TiO films.

Thus far, it has been experimentally found that the rutile TiO,
films can be formed by thermal oxidation of evaporated Ti films
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Fig. 2. XRD patterns of the TiO, films formed by thermal oxidation of (a) evaporated
Ti films and (b) sputtered Ti films at different temperatures. A and R denote anatase
and rutile, respectively.

even at a low temperature of 450°C, while the TiO, films derived
from thermal oxidation of sputtered Ti films at 450-600 °C kept to
be of anatase phase. Moreover, the stresses between the Ti films
and substrates have been proved not to affect the crystallization
behavior of TiO; films. Then, what factors leading to the difference
between the crystallization behaviors of TiO, films derived from
thermal oxidation of evaporated and sputtered Ti films, as reported
herein, need to be further explored. In the following, based on the
investigation of the microstructures of evaporated and sputtered Ti
films and TiO, films, we have tentatively explained the crystalliza-
tion behaviors of TiO, films.

Fig. 3(a) and (b) show the TEM images of evaporated and sput-
tered Ti films. Fig. 3(a) shows that within the evaporated Ti film
quite a few Ti crystallites sized in 8-10 nm aggregate into “clus-
ters”, which are separated. On the other hand, as shown in Fig. 3(b),
within the sputtered Ti film nearly all Ti crystallites sized in 4-5 nm
amalgamate. The insets of Fig. 3(a) and (b) show the selective area
electron diffraction (SAED) images taken on the evaporated and
sputtered Ti films, respectively. Both SAED patterns can be indexed
into hexagonal phase. Note that the brightest rings in the SAED pat-
terns for the evaporated and sputtered Ti films correspond to (00 2)
and (100) planes, respectively. Fig. 3(c) shows the XRD patterns of
evaporated and sputtered Ti films. It can be seen that the most sig-
nificant peaks in the XRD patterns of evaporated and sputtered Ti
films correspond to (002) and (100) planes, respectively, which
are manifested by the brightest rings in the corresponding SAED
patterns, as mentioned above. It should be pointed out that other
indexed planes in the SAED patterns shown in Fig. 3(a) and (b) are
not revealed in the XRD patterns, which is most likely due to the
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Fig. 3. TEM images of (a) evaporated and (b) sputtered Ti films, the insets show the selective area electron diffraction (SAED) images of evaporated and sputtered Ti films,

respectively. (c) XRD patterns of evaporated and sputtered Ti films.

fact that the evaporated and sputtered Ti films were too thin. More-
over, the diffraction peaks in the XRD pattern for the evaporated Ti
film are broader than those for the sputtered Ti film, as shown in
Fig. 3(c). This indicates that the sputtered Ti films were crystallized
better than the evaporated ones.

Fig. 4(a) and (b) show the SEM images of the evaporated and
sputtered Ti films, respectively. The comparison between Fig. 4(a)
and (b) reveals that the sputtered Ti film is denser than the evap-
orated one. Moreover, the Ti particles sized in ~5nm within the
sputtered film are smaller than those sized in ~10 nm within the
evaporated one. Fig. 4(c) and (d) show the SEM images of the TiO,
films formed by thermal oxidation of evaporated and sputtered Ti
films at 500°C for 5 h, respectively. It can be seen that the TiO, film
derived from sputtered Ti film is much denser and possesses much
smaller grains with respect to that derived from evaporated Ti film.
The difference between the microstructures of TiO, films, as men-
tioned above, is most likely due to the different microstructures of
the evaporated and sputtered Ti films. Although the different crys-
tallization behaviors of TiO; films, as mentioned above, have not
been essentially understood, we will tentatively give a phenomeno-
logical explanation as below.

Regarding the oxidation of Ti films, on a microscopic scale,
it firstly occurs on the surface and boundary of each Ti grain
[21,22]. After sufficient oxidation, each Ti grain is transformed
into a TiO, crystallite. Therefore, in a way, the Ti grains can be
regarded as the nuclei for TiO, crystallites. It should be noted
that the molar volume of TiO, is larger than that of Ti. Conse-

quently, the stresses will generate during the oxidation of Ti. On the
other hand, for TiO,, rutile is thermodynamically stable relative to
anatase by AGpyk~ 67 kJ/mol [23]. However, the resulting phase
of TiO, depends on the temperature and even the grain/particle
size [6,23]. Overall, at temperatures lower than 600°C, anatase
TiO, readily forms; while, rutile TiO, forms at higher tempera-
tures. Zhang et al. have investigated the phase transformation for
TiO, nanoparticles. Their thermodynamic analyses and experimen-
tal investigations have proved that at appropriate temperatures
the crossover in phase stability occurs around a critical particle
size (D¢~ 10-15nm) [23-25], that is, rutile forms above D. while
anatase is stable below D. due to the surface contribution. Based
on their results, we can preliminarily understand the crystalliza-
tion behaviors of TiO, films derived from oxidation of Ti films, as
reported herein. As for the evaporated Ti films, the grains are rela-
tively large (~10 nm, see Figs. 3(a) and 4(a)). Therefore, the resulting
TiO, grains are relatively large (~50 nm, see Fig. 4(c)). Moreover, the
grains within the evaporated Ti film are not adjoined each other
(see Fig. 3(a)), which facilitates the relief of stresses arising from
the oxidation of Ti grains and therefore the growth of TiO, grains.
Therefore, according to the thermodynamic analysis performed by
Zhang et al. [6,21-24], rutile TiO, can form. Regarding the sputtered
Ti films, the grains are much smaller (~5 nm, see Figs. 3(b) and 4(b))
and most of them join each other. Therefore, the resulting TiO,
grains are small. Moreover, there are no substantial spaces for the
TiO, grains to coarsen. In this case, the surface energies of TiO,
grains increase significantly to be favorable for the formation of
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Fig. 4. SEM images of (a) evaporated Ti film, and (b) sputtered Ti film, (c) and (d) TiO, films respectively derived from thermal oxidation of evaporated and sputtered Ti films.

anatase [26]. It should be stated that in-depth understanding of
the crystallization behaviors of TiO; films prepared by oxidation of
sputtered and evaporated Ti films needs more elaborate investiga-
tions.

4. Conclusions

The crystallization behaviors of TiO, films formed by thermal
oxidation of evaporated and sputtered Ti films have been inves-
tigated. It was found that the TiO, films resulting from thermal
oxidation of evaporated Ti films at 450°C were of rutile phase,
while those generated by thermal oxidation of sputtered Ti films
at 450-600°C kept to be of anatase phase. Such different crystal-
lization behaviors of TiO, films are most likely due to the different
microstructures of evaporated and sputtered Ti films. According to
the basic idea of previously reported thermodynamic analysis on
the phase transformation of TiO, nanoparticles, we have tentatively
explored the underlying mechanism for the different crystallization
behaviors of TiO, films.
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