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Titanium dioxide (TiQ,) thin films were deposited on Si(100) substrates with RF magnetron sputtering, and variations of their
structural and surface characteristics with sputtering process condition were investigated. TiO, films were grown as a
polycrystalline state with mixed phase of anatase and rutile at room temperature. The grain size and surface roughness
decreased with increase of O, gas molar ratio in ambient mixed gas of Ar and O, during film deposition. XPS results showed
the chemical state and stoichiometry did not strongly depend on Ar/O, ratio in ambient gas. The water contact angle of the
film surface became larger as the grain size and surface roughness of the film decreased. It is considered that hydrophilicity
of the TiO, film depend mainly on surface morphology and roughness rather than crystalline structure and chemical state of
the film.
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Introduction sputtering [21,22]. They have different crystalline
structures and wide variation of properties according to

TiO, is one of the most actively investigated oxide the preparation methods and process conditions. Among
thin films because of its high refractive index, high various fabrication methods of TiO, thin films, RF
dielectric constant, and optical transmittance in the magnetron sputtering is one of the most adequate to
visible light and near-infrared region [1-3]. It has attracted industrialize, because it is easy to deposit crystalline
a lot of interest for a wide range of applications, such thin films at lower temperatures, easy to control the
as optical coatings [4, 5], dye-sensitized solar cells [6], film stoichiometry, and able to obtain coatings that
photocatalysts [7], and capacitors for ultralarge-scale have high density and high thickness uniformity over a
integrated (ULSI) devices [8]. Since the discovery of large area. Deposition and evaluation of TiO, films by
the photocatalytic decomposition of water on TiO, [9], RF magnetron sputtering have been extensively carried
the photocatalytic properties and self-cleaning effect of out with variations in sputtering process parameters
TiO, thin films have been studied intensively [10-12]. [23-25]. However, few experiments have been made on
They can also be used as an antibacterial coating for sputter deposition of TiO, thin films while varying the
solar cells, exterior parts of automobiles, and outer ratio of Ar and O, gases over a wide range. The variations
walls of buildings using the photocatalytic properties. of the ratio of constituent gases in gas atmosphere can
However, systematic studies on the physical properties change the crystalline and surface structures, which in
of TiO, thin films with various crystal structures and turn can change the physical properties of TiO, thin
surface characteristics are insufficient. films in a very wide range.

TiO, films can be prepared by various methods, such In this study, TiO, thin films were deposited by RF
as electron beam evaporation [13], sol-gel process [14], magnetron sputtering with variation of the partial molar
the ion beam technique [15], chemical vapor deposition ratio of Ar and O, in the ambient gas, and their hydrophilic
[16], metal-organic chemical vapor deposition (MOCVD) properties were investigated according to the crystal
[17], plasma-enhanced chemical vapor deposition structure, surface morphology, and chemical state and

(PECVD) [18], pulsed laser deposition [19], reactive composition.
sputtering [20], and radio frequency (RF) magnetron
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as a source material. The substrate was ultrasonically
cleaned successively in acetone, isopropyl alcohol, and
deionized water each for 5 minutes, and then dried by
blowing N, gas. After the cleaning, the substrate was
placed on the sample holder facing the target at a fixed
distance of 50 mm in a vacuum chamber. The sputter
chamber was evacuated using a turbomolecular pump
aided with a rotary pump to a base pressure less than
5x 107 Torr. After reaching the targeted degree of
vacuum, Ar and/or O, gas were/was introduced into the
chamber using a mass flow controller at a flow rate of
10 sccm in total and kept at 5 mTorr as the working
pressure. The degree of vacuum was measured using a
Pirani gauge and penning gauge and the ambient
pressure in the chamber was adjusted using a main
valve. Before the deposition of the samples, the pre-
sputtering was performed for 5 minutes, while the
shutter being closed, to remove contamination on the
target surface and to stabilize the plasma state. After
the deposition of each film, the RF power was turned
off and the substrate was naturally cooled down to less
than 100 °C in the chamber. The film deposition was
carried out with the variation of the relative ratios of Ar
and O, gas flow rate while keeping the total inflow of
the reaction gas constant. Details of the sputtering
conditions for the TiO, film deposition are summarized
in Table 1.

The thickness of the prepared TiO, thin film was
determined by the surface profilometer (Sloan, DEKTAK
3030). The crystal structure of the thin film was evaluated
by an X-ray diffractometer (XRD, Rigaku, D/MAX
2550V) with CuK, radiation under an applied voltage
of 40 kV, a current of 100 mA, and an incident angle of
1° in the range of 10-80°. The surface morphology of
the film was measured by a high resolution field emission
scanning electron microscope (FE-SEM, Hitachi, S-
4700) and an atomic force microscope (AFM, PSI,
XE-100). The chemical composition and state were
characterized by an X-ray photoelectron spectrometer
(XPS, ThermoFisher Scientific, K-ALPHA+). In order
to evaluate the hydrophilicity of the surface of the thin
film, the contact angle with water droplet was measured
using a contact angle analyzer (SEO 300, Phoenix 300
Touch) in the as-deposited state.

Table 1. Sputtering conditions for TiO, thin film deposition.

Deposition parameters Conditions
Substrate Si(100)
Substrate temperature R.T.
RF power 150 W
Ar/O, gas ratio (sccm) 10/0, 7.5/2.5, 5/5, 2.5/1.5, 0/10
Ambient gas pressure 5 mTorr
Target-substrate distance 50 mm

Results and Discussion

Fig. 1 shows the deposition rate of the TiO, thin
films according to the partial molar ratio of O, gas
when the flow rates of Ar and O, are relatively changed,
while the total inflow of the ractant gases to the vacuum
chamber is fixed at 10 sccm. When the molar ratio of
O, is 0, that is, when the flow rates of Ar and O, are 10
sccm and 0 sccm, respectively, the deposition rate of
the TiO, thin film is the largest, and the deposition rate
of the film gradually decreases as the molar ratio of O,
increases. It is considered that the growth rate of the
TiO, film decreases with increase of O, in the mixed
reactant gas because the sputter yield of Ar is relatively
larger than that of O, due to the mass difference
between Ar and O, [26]. When an inert gas such as Ar
is used as a discharge gas, most of the Ar ions diffuse
back into the space after colliding with the atoms on
the target surface, while there is a possibility of sticking
in the case of other reactive ions such as O,.

Fig. 2 shows the XRD results of the TiO, films deposited
on the Si(100) substrates at room temperature. All of
the films were grown in polycrystalline structure and
showed mixed state of rutile phase and anatase phase.
When the gas atmosphere was Ar only, most of the
crystalline structure was anatase phase. However, the
portion of rutile phase, as intensity of R(110) peak
represents in Fig. 2, was gradually increased as the
amount of O, in the mixed gas was increased. The
relative intensities and positions of main diffraction peaks
of crystalline planes of TiO, films were consistent with
those of the polycrystalline TiO, powder. TiO, is a wide
band-gap oxide which exists in one of three crystalline
polymorphs: anatase (tetragonal), rutile (tetragonal),
and brookite (orthorhombic) [27]. It is reported that the
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Fig. 1. Deposition rate of TiO, thin films with variation of O, gas
molar ratio in ambient gas.
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Fig. 2. XRD patterns of TiO, films deposited on Si(100) substrates at room temperature with variation of O, gas molar ratio. A and R

indicates the anatase and rutile phase, respectively.

anatase phase is formed at a low temperature less than
300 °C, and its photocatalytic property is the most
excellent among the three phases [28]. In our results,
the growth rates of TiO, films decreased as the amount
of O, in the mixed gas increased as shown in Fig. 1.
The decrease of growth rate may result in higher
crystallinity of thin films because the atoms adsorbed
onto the film surface have long enough time to migrate
on stable lattice sites. Therefore, the rutile phase, which
is known to be the most thermodynamically stable
structure among the three phases [29], was gradually
grown as the amount of O, in the mixed gas was
increased. It is also known that amorphous TiO, films
are obtained on unheated substrates, however,
polycrystalline films were obtained in this study. The
deposition of crystalline TiO, films at room temperature
is promising because it could extend the range of TiO,
film applications. It is well known that plasma atmophere
during RF magnetron sputtering contains high-energy
particles such as secondary electrons that bombard the
film or the substrate, causing them to heat up. There is
possibility that the plasma particle bombardment induced
the modification of film structure to cause the crystalline
film be formed on unheated substrate.

Fig. 3 shows a photograph of the surface morphology
of the TiO, thin films observed with an AFM over an
area of 3 um X 3 pum according to the molar ratio of O,
gas when the ratio of Ar and O, in the reactant gas is
relatively changed. When the molar ratio of O, gas was
0, the surface of the TiO, film was the roughest and the
surface roughness of the TiO, film decreased as the
molar ratio of O, was increased. The surface roughness
(Ra) measured in the area of 3 um x 3 pm was 10.9

nm, 2.3 nm, 2.2 nm, 1.7 nm, and 1.5 nm when the
partial molar ratio of O, gas was 0, 0.25, 0.5, 0.75, and
1.0, respectively. The grain size of the TiO, film was
the largest when the molar ratio of O, gas was 0 and
that of the TiO, film gradually decreased as the molar
ratio of O, became larger. As a result of observation of
the cross-sectional shape of the TiO, thin films by FE-
SEM, it was found that all of the films deposited by
varying the molar ratio of Ar and O, gas grew to a
columnar structure.

We carried out an XPS analysis to analyze the
chemical state and the stoichiometry of the TiO, thin
film surface when the ratio of Ar to O, in the mixed gas
was relatively changed. In principle, the stoichiometry
of thin films may affect the film structure such as
crystallinity, film density, surface morphology as well
as physical properties such as optical transmittance,
refractive index, resistivity, etc. Figure 4 shows the
Ti2p and Ols binding energy spectra according to XPS
analysis of the TiO, films deposited on a Si(100)
substrate when O, gas molar ratio was 0. All binding
energy values were calibrated with that of Cls, i.e.,
284.6 eV, and the sensitivity factors used for quantitative
analysis were 4.415 for Ti2p3, and 2.881 for Ols.
Since the contamination of the adsorbed oxygen and
carbon on the as-deposited film surface reduces the
Ti2p and Ols peak intensities, each sample was
subjected to Ar ion etching for 1 minute and then XPS
analysis was performed. Any change in peak position
and chemical shift were not observed by Ar ion
etching, as already has been reported in TiO, films
[30]. In Fig. 4, the two peaks at 459 eV and 464.6 eV
correspond to the Ti2p3 and Ti2p1 binding energies in
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Fig. 3. AFM images of TiO, thin films deposited on Si(100) substrates with variation of O, gas molar ratio. (a) O,/(Ar+0,) = 0, (b) O,/
(Ar+0,) = 0.25, (c) Oo/(Ar+0,) = 0.5, (d) O/(Ar+0,) = 0.75, () Oo/(Ar+0,) = 1.
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Fig. 4. XPS spectra of a TiO, film deposited on Si(100) substrate at room temperature, RF power of 150 W, ambient gas pressure of 5 mTorr,
and O, gas molecular ratio O,/(Art0,) = 0. (a) Ti2p1 and Ti2p3 spectra, (b) Ols spectra. The lower peak O1sB indicates the spectrum
originating from adsorbed oxygen.
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Table 2. Summary of XPS surface analysis results for TiO, films deposited with variation of Ar/O, gas ratio.

Ar/O, gas ratio

(scem) Ti2p3 OlsA OlsB

Atomic Percent Adsorbed oxygen

T o (%) O/Ti

10/0 458.99 530.2 531.62
7.5/2.5 458.99 530.19 531.51
5/5 459.08 530.29 531.75
25/7.5 458.92 530.13 531.57
0/10 458.87 530.12 531.7

31.35 58.04 10.61 1.85
31.58 57.07 11.35 1.81
31.10 58.87 10.03 1.89
31.71 59.39 8.90 1.87
30.63 59.82 9.55 1.95

TiO,, repectively. The O1sA peak at a small binding
energy of 530.2 eV corresponds to that of the TiO, thin
film, while the O1sB peak at large binding energy of
531.6 eV corresponds to that of oxygen adsorbed on
the surface [31]. The content of Ti and O in the surface
of the TiO, film was calculated from the area surrounded
by the curve fitting and the base line and summarized
as shown in Table 2.

In Table 2, the values of O/Ti represent the ratios of
oxygen to titanium in TiO, films, i.e., the values of 2-x
in TiO,.. The values of O/Ti showed a stoichiometric
ratio from 1.85 to 1.95 with variation of Ar/O, ratio in
the mixed gas. The XPS results indicate that the TiO,
thin film grown in the O, only atmosphere has the
closest chemical composition to the stoichiometry. The
other TiO, films, however, have a composition with a
slight oxygen deficiency. With the exception of the film
grown in O, gas only, the O/Ti ratio of the TiO, films
did not show strong dependence on the O, gas ratio in
the mixed gas. It can be expected that the deposited
TiO, films assume the n-type semiconductor characteristics
because of the non-stoichiometric composition lacking
oxygen atom relative to titanium.

The contact angle of the TiO, thin film with a water
droplet was measured to investigate the hydrophilic
properties of the TiO, film surface according to the
surface morphology and chemical state of TiO, film
surface. Fig. 5 shows the measured result of the contact
angle of the TiO, films with the water droplet
according to the change of the relative ratio of Ar and
O, gas in the atmosphere mixed gas during the sputtering.
The contact angle measurement was performed on the
as-deposited TiO, films on Si(100) substrate. The contact
angles of the TiO, films in the as-deposited state were
less than 90°, showing a hydrophilic nature. The
contact angle of the TiO, thin film with water droplet
was increased as the molar ratio of O, gas was
increased. That is, as the surface roughness and the
grain size of the TiO, thin film surface became smaller,
the hydrophilicity tended to decrease. This tendency of
decrease of hydrophilicity with decrease of surface
roughness is consistent with that of the previous results
obtained in TiO, films [32, 33]. It is also probable that
the contact angle of the TiO, thin film increased a little
with O, partial pressure increase because the rutile
phase fraction increased with O, partial pressure, as
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Fig. 5. Variation of water contact angle for the surfaces of TiO,
thin films deposited on Si(100) substrates according to variation of
O, gas molar ratio.

shown in Fig. 2. On the other hand, assuming a
homogeneous wetting state in which there is no air
layer between the liquid droplet and the solid surface
and the solid and the liquid entirely contact each other,
the relationship between the surface roughness and the
contact angle can be expressed by the following
equation according to Wenzel's model [34].

cosfy, = r-cosf (1)

where, 6,, is the contact angle of the uneven surface, 6
is the contact angle of the planar state, and r is the
surface roughness factor. According to Wenzel's model,
for the TiO, films in the as-deposited state, which has a
high surface energy, the contact angle becomes smaller
as the surface roughness of the film becomes higher.
In contrast, if the intrinsic water contact angle becomes
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larger than 90° by lowering the surface energy of the
TiO, thin film, for example, by water-repellency treatment,
the contact angle will increase as the surface roughness
increases. In this study, the relationship between surface
roughness and contact angle in as-deposited TiO, films
is in good agreement with Wenzel's theory.

On the other hand, if we compare the contact angle
measurement results of Fig. 5 with XRD results of Fig.
2, the crystal structure and the orientation of the TiO,
films seem to not largely affect the hydrophilicity of
the TiO, film surface. In addition, as shown in the XPS
analysis results of Table 2, the ratio of Ar to O, gas in
the mixed gas does not strongly affect the chemical
bonding state or the stoichiometric ratio of the TiO, thin
films. Therefore, it is considered that the hydrophilicity
of the TiO, thin film depend more strongly on the
surface morphology such as the surface roughness and
grain size than the chemical state or stoichiometry of
the thin film surface.

Conclusion

TiO; thin films were deposited on Si(100) substrates
by RF magnetron sputtering with the variation of the
ratio of Ar and O, gas in the mixed gas. The effects of
process conditions on the deposition rate, crystal
structure, surface morphology, chemical bonding state
and stoichiometry, and hydrophilicity of the film
surface were investigated. TiO, films were grown as
polycrystalline films with mixed phase of anatase and
rutile phase at room temperature. As the molar ratio of
O, gas in the mixed gas became higher, the ratio of
rutile phase to anatase phase became higher. As the
molar ratio of O, gas in the mixed gas increased, the
deposition rate of the thin film decreased and the
surface roughness and grain size tended to decrease.
The chemical state and the stoichiometry of the TiO,
thin film surface were not affected largely by the ratio
of the mixed gas. The contact angle was increased as
the molar ratio of O, gas in the mixed gas was
increased. In summary, it was found that the hydrophilicity
of the TiO, film surface was mainly influenced by the
surface morphology of the thin film, such as the
surface roughness and the grain size, rather than
depending on the crystal structure and surface chemical
state of the thin film.
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