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a b s t r a c t

TiO2 ultra-thin (15 nm) films were deposited on silicon wafers (100) and glass slides by pulsed dc reactive
magnetron sputtering in an ultra-high vacuum (UHV) system. The effects of substrate temperature, from
room temperature to 400 ◦C, on structural, optical, and hydrophilic properties of the obtained films have
been investigated. The structure of the films was characterized by grazing-incidence X-ray diffraction,
high-resolution transmission electron microscopy, and atomic force microscopy. The optical proper-
ties were determined by UV–vis spectrophotometer and spectroscopic ellipsometry. The hydrophilic
properties of the films, after exposed to ultraviolet illumination, were analyzed from contact angle mea-
surements. The results suggested that the substrate temperature at 300 ◦C was critical in the crystalline
phase transformation from amorphous to anatase in the TiO2 films. The obtained films exhibited good
2.30.Rs
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qualities in the optical properties, in addition to excellent photo-induced hydrophilic activities.
Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.
hin films
itanium dioxide

. Introduction

Since the discovery of photo-induced splitting of water into
2 and O2 over titanium dioxide (TiO2) electrode in 1972 [1], the

esearch efforts in understanding the fundamental processes and
n enhancing the photocatalytic efficiency of TiO2 have drawn con-
iderable attention [1–3]. It is well known that the main initial
rocess for heterogeneous photocatalysis of organic and inorganic
ompounds is the generation of electron–hole pairs. When pho-
ons with energies greater than TiO2 band gap (3.20 eV for anatase
hase) are absorbed, electron–hole (e−–h+) pairs are created and
igrate to the TiO2 surface where they either recombine or par-

icipate in redox reactions with adsorbed species. It is generally

elieved that the holes oxidize water to hydroxyl radicals and
enerate electron reduction of oxygen to form superoxide anions.
hese radicals subsequently initiate a chain of reactions that oxi-
ize the organic species into completion. The electron–hole pairs

∗ Corresponding author. Fax: +66 2872 5254.
E-mail address: mati.horprathum@nectec.or.th (M. Horprathum).

925-8388/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All ri
oi:10.1016/j.jallcom.2011.01.038
generated by absorption of a photon also play a fundamental role at
the photo-induced superhydrophilicity [2–4]. While the electrons
reduce Ti4+ cations to Ti3+, the holes oxidize oxygen anions near
the surface, thereby oxygen vacancies are created. These vacancies
can be occupied by water molecules creating adsorbed OH groups.
Thus the surface energy is minimized and the surface becomes
hydrophilic. Proposed commercial products that exploit the photo-
oxidative properties of TiO2 films include self-cleaning glasses for
automotive and architectural glass applications.

This work involves a development of TiO2-based photocatalytic
applications, which require an optimal preparation conditions for
good-quality TiO2 ultra-thin films. Because TiO2 exists in three
different crystalline forms, i.e., anatase (tetragonal), rutile (tetrago-
nal), and brookite (orthorhombic), a formation of its phase depends
on deposition method, starting material, and deposition temper-
ature. Many methods for preparing the TiO2 thin films include

sol–gel coating [5,6], plasma enhanced chemical vapor deposition
[6,7], electron-beam evaporation, [8] and magnetron sputtering
[9–11]. Among them, a pulsed dc magnetron sputtering method
is the most advantageous in controlling the structure and compo-
sition of the TiO2 thin films due to its easiness to adjust deposition

ghts reserved.
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ondition. In addition, this method can be adapted to a large-area
oating for industrial purposes.

Because the cost of film coating is directly proportional to the
lm thickness and the deposition temperature, the TiO2 ultra-thin
lm deposited at minimum temperature is preferable in order
o minimize the manufacturing cost. However, most of recent
esearch reports have shown the effective hydrophilic and pho-
ocatalytic properties of TiO2 films with thickness larger than
0 nm [12–14], only few groups demonstrated the photo-induced
ydrophilic properties of TiO2 ultra-thin films with thickness less
han 15 nm. Sirghi and Hatanaka [15] reported that amorphous TiO2
ith thickness less than 12 nm could show hydrophilic properties.
löß et al. [16] reported easy-to-clean or a self-cleaning proper-

ies achieved by deposited photocatalytic 10 nm thick TiO2 as a top
ayer of an AR system on glass and polymer substrate. To take into
onsideration of the deposition temperature, the aim of this work
s therefore to prepare and study the influence of substrate tem-
erature (Ts) on the structural, optical and hydrophilic properties
f TiO2 ultra-thin films, at thickness of 15 nm, grown by pulsed dc
eactive magnetron sputtering technique.

. Experiments

.1. Sample preparation

The TiO2 ultra-thin films were prepared by a commercial pulsed dc reactive mag-
etron sputtering in both high purity argon (99.999%) and oxygen (99.999%) UHV
ystem (AJA International, Inc.; ATC 2000-F) at a fixed deposition time of 15 min. A
ulsed frequency of 20 kHz was used on a Ti (99.995%; KJ. Lesker) target of 2 in. diam-
ter. The distance between a substrate holder and a titanium target was 90 mm, and
he inclined angle of the sputtering gun was 40◦ with respect to the plane of substrate
older. The chamber was evacuated by mechanical pump (ALCATEL) and turbo-
ump (Shimazu; TMP-803-LM). The base pressure of the deposition chamber was
bout 1 × 10−7 Torr. The operating pressure was 3 mTorr from a pressure-controlled
ate valve. The gas flows of argon and oxygen were set at 10 and 20 sccm, respec-
ively. The discharge was generated with a 400 W pulsed DC power. Substrates,
.e., glass slides and silicon wafers (1 0 0), were previously prepared by ultrasonic

asher in acetone and isopropanol, successively, and then dried in nitrogen atmo-
phere before being loaded into the deposition chamber. Prior to the deposition, the
ubstrates were cleaned by argon plasma ion at 5 mTorr for 5 min in order to remove
urface contaminants. The titanium target was also pre-sputtered in an argon atmo-
phere at 5 mTorr in order to remove its oxide layer surface. The removal of oxide
as immediately observed from a sudden change in discharged characteristics and
discharged color from a pale pink to blue. For the purpose of this experiment, the

ubstrate temperature was selected as a variable parameter from 100 to 400 ◦C, as
ontrolled and stabilized by a quartz halogen lamp for 15 min before, and during,
he deposition.

.2. Film characterization

The structure of the TiO2 ultra-thin films was characterized by grazing-incidence
-ray diffraction (GIXRD; Rigaku Ttrax III). The Cu K� radiation was operated at
0 kV, 300 mA with scanning speed of 2◦ per minute at 2� step of 0.02◦ . The surface
orphologies of the TiO2 ultra-thin films were investigated by high resolution trans-
ission electron microscopy (TEM; JEOL JEM-2010), and atomic force microscopy

Seiko, SPA 400) in a dynamic mode.
The optical characteristics of the obtained films were also analyzed. Light trans-

ission of the films was characterized by a double-beam ultraviolet–visible light
UV–vis) spectrophotometer (PerkinElmer; Lambda 900). The measurements were
onducted for spectral range of 250–860 nm. Several optical parameters, i.e., index of
efraction, extinction coefficients, and film thicknesses, were calculated from ellip-
ometric technique using a variable-angle spectroscopic ellipsometer (VASE; J.A.

oollam) measured at 70◦ incident angles in the photon energy range of 1–6 eV.
The hydrophilicity was evaluated by a water contact angle measurement (ramé-

art instrument; model 250), which was performed in ambient air (i.e., 25 ◦C, relative
umidity (RH) 50%). The UV-A illumination was carried out by a black light lamp
ith a power density of 1.2 mW/cm2 and the maximum intensity center at 365 nm.

. Results and discussion
.1. Grazing-incidence X-ray diffraction

Fig. 1 shows GIXRD patterns of TiO2 ultra-thin films deposited at
ifferent substrate temperatures. The structural characteristics of
2θ

Fig. 1. GIXRD patterns of TiO2 ultra-thin films deposited at room temperature up
to 400 ◦C.

these films were hardly observed because of a very low-intensity
of X-ray signals. This is a result of small X-ray scattering due to
the ultra-thin structure. In spite of this fact, we recognized a low-
intensity diffraction A (1 0 1) from the anatase phase of the films
deposited at 300 ◦C (Ts). Nevertheless, no XRD response from the
film deposited at 100–200 ◦C (Ts) was observed.

3.2. High resolution transmission electron microscopy (HRTEM)

The development of the microstructure in the direction of layer
growth was additionally investigated on HRTEM cross-sections.
Fig. 2(a) and (b) shows the comparison of HRTEM bright field
images between the TiO2 layer deposited at room temperature and
at Ts = 400 ◦C, respectively. Fig. 2(a) reveals a completely amor-
phous layer of the film, while Fig. 2(b) reveals nano-crystalline
traces. In addition, we noticed a homogeneous HRTEM contrast
in all TiO2 layer. The difference in the growth structure between
room temperature and Ts = 400 ◦C confirms the results of the GIXRD
measurements.

3.3. Surface roughness

Fig. 3 shows 2D AFM images of the TiO2 ultra-thin films
deposited on the Si (1 0 0) substrates at different substrate tem-
peratures. From Fig. 3(a), without external heating, the surface
morphology of the TiO2 ultra-thin films deposited at room tem-
perature was very smooth with roughness of 0.19 nm. When the
substrate temperature was increased, the surface roughness was
also increased. From Fig. 3(b), at 400 ◦C, the surface roughness was
0.37 nm. The increase in the surface roughness according to the sub-
strate temperature during the film deposition could be explained
from an effect of grain size growth.

3.4. Optical properties

First, the optical properties of the obtained films were analyzed
from the transmittance percentage. Fig. 4 shows the UV–vis spec-
tra of the TiO2 ultra-thin films deposited at different substrate
temperatures. When the substrate temperature was increased,

the transmittance of the films was slightly decreased. The films
deposited at higher temperatures were more absorbing due to
insufficient oxygen incorporation in the film content during the
deposition. With the increased substrate temperature, the conden-
sation of oxygen was also decreased [17,18].
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Fig. 2. Cross-sectional HRTEM images showing the crystallinity of TiO2 ultra-thin films deposited at (a) room temperature and (b) Ts = 400 ◦C.

Fig. 3. AFM images of TiO2 ultra-thin films deposite
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Fig. 4. Transmittance spectra as a function of wavelength for TiO2 ultra-thin films
deposited at different substrate temperatures.
d at (a) room temperature and (b) Ts = 400 ◦C.

Next, film thickness, refractive index (n) and extinction coeffi-
cient (k) of a transparent film were characterized by spectroscopic
ellipsometry (SE) [19]. In the SE analyses, a single-layer model (TiO2
layer/native SiO2/substrate) was used as we assumed homogene-
ity and ignored the film’s surface roughness. An interfacial layer
native silicon dioxide, assumed at 2 nm thick, was included because
the Si substrates were not etched by HF before the film deposi-
tion. This structural model has been confirmed by cross-section
HRTEM micrograph as shown in Fig. 2, where the 15 nm TiO2 layer
on top of approximately 3 nm thick native Si oxide layer was clearly
observed. With such physical model, the Cody-Lorentz oscillator
was used to represent the optical dispersion model. The Cody-
Lorentz oscillator enabled us to deduce optical band gap and exploit
band-to-band transition regions between the band edge and the
Urbach tail [8,20–22].

The dependences of n and k on the variation of the substrate
temperature with varied photon energy are presented in Fig. 5.
The films deposited without an external heating showed refractive

index (n at 550 nm) of 2.36, which was increased to 2.50 for films
deposited at Ts = 300 ◦C. The increase in the refractive index of the
films deposited at higher temperature was a result of the increase in
packing density and crystallinity [23]. Both ellipsometric analysis
and XRD have confirmed these results.



M. Horprathum et al. / Journal of Alloys and Compounds 509 (2011) 4520–4524 4523

76543210
1.5

2.0

2.5

3.0

3.5

4.0
 Unheated

 100 °C
 150 °C
 200 °C
 300 °C
 400 °C

Photon energy (eV)

R
ef

ra
ct

iv
e 

in
de

x 
(n

)

0.0

0.5

1.0

1.5

2.0

E
xtinction coefficient (k)

F
u

C
i
b
i

P

w
m
o
s
o
s
f
d
t
b

F
s

6050403020100
0

10

20

30

40

50

60

70

80

C
on

ta
ct

 a
ng

le
 (

de
g.

)

400 °C

300 °C
200 °C

150 °C

100 °C

Unheated
ig. 5. The variation of optical constants as a function of photon energy of TiO2

ltra-thin films deposited at different substrate temperatures.

The packing density of the films could be explained by
lausius–Mossotti relation [24,25]. The relation between the pack-

ng density (P), defined as the ratio of the film density (�f) to the
ulk density (�b) of the material and the corresponding refractive

ndex of the material was given in Eq. (1) [25,26]

=
(�f

�b

)
=
(

n2
f

− 1

n2
f

+ 2

)(
n2

b
+ 2

n2
b

− 1

)
(1)

here nf and nb were the refractive index of the film and the bulk
aterial of TiO2, respectively. In the present study, the refractivity

f bulk anatase TiO2 (nb) was 2.52 [27]. The �f and �b were the den-
ity of the film and bulk material, respectively. The packing density
f the films was calculated from the refractive index values. Fig. 6
hows the variation of packing density of TiO2 ultra-thin films as a
unction of substrate temperature. It can be seen that the packing
ensity of the films was gradually increased upon the increase in

he substrate temperature. This result indicated that the TiO2 films
ecame denser as the deposited temperatures were increased.
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Fig. 7. Water contact angle variation following the UV illumination time for the TiO2

ultra-thin films deposited at different substrate temperatures.

3.5. Photo-induced hydrophilic properties

The hydrophilicity of the deposited films was investigated by
measurements of the water contact angles. Fig. 7 shows the change
in the contact angle as a function of the UV-A illumination time on
the TiO2 ultra-thin films deposited at different substrate tempera-
tures. When the film surface was illuminated by UV-A light, water
contact angle started to decrease, indicating an increase in the
photo-induced hydrophilicity. The TiO2 ultra-thin films deposited
without an external substrate heating and Ts = 100 ◦C did not show
a significant photo-induced hydrophilicity. When the deposition
temperature was increased to 300 and 400 ◦C, the water contact
angles were smaller at approximately 6◦ after 1 h of irradiation.
These results indicated excellent photo-induced hydrophilicity of
these films. The difference in photo-induced hydrophilicity could
be interpreted from the difference in physical properties between
amorphous and anatase phase within the content of the films. It
has been reported that anatase crystallinity of the TiO2 films easily
formed oxygen vacancies on the surface, thus resulting in photo-
induced hydrophilic properties [28].

4. Conclusions

The pulsed dc reactive magnetron sputtering method was used
to prepare the TiO2 ultra-thin films at several substrate temper-
atures. The structural properties of the 15 nm thick TiO2 films
have been successfully characterized by GIXRD and HRTEM. The
substrate temperature was found to have a significant effect on
the structural and photo-induced hydrophilic properties. With the
substrate temperature up to 200 ◦C, the obtained films were all
amorphous. When the substrate temperature was increased to
300 ◦C, the TiO2 films showed the anatase phase structure. Corre-
sponding to the crystalline phase change, the SE analyses showed
that the refractive index of the TiO2 ultra-thin film was also
increased with the increase in the substrate temperature. Such
results were closely related to insufficient oxygen incorporation
and the packing density in the deposited films. The experiments
indicated that the substrate temperature of 300 ◦C was critical for

higher packing density within the TiO2 films. Moreover, the photo-
induced hydrophilic showed a clear tendency to increase with
the increased substrate temperature. In this study, the TiO2 ultra-
thin films with thickness of 15 nm, when deposited at 300 ◦C, held
promising photo-induced hydrophilic activities, which could be
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