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Abstract TiO, thin films were deposited on ITO/Glass
substrates by the rf magnetron sputtering in this study.
The electrochromic properties of TiO, films were
investigated using cyclic voltammograms (CV), which
were carried out on TiO, films immersed in an electro-
lyte of 1 M LiClO4 in propylene carbonate (PC). As-
deposited TiO; thin film was amorphous, while the films
post-annealed at 300~600°C contained crystallized
anatase and rutile. With the increase of the annealing
temperature, the surface roughness of film increased
from 1.232 nm to 1.950 nm. Experimental results reveal
that the processing parameters of TiO, thin films will
influence the electrochromic properties such as trans-
mittance, ion-storage capacity, inserted charge, optical
density change, coloration efficiency and insertion coef-
ficient.
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Introduction

In recent years, titanium oxide films are useful for
applications such as catalysis, optical coatings, gas sen-
sors, and smart windows [1-3]. Moreover, TiO, thin
films show reversible coloration upon ion intercalation.
The coloration of thin films due to the electrochemical
intercalation of small cations, such as H, Li*, Na™*
and K* is known as electrochromism. Consequently
their synthesis has aroused much interest in the world.
The electrochromic properties of almost all the
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transition metal oxides have been investigated [4]. These
oxides can be colored anodically (NiOy, IrO,, V,0s) or
cathodically (WO3, Nb,Os, TiO,). This cathodic color-
ation material is reversibly colored by the double injec-
tion of electrons and cations, and described as follows
[5-7]:

TiO; +xM™" 4 xe” 2M,TiO,, (1)
(transparent) (blue)

where M can be H" or Li™ . The amount of insertion
coefficient, x value, can be saturated up to 1 depending
on the microstructure of the deposited thin films.

Many research groups have fabricated TiO, thin films
by various methods, including sputtering, evaporation
deposition and sol-gel methods [§—13]. However, the
morphology and the coloration/bleaching behavior of
the films are strongly related to the deposition condi-
tions. Among the film deposition techniques, the sput-
tering is widely used in the glass industry and could
enhance adhesion and large area deposition. In the
present work, TiO, thin films were deposited by the rf
magnetron sputtering of ceramic (TiO,) target to study
the correlation between the electrochromic properties
and the structures of the films. The influence of the
sputtering process on the electrochromic properties was
also discussed in this study.

Experimental

TiO, thin films were deposited by the rf magnetron
sputtering technique. Ceramic TiO, (2 inches in diame-
ter, 99.99%) and ITO-coated glass (15 Q/sq.) were used
as the target and the substrate, respectively. The distance
between the target and the substrate was 5 cm. The
vacuum chamber is capable of achieving a base pressure
of 6.5x10~* Pa and the working pressure for sputtering
was 1x107' Pa. The target was pre-sputtered at the
working pressure for 5 min. The duration of deposition
varied from 5 min to 30 min and rf power varied from
60 W to 120 W. The depositions were performed in
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oxygen concentration (O,/Ar+0,) from 0% to 30%
range. After deposition, TiO, films were post-annealed
at different temperature between 300°C and 600°C for
0.5 h.

Thickness of TiO, film was determined by a surface
profiler and the deposition rate is approximately 16 nm/
min. Crystal structures of TiO, thin films were analyzed
by means of X-ray diffraction (XRD, Rigaku D/Max).
The surface root mean squares (rms) of thin films were
observed using atomic force microscope (AFM, Nano-
Man NS4+ D3100). The electrochemical behaviors of
TiO, films were investigated using cyclic voltammo-
grams (CV, CH Workstation 6330), which were carried
out on TiO,/ITO/Glass immersed in an electrolyte of
1 M LiCIOy in propylene carbonate (PC). A standard
three-electrode cell was adopted with TiO,/ITO/Glass as
the working electrode (WE), Pt as a counter electrode
(CE), and Ag/AgCl as a reference electrode (RE). The
cyclic voltammograms in the range of +1.0 V~ -3.2V
were obtained by potential sweeps of 50 mV/s. Ultravi-
olet-visible (UV-Vis) spectrum were taken as for trans-
mittance spectra of the deposited specimen, colored at
—3.0 V and bleached at +3.0 V, by using a spectrome-
ter (HP Agilent 8453) operated from 200 to 1,000 nm.
The optical density change (A OD) is given by [14].

AOD = log (TBleaching>,

Coloring

(2)

where Tgicaching a0d Tcoloring Fepresent the transmittance
at wavelength of 550 nm for the coloring and bleaching
states. To calculate the inserted charge (Q) for the col-
oration states and bleaching states of TiO, films we use
the formula (3) for integrating between the starting and
ending time of each period.

5]
0- [ itar. (3)
t
The coloration efficiency (n) is defined as below:
AOD

o

Results and discussion

The XRD patterns of TiO, thin films deposited at rf
power of 80 W and post-annealed at different tempera-
ture are shown in Fig. 1. It can be seen that the as-
deposited film was amorphous. However, the polycrys-
talline TiO, films can be obtained at annealing temper-
ature higher than 300°C. The crystallization of TiO, thin
films is reported to be in the temperature range [15].
Figure 1 also shows that the predominant phase is
anatase, but there is evidence of rutile phase R(110) in
the TiO, films annealed above 300°C. Furthermore, the
degree of crystallinity increased with increasing annealed
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Fig. 1 The XRD patterns of TiO, thin films deposited at rf power
of 80 W and annealed at a 150°C, b 300°C, ¢ 450°C and d 600°C

temperature. Figure 2 shows the AFM image of as-
deposited and post-annealed TiO, films. As can be seen,
with an increase of the annealing temperature, the root
mean square (rms) of surface roughness of TiO, film
increased from 1.232 nm to 1.950 nm.

The optical transmittance spectra of TiO, films
deposited at room temperature and rf power of 80 W
with various deposition times are shown in Fig. 3. The
insertion of Li™ ions changes the transmissivity from
near UV up to the near-infrared range and the reversible
color of the film from transparent to blue [16]. The
maximum change in transmittance (at 550 nm) is vary-
ing from about 82% to 60% for a 164-nm thick TiO,
film with deposition time of 10 min. Figs. 4, 5 and 6
show the transmittance of TiO, films obtained by vari-
ous rf power, oxygen concentration and annealing
temperature, respectively. It was found that the elec-
trochromic properties of TiO, films depend on the
deposition and post-annealing process. The as-deposited
TiO, films obtained from deposition time of 10 min, rf

rms ¢ 1.232 nm rms © 1.395 nm

(c)

1518 nm

rms - rms ¢ 1.950 nm
Fig. 2 AFM images of the surface of TiO, thin films annealed at
a 150°C, b 300°C, ¢ 450°C and d 600°C
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Fig. 3 Transmittance spectra of TiO,/ITO/Glass for different
deposition time: a 5 min, b 10 min, ¢ 20 min and d 30 min
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Fig. 4 Transmittance spectra of TiO,/ITO/Glass deposited at rf
power of a 60 W, b 80 W, ¢ 100 W and d 120 W

power of 80 W and 0% oxygen concentration exhibit
good electrochromic properties between colored and
bleached in the whole spectral range. The results also
show that as-deposited TiO, films have large charge
capacity. It can be explained that the annealing tem-
perature is one of the key parameters which control the
microstructure of the films as shown in Fig. 2. Post-
annealing can improve the crystallinity of TiO, film,
however, its Li™ ion capacity is affected, probably due
to the microstructure change of the film. The influence of
post-annealing on the microstructure of TiO, film is
consistent with that reported by Wang and Hu [17]. It is
known that the charge injected into the crystalline film is
much less than into the amorphous film, and both the

Li* intercalation/deintercalation reaction and Ti**=

Ti** redox reaction lead to film coloration/decoloration
process [18, 19].
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Fig. 5 Transmittance spectra of TiO,/ITO/Glass deposited at
oxygen concentration of a 0%, b 10%, ¢ 20% and d 30%
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Fig. 6 Transmittance spectra of TiO,/ITO/Glass annealed at:
a 150°C, b 300°C, ¢ 450°C and d 600°C

The cyclic voltammogram and current density of the
TiO; film deposited at deposition time of 10 min and rf
power of 80 W are shown in Fig. 7. In Fig. 7a, the TiO,
film shows a cathodic peak at —1.54 V (—0.45 mA/cm?)
and an anodic peak at —2.34 V (0.09 mA/cm?). To cal-
culate the inserted charge for the bleached and colored
stable states, we use the formula (3) for integrating be-
tween the initial and final inserted charge from 80 s to
100 s. Fig. 7b shows the amount of charge inserted
during colouration is 28.21 mC/cm? and extracted dur-
ing bleaching is 2.95 mC/cm? . Figure 8 shows the
dependence of optical density change (A OD) and col-
oration efficiency (1) of TiO, thin films on various
deposition time (rf power of 80 W). It can be seen that A
OD increases significantly with an increase of deposition
time, however, it decreases as the deposition time ex-
ceeds 10 min. The result shows the TiO, film has a
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Fig. 7 a Cyclic voltammograms and b current response of TiO,
thin film deposited at deposition time of 10 min and rf power of
30 W
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Fig. 8 Optical density change and coloration efficiency of TiO, thin
films at various deposition time (rf power of 80 W)

maximum A OD of 0.13 at wavelength of 550 nm.
Apparently, the result also shows the transmittance
variation is minimal at the deposition time between
15 min and 30 min. This result is the same as shown in
Fig. 3. A similar behavior is observed for the 5 of the
TiO, films. The thickness of TiO, film which exhibits the
maximum 75 value (4.5 cm?/C) is 164 nm. Figure 9 shows
the dependence of A OD and # of TiO, thin films on
various rf power (deposition time of 10 min). It can be
seen that A OD increases with an increase of rf power,
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Fig. 9 Optical density change and coloration efficiency of TiO, thin
films at various rf power (deposition time of 10 min)

however, it decreases as the rf power exceeds 80 W. TiO,
thin films exhibit the maximum A OD and 5 can be
obtained at the deposition time of 10 min and the rf
power of 80 W.

The transmittance of the colored state of TiO, film is
dependent on the charge of Li " intercalation, expressed
by the insertion coefficient x in the Li, TiO, compound
[15]. The dependence of x in Li,TiO, on deposition time
and rf power are shown in Fig. 10a and 10b, respec-
tively. It is obvious that both injection and extraction
curves appear as a maximum value at the deposition
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Fig. 10 Dependence of the x value in Li, TiO, on a deposition time
and b rf power



time of 10 min and the rf power of 80 W. The maximum
x value is 0.18 for colored state and 0.039 for bleached
state, respectively.

Conclusions

TiO, thin films were prepared by the rf magnetron
sputtering and their electrochromic properties were
investigated in this paper. The following was concluded :

1. The deposition rate of TiO, thin film is approxi-
mately 16 nm/min. With an increase of the annealed
temperature, the rms of surface roughness increases
from 1.232 nm to 1.950 nm.

2. It was found that the transmittance of electrochromic
TiO, films depend on the deposition and post-
annealing process. A good reversible blue color upon
Li" insertion and bleached process can be obtained.
However, performance of oxygen concentration and
annealed temperature were found to depress the
colored phenomenon. Therefore, all as-deposited
TiO, films are confirmed to be in the amorphous
state.

3. The optimal sputtering parameters for TiO, film on
electrochemical properties were the deposition time
of 10 min (thickness of 164 nm) and the rf power of
80 W. In addition, the oxygen concentration and the
annealing process could not be performed. The best
experimental results were obtained as follows:

(a) Transmittance: 60% (colored state)

(b) Inserted charge: 28.21 mC/cm? (colored state)

(¢) Maximum optical density change (A OD): 0.13

(d) Coloration efficiency (y): 4.5 cm?/C

(e) Insertion coefficient (x in Li,ClOy): 0.18 for
injection (colored state) and 0.039 for extraction
(bleached state).
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The possibility of TiO, thin films to change their
color from transparent to blue under the applied
potential can be very interesting for future application.
We hope rf magnetron sputtering TiO, coatings would
find a practical use for the smart windows in future
studies, for instance in association with conducting
polymers in all-solid-state electrochromic devices.
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