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Titanium dioxide (TiO2) thin films have been prepared on microscope slide by the sol-gel
process. The preparation of covering solution is investigated with the method of
orthogonal experimental design, and the heat treatment temperature and time, which
influenced on the films properties are discussed. And the TiO2 thin films had been studied
by the means of differential thermal analysis (DTA), X-ray diffraction (XRD) and scanning
electron microscopy (SEM). C© 2001 Kluwer Academic Publishers

1. Introduction
Titanium dioxide (TiO2) is an important inorganic func-
tional material with good physical properties, which
make it suitable for thin film applications. Because TiO2
has high dielectric constant ε, TiO2 films have often
been used in microelectronic devices, e.g. in capacitors
or as a gate dielectric in metal-dielectric-semiconductor
devices [1, 2]. TiO2 thin films are also often used as
various optical coatings for its good transmittance in
the visible region, high refractive index and chemical
stability [3–6]. Recently TiO2 has been widely investi-
gated [7, 8] because of its high efficiency of hydrogen
generation and also its high photostability in an aque-
ous solution, which opens prospects for the use of TiO2
thin films as photocatalyst, bactericide, photoanodes,
etc.

There are many methods to prepare TiO2 films:
chemical vapor deposition (CVD) [9], thermal [10]
or oxidation of titanium [11], electron beam evapora-
tion [12], ion sputtering [13] and the sol-gel method
[3, 5].

The sol-gel technique has been used for making op-
tical coatings about 50 years ago and in the last decade
attracted more attention due to the intensive develop-
ment of sol-gel technology. In comparison with other
films technologies the sol-gel process has certain ad-
vantages: low process cost, low temperature of heat
treatment, high evenness of the films and wide possibil-
ity to vary film properties by changing the composition
of the solution, etc.

The orthogonal experimental design is an excellent
method of experiment design, which has been widely
used in scientific research. It has the quality “equilib-
rium and synthetic comparison,” so it can obtain the
conclusion of the research only for least experiment
times.

This paper firstly deals with the preparation of the
TiO2 covering solution with the method of orthogonal
experimental design, and the preparation of TiO2 thin
films on microscope slide substrates by the sol-gel
process.

2. Experimental
TiO2 thin films were prepared by the hydrolysis of tita-
nium butoxide (Ti(OC4H9)4), which is generally used
for TiO2 thin films or TiO2 fine particles by the sol-gel
method. Fig. 1 shows the chart of the process of making
TiO2 thin films.

In the whole process for making TiO2 thin films, the
preparation of the covering solution is one of the impor-
tant stages of obtaining good TiO2 thin films. The con-
centration of Ti(OC4H9)4 in ethanol solution, the addi-
tion of H2O and HCl, the temperature of solution greatly
influenced on the hydrolysis of Ti(OC4H9)4 to prepare
the covering solution. According to the method of or-
thogonal experimental design, the experiment factors:
the concentration of Ti(OC4H9)4, the addition of H2O
and HCl, the temperature of solution were investigated.

After the covering solution was put on the substrate
of microscope slide, the TiO2 gel was soon formed.
According to certain rules of thermal treatment, the
TiO2 gel on the substrate was annealed in the furnace,
the TiO2 thin films were obtained.

3. Results and discussion
3.1. Preparation of the covering solution

with the method of orthogonal
experimental design

According to the method of orthogonal experimental
design, the factors: the concentration of Ti(OC4H9)4,
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T ABL E I Results and analysis of the experiments

Factor

Experiment A B C D

1 1(8%) 1(0%) 1(3:1) 1(25◦C)
2 1 2 2 2
3 1 3 3 3(55◦C)
4 2(12%) 1 2(4:1) 3
5 2 2(2.5%) 3 1
6 2 3 1 2(40◦C)
7 3(16%) 1 3(5:1) 2
8 3 2 1 3
9 3 3(5.0%) 2 1
Gelling Time

Lever 1 112 h 0 h 49 h 158 h
Lever 2 96 h 159 h 170 h 110 h
Lever 3 109 h 158 h 98 h 51 h

Effect of Films
Lever 1 Bad Worse Good Better
Lever 2 Better Good Better Bad
Lever 3 Good Better Good Bad

(A) the concentration of Ti(OC4H9)4, (B) the addition of H2O, (C) the
addition of HCl, (D) The temperature of the solution,

Figure 1 The process of fabrication of TiO2 thin films.

the addition of H2O and HCl, the temperature of so-
lution were investigated to prepare the TiO2 covering
solution. Fig. 1 shows the experiment with various pre-
scriptions and results.

According to the analysis of orthogonal experimental
design, the relation between factors and gelling time,
the effect of the films was seen in Figs 2, 3.

It is obviously noted that the concentration of
Ti(OC4H9)4, the addition of HCl, the temperature of
solution are more greatly influenced on the prepa-
ration of the covering solution. According to the
consideration the gelling time and the effect of the
films, it may conclude that the suitable prescription
of experiment is: the concentration of Ti(OC4H9)4—
12%, the addition of HCl—5.0%, the addition of
H2O—[H2O]/[Ti(OC4H9)4] = 4:1, the temperature of
solution—25◦C.

Figure 2 The correlation between gelling time of the covering solution
and factors. (A) the concentration of Ti(OC4H9)4, (B) the addition of
H2O, (C) the addition of HCl and (D) the temperature of the solution.

Figure 3 The correlation between effects of the TiO2 thin films and
factors. (A) the concentration of Ti(OC4H9)4, (B) the addition of H2O,
(C) the addition of HCl and (D) the temperature of the solution. Worse—
0, bad—25, good—60, better—85.

Figure 4 The DTA of TiO2 gel powder.

3.2. Differential thermal analysis (DTA) of
TiO2 gel

Fig. 4 shows the DTA of TiO2 gel powder. The rate of
heating is 10◦C/min.

On the curve of DTA, there is a endothermic peak at
about 128◦C, which owes to the volatilization of some
organic materials. And there is a exothermic peak at
about 380◦C, it means that some anatase were formed
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(a) (b)

(c) (d)

Figure 5 XRD of TiO2 thin films. (a) Annealed at 350◦C for 0.5 h; (b) Annealed at 450◦C for 0.5 h; (c) Annealed at 450◦C for 3.5 h; (d) Annealed
at 550◦C for 3.5 h.

from the amorphous TiO2. Above 380◦C, there is no
obvious endothermic or exothermic peak on the curve,
it shows that anatase transform to rutile gradually.

For the films easily cracked at the temperature of the
endothermic peak or exothermic peak with high rate of
heating, the rules of heat treatment may be determined
as follow:

Room temperature ∼ 120◦C rate: 10◦C/min
120◦C–140◦C rate: 5◦C/min
140◦C–370◦C rate: 10◦C/min
370◦C–390◦C rate: 5◦C/min
390◦C–450◦C rate: 10◦C/min
450◦C annealed for 0.5 h

After the above heat treatment, the free-crack TiO2
thin films were prepared.

3.3. X-ray diffraction (XRD) of the TiO2 thin
films

X-ray diffraction-patterns of TiO2 thin films are pre-
sented in Fig. 5 a–d.

It is observed that the peaks are very sharp, and it
shows that when the temperature of the heat treatment
and the time of preservation increase, the amount of
rutile changed from anatase also increase.

3.4. Scanning electron microscopy (SEM) of
the TiO2 thin films

SEM studies were conducted to investigate microstruc-
ture and crystallization. Fig. 6 shows SEM-micrographs
of Sample a–d.

After thermal treatment at 350◦C and for 0.5 h, there
were a few crystals with small size in the films, but
the surface was not very even; the crystals with still
small size of Sample b were more than that of Sample
a, and they were well-dispersed, the surface of the films
was uniform with free-crack. As the temperature and
the time increased, the size of crystals enlarged and
crystals dispersed very disorderly in Fig. 6c, and the
cracks were seen in the TiO2 films of Sample d. And
the thickness of the TiO2 films of Sample a–d was about
82–96 nm derived from Dektak3st surfacefiler (Veeco
Instruments Inc., USA).
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(a) (b)
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Figure 6 SEM of TiO2 thin films. (a) Annealed at 350◦C for 0.5 h; (b) Annealed at 450◦C for 0.5 h; (c) Annealed at 450◦C for 3.5 h; (d) Annealed
at 550◦C for 3.5 h.

4. Summary
1. By the sol-gel process TiO2 thin films with good

uniformity, free-crack, were successfully prepared on
the substrate of microscope slide.

2. The preparation of the TiO2 covering solution
was an important stage of making TiO2 thin films.
With the method of orthogonal experimental design, the
experiment factors: the concentration of Ti(OC4H9)4,
the addition of H2O and HCl, the temperature of
solution were investigated. And the optimum ex-
periment prescription of the covering solution was
acquired.

3. It was concluded that with the increment of the
temperature and the time, analyzed by the means of
DTA, XRD, SEM, the sizes and quantity of the crystals
in the films were also increased. After thermal treatment
at 550◦C and for 3.5 h, the surface had cracked and the
crystals dispersed disorderly in the TiO2 films.
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