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Abstract

TiO, film has the advantage of good photochemical stability and it can be used for self-cleaning glasses.
However, due to the wide band gap, the spectral response range of TiO, film is restricted to the ultraviolet
region. In this work, based on the research of TiO, thin films, multilayer TiN/Ag/Cu,O/TiO, films were designed
and successfully prepared. The structure and properties of the obtained samples were characterized by X-ray
diffraction, spectral ellipsometry (SE), atomic force microscopy (AFM) and UV-Vis-NIR spectrophotometer.
The results show that p-n heterojunction will be formed between Cu,O and TiO, in the multilayer film, thus
reducing the band gap of TiO, film. Based on the analysis of the photocatalytic mechanism of the multilayer
films, a conclusion may be drawn that the designed multilayer film is helpful to improve the photocatalytic
efficiency of titanium dioxide and expand its utilization of sunlight.
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I. Introduction

Since the photocatalytic properties of titanium diox-
ide (TiO,) were reported by Fujishima and Honda in
1972 [1,2], TiO, has attracted considerable attention
[1] due to its excellent properties. They include excel-
lent optical transmittance, high refractive index, high
dielectric constant, chemical stability, better adhesion
as well as photocatalytic performance, which give TiO,
prospects for potential application in optical coating
and self-cleaning [3]. Although it posses many supe-
rior properties, the industrial application of TiO, has
made slow progress because of its polymorphic na-
ture. As often described, TiO, has three kinds of crys-
tal phases: anatase, rutile and brookite [2]. A given
TiO, thin film with a particular phase composition gen-
erally has a specific optical, photocatalytic or photo-
hydrophilic properties for a specific application. For ex-
ample, anatase TiO, has good photoinduced superhy-
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drophilicity and photocatalytic activity, which can be
used for self-cleaning, anti-fogging, air purification [4],
etc. However, due to its large band gap width (about
3.2¢eV), anatase TiO, generates photo-generated carri-
ers only when it is irradiated by ultraviolet light. It is
well known that the ultraviolet light makes only less
than 7% in sunlight, which greatly limits the application
of TiO, in the field of photocatalysis. Therefore, how to
reduce the band gap of anatase TiO, and improve its
photocatalytic efficiency is of great significance.

In the present work, based on the research of sput-
tering time effect on the properties of TiO, thin film,
multilayer film with TiN/Ag/Cu,O/TiO, structure was
designed. Studies have shown that bilayer TiN and TiO,
film has catalytic and plasma effects, which make them
suitable for self-cleaning and infrared detectors [5]. Sil-
ver is usually the preferred material for metal layers in
multilayer thin films. On one hand, metals with low re-
sistivity absorb less than 5% in the visible region and
have high reflectivity in the infrared band. On the other
hand, the recombination of Ag enables photogenerated
electrons to transfer from the conduction band of Cu,O


https://doi.org/10.2298/PAC2103246S

X. Shi et al. / Processing and Application of Ceramics 15 [3] (2021) 246-255

to Ag, which inhibits the recombination probability of
electron-hole pairs. At the same time, Cu,O band gap
width decreases and impurity level is not introduced,
which improves the photocatalytic activity of Cu,O to
a certain extent [6-8]. In Cu,O/TiO, thin film system,
the heterojunction formation of p-n type between Cu,O
with narrower bandwidth and TiO, with larger band-
width makes the TiO, to produce carrier in the visible
area. Hence, the photocatalytic activity of the system
can be improved because the energy in the visible region
accounts for about 50% of the solar radiation [9-14].
In a word, the multilayer film with TiN/Ag/Cu,O/TiO,
structure can effectively reduce the TiO, band gap width
and extend the use of sunlight to the visible region,
which improves its self-cleaning ability.

In this paper, magnetron sputtering method was used
to obtain TiO, film and TiN/Ag/Cu,O/TiO, multilayer
film on glass substrate. The influence of sputtering time
on the properties of the TiO, films was studied com-
bined with the Essential MacLeod software. The optical
properties and photocatalytic performance were exam-
ined in detail. It is proved that the proposed design of
the multilayer film is an effective way to improve the
photocatalytic performance of TiO, film.

II. Experimental

2.1. Preparation of TiO; films

TiO, thin films were prepared on glass substrates
(25mm X 25mm X 1 mm) using a Ti target (99.999%
in purity, 60 mm in diameter and 5 mm in height, Bei-
Jjing Jingmai Zhongke Material Technology Co. Ltd) in
DC-RF multifunctional magnetron sputtering apparatus
(CS-300, Changshu Yuhua Vacuum Equipment Tech-
nology Co. Ltd). In order to obtain films with good
adhesion, all substrates were washed in deionized wa-
ter, anhydrous ethanol, acetone and anhydrous ethanol,
respectively, in ultrasonic bath for 15 min before the
experiment and stored in anhydrous ethanol for later
use. When the vacuum chamber was evacuated to 8.0 X
104 Pa by molecular pump, high purity Ar (99.999%)
was introduced into the reaction chamber and the target
was bombarded for 10 min for pre-sputtering. Then high
purity O, (99.999%) was introduced into the reaction
chamber as reaction gas. The flow rates of Ar and O,
gas were kept at 24 and 6 sccm, respectively. During the
deposition process, the distance between the substrate
and target was kept at 65 mm, the sputtering power was
220 W and the sputtering temperature was 473 K. The
sputtering time was 10, 20 and 30 min and the obtained
samples were labelled as S1, S2 and S3, respectively.

2.2. Preparation of TiNJAg/Cu,O/TiO; films

The structure of the TiN/Ag/Cu,O/TiO, multilayer
film was designed as shown in Fig. 1 and obtained in the
same magnetron sputtering apparatus mentioned above.

TiN and TiO, layers were prepared by reactive mag-
netron sputtering (with Ti target 99.999% in purity),
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Figure 1. Schematic diagram of TiN/Ag/Cu,O/TiO,
multilayer film structure

Ag layer (with Ag target 99.999% in purity) was pre-
pared by DC magnetron sputtering and Cu,O layer
(with Cu,O target 99.999% in purity) was prepared
by RF magnetron sputtering. All the targets were pur-
chased from Beijing Jingmai Zhongke Material Tech-
nology Co. Ltd. During all layers deposition processes,
the background vacuum reached 8 x 10~*Pa. The sput-
tering times of TiN, Ag and Cu,O layers were 100, 40
and 60 min, respectively. The sputtering time of TiO,
film was 10, 20 and 30 min and the obtained multilayer
films were labelled as CF1, CF2 and CF3, respectively.
The parameters used for deposition of the multilayer
films are listed in Table 1.

Table 1. Preparation process parameters of
TiN/Ag/Cu,O/TiO, multilayer film

Deposition process TiN Ag Cu,O TiO,

Power [W] 200 20 70 220
Pressure [Pa] 1.0 1.0 1.3 1.0
Flow rate of Ar [sccm] 15 20 46 24
Flow rate of N, [sccm] 2 0 0 0
Flow rate of O, [sccm] 0 0 0 6

Temperature [K] 473 298 473 473

2.3. Characterization of thin films

X-ray diffraction (XRD) data were obtained using an
Empyrean CT tomography X-ray diffraction system at
a scanning rate of 0.05 °/s under 45kV and 40 mA Cu
Ka radiation. Atomic force microscope (AFM, Model:
Solver Next) was used to observe the surface morphol-
ogy of the films at a scanning range of 5.0 um X 5.0 um.
The thickness of the film was characterized by spec-
troscopic ellipsometry (SE) on a WVASE32® appara-
tus from 240 to 1100 nm wavelength (5.16-1.12eV) at
an incidence angle of 65°. A combined Tauc-Lorentz
oscillator model was selected to fit the obtained TiO,
spectra. The transmission, reflectivity, absorbance and
the self-cleaning of the as-deposited films were obtained
on a UH4150 UV-Vis-NIR spectrophotometer. Mean-
while, Essential MacLeod software was used to sim-
ulate and analyse the optical properties of the film,
which can provide theoretical support for the experi-
ment. During the photocatalytic performance testing, a
200 W xenon lamp was used to simulate a solar light
source (300-800nm). The total irradiation time was 60,
120 and 180min. The catalytic efficiency of the as-
deposited film can be determined by the absorption peak
strength of methyl orange solution at 460 nm obtained
from UH4150 UV-Vis-NIR spectrophotometer.
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Figure 2. XRD patterns of TiO, films prepared for different
sputtering times

II1I. Results and discussion

3.1. XRD analysis of TiO; films

The phase analysis of the samples was carried out
by X-ray diffraction (XRD) and XRD patterns of TiO,
films prepared for different sputtering times are shown
in Fig. 2. All the samples showed the characteristic peak
of anatase phase of TiO, and no rutile phase was ob-
served. This is because the anatase phase is the result
of the reaction between neutral Ti and neutral O, or
O7, while the rutile phase is formed by the reaction be-
tween Ti* and O,", and the energy distribution inten-
sity of positive ions in the sputtering plasma is heav-
ily dependent on the total pressure [15]. Similarly, it is
reported that under high sputtering pressure, whatever
O, ions exist in the sputtering cavity may have very
small energy, which may be the reason why there is
no rutile phase in the sample [16]. In this experiment,
the sputtering power and pressure are both large, and
the prepared TiO, films show the characteristic peak of
anatase phase. As it can be seen from Fig. 2, the crys-
tallinity of the sample S1 prepared with a short sput-
tering time is not well-defined and the crystallinity of
the film increases with the increase of sputtering time.
The sample S3 has higher peak intensity and well-
defined anatase characteristic peaks, including (101),
(004), (200), (211), (213), (116), (215) (PDF 73-1764),
but the sample S2 has the strongest (101) characteristic
peak, forming anatase type TiO, film with (101) crystal
face selective growth.

3.2. Thickness of TiO; films

According to different measurement forms, spectro-
scopic ellipsometry (SE) can be divided into reflection
ellipsometry, transmission ellipsometry and scattering
ellipsometry. Reflection ellipsometry is widely used as
an important tool for the analysis of film thickness and
optical properties. Its basic principle is shown in Fig. 3.
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Figure 3. Schematic diagram of the sample measured by the
reflective ellipsometry

The film thickness of the TiO, films can be measured
by SE [17-19]. Firstly, elliptic partial parameters ¢ and
A can be obtained by SE and then the films’ thickness
and optical parameters are analysed by building a gen-
eral oscillator model to fit SE data. Parameters  and A
can be defined as [20]:

p(N*,d) = = tany - exp(iA) (1)

=1

where E; and R, are the complex reflection coefficients
of parallelly and perpendicularly polarized light parallel
and perpendicular to the incident plane, respectively, N*
is the complex refractive index of the film and d is the
film thickness.

The universal oscillator model was used to describe
the TiO, film during fitting [21]. According to this
model (composed of the Tauc-Lorentz oscillator model
[22]), the ellipsoidal data of the measured TiO, film was
fitted. According to the Tauc-Lorentz oscillator model,
the complex dielectric constant of the TiO, film can be
expressed as [21]:

&n 2)

eE=¢g +ig =

NI

n=1
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where, P is the main part of the Cauchy integral, A, and
C, are constants, Ey, is the central position of the os-
cillator and Eg, is the central vibration energy of the
oscillator.

The thickness of the film was measured by SE
method on a WVASE32® apparatus and fitted by the
software of the instrument itself. The mean square er-
ror (MSE) was used to estimate the matching quality
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between the data calculated by the model and the exper-
imental data. The smaller the MSE value is, the higher
the fitting accuracy is.

Figure 4 shows the fitting results of the sample S2
with an incident angle of 65° under the Tauc-Lorentz
model. The solid line is the experimental result and the
dashed line is the fitting result, the overall thickness of
the film obtained by fitting was about 42 nm. Table 2
gives the thickness and surface roughness obtained by
fitting the SE data and MSE of the fits for the TiO, films
deposited at different sputtering time. We can see that
all the values of MSE are below 5, which means the
fitted results are credible. As shown in Fig. 5, it can be
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Figure 4. Experimental and fitted curves obtained by SE of
sample S2

Table 2. Thickness, surface roughness and MSE of samples
S1, S2 and S3 obtained from SE data

Sample Thickness Roughness MSE
P [nm] [nm] [%]
S1 24.5 0 1.37
S2 42.4 0.1 0.73
S3 56.0 6.4 4.63
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Figure 5. Thickness of TiO, films at different sputtering
times
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seen that the thickness of the films increases with the
increase of sputtering time. The average deposition rate
of the TiO, films under this condition was calculated to
be 2.13 nm/min.

3.3. Optical properties of TiO; films

Essential MacLeod is an optical thin film calculation
and analysis software, which is based on the basic the-
ory and calculation of optical thin film. It can run un-
der Microsoft Windows operating system and has a true
multi-document interface, which is the most complete
thin film computing and analysis software on the market
today. It provides a complete set of performance calcu-
lation functions, which can calculate the characteristic
parameters of a given optical film, not only the reflec-
tivity, transmittance and phase, but it also can calcu-
late the parameters including density, absorption rate,
colour, overspeed, the amount of elliptic polarization
and light dispersion, as well as the 0-3 derivative of
wavelength [23]. Therefore, Essential MacLeod soft-
ware can be used to simulate the optical properties of the
film, providing theoretical support for the experiment.

Figures 6a and 6¢ show the transmission and re-
flection spectra of the samples S1, S2 and S3. As it
can be seen, all the samples in the visible and near-
infrared range showed high transmittance (between 60—
95%) and low reflectivity (between 5-35%). The trans-
mittance increased with the increase of wavelength and
reflectance decreased with the increase of the wave-
length. When the sputtering time is increased from 10
to 30 min, the transmittance decreases in the visible and
near-infrared light range, meanwhile the reflectance in-
creases. The transmittance at the wavelength of 550 nm
band, the most sensitive to human eyes, decreases from
72.5% to 70.5%. Figures 6b and 6d show the transmis-
sion spectrum and reflection spectrum of the samples
S1, S2 and S3 simulated by the Essential MacLeod soft-
ware based on the film thickness from SE. In the range
of visible and near-infrared light, the matching degree
with the measured data (Figs. 6a and 6c) is high and
maintains the same trend, which verifies the accuracy
of the experimental results. With the increase of sputter-
ing time, the wave peaks in the transmitted and reflected
spectra move to the long wave direction and appear as
“red shift”. This may be due to the increase of sputtering
time. The number of sputtering atoms reaching the sub-
strate increases, which enables them to carry out effec-
tive migration and diffusion on the substrate. According
to the SE results, the thickness of the film is increased.
From the perspective of film crystallinity in the XRD
pattern, the film crystallinity is more complete, resulting
in the “red shift” of the wave peak in the transmission
spectrum.

3.4. Optical band gap energies of TiO; films

Figure 7 shows the optical absorbance of the obtained
TiO, films in the wavelength range of 300-1500nm. It
is obvious that all the samples showed high absorbance
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Figure 7. Optical absorbance of TiO, films sputtered for
different sputtering times

in the wavelength range of 300-350nm. The light
absorbance increases with the increase of sputtering
time, showing a strong light absorbance, and decreases
sharply with the increase of wavelength. In the visible
region, the absorbance is very low and nearly close to
0. The decrease of absorbance means the weaker light
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absorption capacity, indicating the higher transmittance
in the visible region. From Fig. 6a it can be seen that the
transmittance rises sharply in the wavelength range of
300-350nm and has a high transmittance in the visible
range.

TiO, is a wide band gap semiconductor. The band
gap width of the TiO, films can be determined by the
experimental spectrum of optical absorbance according
to the following formula [24]:

ahv =A-(hv - Ep)" (6)
where, « is the light absorption coefficient, hv is the
photon energy of the incident light, A is the edge width
parameter and m is equal to 12 and 2 for direct and indi-
rect transitions, respectively. The plots of (hv)? versus
photon energy hv for a direct bandgap transitions are
represented in Fig. 8 for different deposition time.

The band gap of the TiO, films was determined by
extrapolation. With the increase of sputtering time, the
band gap of the TiO, films decreases from 3.67 to
3.55eV. This is due to the increase of the light absorp-
tion coefficient caused by the increase of the film thick-
ness with the increase of the sputtering time. It is re-
ported that the change of the band gap width of the film
was also related to the atomic spacing. The film surface
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films are given in Fig. 10. As it can be seen, the surface
roughness and root mean square roughness first increase
and then decrease with the increase of sputtering time.
It is clear that R, and RMS of the sample CF2 are the
largest. Its specific surface area may be relatively large
[25], which increases the contact area with methyl or-
ange solution in the photocatalytic experiment, and thus
CF2 may have stronger photocatalytic ability.

3.6. Optical properties of TiN/Ag/Cu, O/TiO; films

It was confirmed that with the increase of sputtering
time, the band gap of the TiO, thin films decreases (Fig.
! 7). However, the film thickness may also become higher,
25 30 35 40 45 which may greatly influence the optical properties of the

hv (eV) TiO, films. In order to dpcrease the band gap of the Tin

films, Cu,O layer was introduced to prepare the multi-

Figure 8. The curves of (ahy)z versus photon energy hy of layer films. It is reported that the theoretical band gap
samples S1, S2 and S3
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mobility, the degree of crystal coalescence and the crys- 16.96 Ra

tallinity of the sample all increase with the increase of —e— Rms
sputtering time. This is consistent with the above XRD 16
results. The higher crystallinity of the film may lead to

the smaller atomic spacing, which is beneficial to de- 13.86
crease the band gap [24] of the obtained TiO, films. c

3.5. AFM analysis of TiNJAg/Cu,O/TiO> films 14

AFM morphology of the TiN/Ag/Cu,O/TiO, multi- 10.72 10.87
layer films is shown in Fig. 9. It can be seen that the
surface of the prepared TiN/Ag/Cu,O/TiO, multilayer 104
film is composed of some tiny particles, whose particle 854
sizes are all in the nanometer scale. With the increase of
the sputtering time of the outermost TiO, film, the sur- 10 15 20 25 30
face grains of the multilayer film become smaller and Time (min)
the film grows more compactly.

The surface roughness (R,) and root mean square Figure 10. Surface roughness (R,) and root mean square
roughness (RMS) of the TiN/Ag/Cu,0/TiO, multilayer roughness (RMS) of TiN/Ag/Cu,O/TiO, multilayer films
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Figure 9. AFM morphology of TiN/Ag/Cu,0O/TiO,: CF1 (a and d), CF2 (b and e) and CF3 (c and f) multilayer films
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of Cu,Ois E, ~ 2-2.2¢V at pH = 7 [11] and can be
combined with TiO, layer to form a p-n heterojunction.
Figure 11a shows XRD pattern of Cu,O film prepared
under the deposition conditions given in Table 1. From
Fig. 11b, we can see that the band gap of this Cu,O film
is 2.33 eV, which is close to the theoretical value.
Figure 12 shows optical properties of the obtained
TiN/Ag/Cu,O/TiO, multilayer films with different sput-
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tering times of TiO, layer. The transmittance of the
multilayer films in the visible region (380-780nm) in-
creases at first and then decreases with the increase of
sputtering time. The transmittances of the multilayer
films at the wavelength of about 550 nm are 55.6%,
66.6% and 34.5% for the CF1, CF2 and CF3, respec-
tively (insert in Fig. 12a). According to Eq. 6, the band
gap width of the multilayer film can be determined
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Figure 12. Optical properties of TiN/Ag/Cu,O/TiO, multilayer films: transmission spectrum (a), reflection spectrum (b),
absorption spectrum (c) and band gap width (d) of CF1, CF2 and CF3 films
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by extrapolation from the absorption spectrum in Fig.
12c. As shown in Fig. 12d, the band gaps width of the
CF1, CF2 and CF3 multilayer films are 2.94, 2.73 and
2.61 eV, respectively. Compared with those of the TiO,
films (Fig. 8), the band gap widths of all multilayer
films are significantly decreased. It is reported that n-
type semiconductor TiO, with a larger band gap could
be combined with p-type Cu,O with a smaller band gap
to form a p-n junction, thus reducing the TiO, band gap
width and helping to improve the photocatalytic effi-
ciency [9]. On the other hand, the optimal TiN thickness
was beneficial to improve the surface morphology and
crystal structure of the films and at the same time could
reduce the energy band gap of the films [26].

3.7. Photocatalytic behaviour of TiN/Ag/Cu,O/TiO;
films

Photocatalytic performance of the as-prepared films
was obtained by testing the degradation rate of the
methyl orange solution. The faster the degradation rate
of the methyl orange solution is, the better the photocat-
alytic performance of the film is. That is to say, the faster
degradation rate of the methyl orange solution means
the film owns better catalytic efficiency (17), which can
be calculated by the following formula [27]:

CO_C[
0

AO_Al
X100 = ——
Ao

x 100

(7

253

where, Cy is the concentration of methyl orange solu-
tion before photocatalytic degradation, C, is the con-
centration of methyl orange solution after photocatalytic
degradation for time t; Ay is the absorbance of methyl
orange solution before photocatalytic degradation, A, is
the absorbance of methyl orange solution after photo-
catalytic degradation for time 7. The catalytic efficiency
of the as-deposited film can be determined by measur-
ing the absorption peak strength of methyl orange solu-
tion at the wavelength of 460 nm obtained from UH4150
UV-Vis-NIR spectrophotometer.

Figure 13 shows the absorption spectra of the sam-
ples in methyl orange solution at different times, where
BG represents the blank glass without film on the sub-
strate. The catalytic efficiency of the thin film for methyl
orange solution was calculated by Eq. 7 and shown in
Fig. 13d. With the extension of the illumination time,
the catalytic efficiency of the film has been increased.
Compared with the TiO, films, the catalytic efficiency of
the TiN/Ag/Cu,O/TiO, multilayer films increased from
11.9% to 27.8% after 180 min irradiation, and the cat-
alytic efficiency was significantly improved.

It is reported that Cu,0O-TiO, has a narrower band
gap, which expands the optical absorption range of the
material to 800 nm [10]. From the above analysis, one
can easily see that the catalytic efficiency of the sam-
ple CF2 is higher than that of the sample S2. This may
be due to the formation of p-n heterojunction between
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Figure 14. Photocatalytic mechanism of p-n Cu,O-TiO,
heterojunction system

TiO, and Cu,0O in the CF2. Figure 14 shows the pho-
tocatalytic mechanism of the Cu,O-TiO, p-n type het-
erojunction system. According to the calculated val-
ues above, the band gaps of the as-prepared TiO, and
Cu, O films are about 3.61 and 2.33 eV, respectively. The
conduction band and valence band of Cu,O are higher
than those of TiO,. When the incident light energy is
higher, inter-band intrinsic excitation transition will oc-
cur between valence band electrons both in TiO, and
Cu, 0. Due to the energy level difference between con-
duction band and valence band of different semiconduc-
tors, photogenerated electrons will transit from the con-
duction band of Cu,O to the conduction band of TiO,
in our case, resulting in the accumulation of the elec-
trons in TiO, and the holes in Cu,O. Hence, the sep-
aration of photoproduced electrons and holes is pro-
moted and the recombination probability of photogen-
erated electron-hole pairs is reduced. On the other hand,
when the incident light energy is weak, only Cu,O can
undergo inter-band transition and the excited electrons
will also be transferred to the TiO, conduction band.
The photogenerated carriers can be separated effectively
and the carrier life can be extended, which leads to
the improvement of the photocatalytic efficiency. At the
same time, the outermost TiO, film has stable chemi-
cal properties, corrosion resistance and wear resistance,
which can prevent Cu,O film from direct contact with
the air, thus reducing the possibility of Cu,O being ox-
idized by oxygen in the air. This also can increase the
life of the photocatalytic film. As for the effect of Ag
film, it is reported that when Cu,O contacts directly
with Ag nanoparticles, the effective hole consumption
of the valence band can be found. The formation of the
interface between Cu,O and Ag particles not only did
enhance the photostability of Cu,O, but also it inhib-
ited the photo-corrosion and oxidation of Ag to Ag™,
which may improve the overall photocatalytic perfor-
mance significantly [5].
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From Fig. 12d, the band gap width of the CF2
is 2.73eV, corresponding to the wavelength of about
454 nm. This indicates that the spectral response range
of the multilayer film is expanded to the visible region.
Compared with the spectral response range of the TiO,
(only in ultraviolet light region), the photocatalytic ef-
ficiency of the multilayer films was improved and the
utilization of sunlight was expanded. It is worth to men-
tion that in Fig. 12b, the lowest reflectivity of the mul-
tilayer films in near infrared region is about 50%, indi-
cating that the multilayer film also possesses the perfor-
mance of low emission (Low-e) films. That is to say,
the TiN/Ag/Cu,O/TiO, multilayer films we designed
not only photocatalytic activity, but also Low-e perfor-
mance. More detailed research of this kind of multilayer
film will be carried out in the future.

IV. Conclusions

TiO, thin films were prepared on glass substrates by
DC-RF multifunctional magnetron sputtering appara-
tus. The effects of sputtering time on the crystal struc-
ture and optical properties of the thin films were studied.
The results show that the prepared TiO, films are all
anatase type. The band gap of the as-prepared TiO, film
is relatively high and its spectral response range is re-
stricted in the ultraviolet region. Based on the studies of
the TiO, thin films, TiN/Ag/Cu,O/TiO, multilayer films
were designed and prepared successfully. In the multi-
layer films p-n heterojunction is formed between Cu,O
and TiO, and the band gap of TiO, film can be reduced
significantly. This expands the spectral response range
of the TiO, film from ultraviolet light region to visible
light region. The photocatalytic efficiency of the multi-
layer film was also improved compared with that of the
single TiO, film. In conclusion, there is a prospect to
improve optical properties of TiO, film by optimal de-
sign of multilayer films.
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