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a b s t r a c t

Ag–TiO2 nanostructured thin films with silver volume fraction of 0–40% were deposited on silicon and
quartz substrates by radio frequency (RF) magnetron sputtering. The phase structure, surface composi-
tion, surface topography, optical properties, and hydrophilicity of the films were characterized by X-ray
diffractometer, X-ray photoelectron energy spectrometer, atomic force microscope, ultraviolet–visible
eywords:
ilver
iO2 thin film
F magnetron sputtering
ydrophilicity

spectrophotometer, and water contact angle apparatus. The relation of hydrophilic property and silver
content was studied in detail. It was found that silver content influences microstructure of TiO2 thin
films, and silver in the films is metallic Ag (Ag0). Hydrophilic behavior of the films increases with the
increase of silver content up to 5 vol% Ag and then decreases. A suitable amount (around 5 vol% Ag) of
silver addition can significantly enhance the hydrophilicity of TiO2 films. The hydrophilic behavior of the
films is discussed in terms of the synergic effects of defective site, energy gap, surface roughness, and

grain size.

. Introduction

In 1997, Wang et al. [1] reported that ultraviolet illumination
f TiO2 surfaces could produce a highly hydrophilic surface which
as named as super-hydrophilicity. Since then, hydrophilic tita-
ium dioxide materials have been attracting attention for many
ractical applications such as self-cleaning and antifogging mate-
ials. However, the hydrophilic property of the TiO2 thin films need
e further improved and enhanced for practical application. It was
eported that the addition of noble metal to a photocatalytic semi-
onductor can change the semiconductor surface properties [2].
t was also reported that silver nanoparticles show efficient plas-

on resonance in the visible region [3]. Although many attentions
ave been paid to the material doped with noble metals, such as
t [4], Au [5], and Ag [6], to enhance photocatalytic activity of the

iO2 thin films; a study on enhance hydrophilic behavior of silver
odified TiO2 thin films has not been reported. Ag–TiO2 thin films

an be prepared by numerous techniques such as thermal oxida-
ion of electron-beam-evaporated [7], SILAR method [8], sol–gel
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processes [9], pulsed laser deposition method [10], and sputtering
[11]. Among these techniques, RF magnetron sputtering method
provides more advantages, such as a small quantity of adventitious
impurity, small stress, excellent uniformity property, etc., in con-
trolling the microstructure and composition of the films. In this
paper, Ag–TiO2 nanostructured thin films were deposited on sil-
icon and quartz substrates by RF magnetron sputtering at room
temperature. Our main purpose is to investigate the influence of
silver content on crystal structure, surface topography, energy gap,
and photo-induced hydrophilicity of the films.

2. Experimental details

2.1. Preparation of samples

Ag–TiO2 nanostructured thin films with various silver content (0–40 vol%) were
prepared by a JGP560I-type high vacuum multifunctional magnetron sputtering
equipment, made by Scientific Instrument Development Center Limited Company
of China, using Ag–TiO2 ceramic targets (Ф = 60 mm) on silicon (10 mm × 10 mm)
and quartz (25.1 mm × 15.4 mm) substrates at room temperature. The targets were
made by sticking Ag strips (99.99% purity) onto TiO2 target (99.99% purity). Prior
to deposition, the substrates were ultrasonically cleaned with acetone, absolute

ethyl alcohol, and de-ionized water for 10 min, respectively. When the sputter-
ing chamber was evacuated to a base pressure of 8 × 10−4 Pa, argon gas (99.99%
purity) was introduced. Before the films were deposited, Ag–TiO2 ceramic target
was pre-sputtered by argon ion for 3 min to weed out the surface adsorption. Dur-
ing sputtering, argon gas flow rate was kept at 30 sccm, the chamber pressure was
maintained at 0.8 Pa, the sputtering power was 60 W, and the distance between the

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mrmeng@ahu.edu.cn
mailto:mrmeng@tom.com
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silver, titanium, oxygen and carbon are found in the 10 vol% Ag
modified TiO2 thin films. The atomic concentration of these ele-
ments were calculated and listed in Table 1.
Fig. 1. Geometric pattern for calculation of water contact angle [12].

ubstrate and the target was 60 mm. In order to obtain the same film thickness, sput-
ering time was 27, 25.3, 24, 22, 18, and 11.7 min corresponding with silver content
f 0, 2.5, 5, 10, 20, and 40 vol%, respectively, due to their different sputtering rate.

.2. Characterization

The thickness of the films corresponding with silver content of 0, 2.5, 5, 10, 20,
nd 40 vol%, measured by a surface profiler meter (Ambios XP-1), is 112, 116, 122,
09, 112, and 123 nm, respectively. The error of the measurements was ±0.1 nm. The
rystallization behavior of the films was analyzed by a MAC M18XHF X-ray diffrac-
ometer, made by MAC Science Limited Company of Japan, using Cu K� radiation.
he accelerating voltage is 40 kV, current 100 mA, scanning range 20–80◦ , scanning
tep 0.02◦ , and scanning speed 8◦/min. The surface composition was analyzed by an
SCALAB 250 X-ray photoelectron energy spectrometer, made by Thermo Electron
ompany of America. The working pressure in the XPS chamber was approximately
0−6 Pa. Al K� radiation was obtained by an accelerating voltage of 15 kV and an
mission current of 12 mA. Survey spectra were collected with a scanning step of
eV. All the binding energies were referenced to the C1s peak at 284.8 eV of the

urface adventitious carbon. Surface morphological features were observed by an
J-IIIa-type atomic force microscope made by Shanghai AJ Nano-Science Develop-
ent Limited Company of China. The AFM operating mode is tap. Transmission

pectra were obtained by an ultraviolet–visible spectrophotometer (SHIMADZU
V-2550(PC) SERIES). The energy gap was determined by plotting (˛h�)1/2 versus
quivalent energy at the wavelength �.

.3. Hydrophilicity measurements

The photo-induced hydrophilic property of the films was evaluated by screening
hotos and measuring the contact angle of water droplet during irradiation of a
6 W high pressure mercury lamp, which emits visible light of 404.7, 435.8, 546.1
nd 577.0–579.0 nm, and ultraviolet light of 365 nm. The hydrophilicity photos were
btained by a home-made water contact angle apparatus, which was performed at
mbient air (25 ◦C, relative humidity (RH) 60%). By measuring the diameter and
eight of the spherical crown of 3 mL droplet dropped on the surface of the films

rom 2 mm height, the water contact angle can be calculated from Eq. (1):

= arctan
4HL

L2 − 4H2
(1)

here � is water contact angle, L is diameter of the spherical crown, H is height of
he spherical crown, as shown [12] in Fig. 1.

. Results and analysis

.1. X-ray diffraction (XRD) analysis
Fig. 2 shows XRD patterns of (a) pure and (b) 2.5, (c) 5, (d) 10,
e) 20, and (f) 40 vol% Ag modified TiO2 thin films on silicon sub-
trates. We can see that phase structure of the films changes with
he increase of silver content. The pure TiO2 thin films possess
Fig. 2. XRD patterns of (a) pure and (b) 2.5, (c) 5, (d) 10, (e) 20, and (f) 40 vol% Ag
modified TiO2 thin films as deposited on silicon substrate.

irregular background noise and no characteristic peaks of brookite,
anatase, rutile, and silver at all, suggesting that the film is amor-
phous. When silver content is 2.5 vol%, there are slightly diffraction
peaks of 27.70 and 69.58◦, which are corresponding to rutile (1 1 0)
and (3 0 1), respectively. When silver content increases to 5 vol%,
the diffraction peak of silver (1 1 1) appears, and then with further
increase of silver content, the peak intensity gradually increases.
In the XRD pattern of 20 vol% Ag modified TiO2 thin film, there are
diffraction angles of 27.70, 38.05, 44.34, 54.37, 56.71, 64.58, and
77.42◦, which are corresponding to rutile (1 1 0), silver (1 1 1), sil-
ver (2 0 0), rutile (2 1 1), rutile (2 2 0), silver (2 2 0), and silver (3 1 1),
respectively. In the XRD pattern of 40 vol% Ag modified TiO2 thin
film, there are diffraction angles of 25.36, 38.05, 44.34, 64.58, and
77.42◦, which are corresponding to anatase (1 0 1), silver (1 1 1),
silver (2 0 0), silver (2 2 0), and silver (3 1 1), respectively. All these
analysis suggest that silver content influences phase structure of
Ag–TiO2 thin films, and silver in the films is metallic Ag (Ag0).

3.2. X-ray photoelectron spectroscopy (XPS) analysis

Fig. 3 shows the XPS survey spectrum for the surface of 10 vol%
Ag modified TiO2 thin films as deposited. The result illustrates that
Fig. 3. XPS survey spectrum for the surface of 10 vol% Ag modified TiO2 thin films
as deposited.
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(f) 40 vol% Ag modified TiO2 thin films as deposited on silicon substrate.
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Fig. 4. AFM images of (a) pure and (b) 2.5, (c) 5, (d) 10, (e) 20, and

.3. Atomic force microscope (AFM) analysis

Fig. 4 shows AFM images of (a) pure and (b) 2.5, (c) 5, (d) 10,
e) 20, and (f) 40 vol% Ag modified TiO2 thin films on the silicon
ubstrate. Fig. 5 depicts influence of silver content on grain size
nd surface roughness of the films, as deduced from AFM measure-
ents. From Figs. 4 and 5, we can see that there is not any particle

n the surface of pure TiO2 film, but silver modified TiO2 thin films
re all composed of mono-dispersed sphere-like particles. With the
ncrease of silver content from 0 to 40 vol%, grain size and sur-
ace roughness of the films decrease first and then increase and
uantity of particles increase evidently. Obviously, surface rough-
ess is rather well correlated to the grain size, which suggests that
oughness of the films is at least partially induced by grain size
ffects.

.4. Ultraviolet–visible (UV–vis) spectrometer analysis

Fig. 6 shows transmission spectra of the films on quartz sub-
trates. We can see that absorption edges for silver modified TiO2
hin films shift to longer first and then shorter wavelength. The
ransmission spectra of all samples show a sharp decrease in the
V region due to fundamental absorption of light. In the visible
egion, the light-scattering dominates over the absorption, and the
ight-scattering losses increase with increasing grain size, however,
t wavelengths close to the absorption edge, the light-scattering
osses are dominated by the fundamental absorption [13,14]. Opti-
al transmittance spectrum can be used to derive the energy gap

able 1
tomic concentration of different elements in 10.0 vol% Ag modified TiO2 thin films
s deposited determined by XPS.

Elements

Ag Ti O C

Atomic concentration (%) 3.7 20.93 53.53 21.84

Fig. 5. Influence of silver content on (a) grain size and (b) surface roughness of
Ag–TiO2 thin films as deposited on silicon substrate. (Note: standard error on aver-
age grain size measurements is 16.028, 0.000, 0.000, 0.000, 26.523, and 48.630 nm,
for pure and 2.5, 5, 10, 20, and 40 vol% Ag modified TiO2 thin films, respectively.)
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ig. 6. Transmission spectra of (a) pure and (b) 2.5, (c) 5, (d) 10, (e) 20, and (f) 40 vol%
g modified TiO2 thin films as deposited on quartz substrate.

Eg) of the films, which is determined [15,16] by plotting (˛h�)1/2

ersus equivalent energy at the wavelength �, as a result, the energy
ap is 3.02, 3.00, 2.81, 2.87, 2.92, and 2.97 eV, for (a) pure and (b)
.5, (c) 5, (d) 10, (e) 20, and (f) 40 vol% Ag modified TiO2 thin films,
espectively. We can see that the energy gap of silver modified TiO2
hin films decreases with the increase of silver content up to 5 vol%
g and then increases.

.5. Hydrophilicity

Fig. 7 shows water contact angles of (a) pure and (b) 2.5, (c)
, (d) 10, (e) 20, and (f) 40 vol% Ag modified TiO2 thin films on
uartz substrates as a function of irradiation time of high pres-
ure mercury lamp. We can see that water contact angles of the
lms decreases with the increase of silver content up to 5 vol% Ag
nd then increases. For the same sample, the water contact angle
ecrease with the increase of irradiation time, which means the sur-
ace converts to hydrophilic state. And it seems that for the 5 vol%
g modified film, the high hydrophilicity could be achieved easily.
.6. The mechanism of hydrophilicity

From the above results we can see that irradiation of pres-
ure mercury lamp can induce hydrophilicity of TiO2 thin films.
his is called photo-induced hydrophilicity, which shown in the

ig. 7. Water contact angles of (a) pure and (b) 2.5, (c) 5, (d) 10, (e) 20, and (f)
0 vol% Ag modified TiO2 thin films as deposited on quartz substrate as a function
f irradiation time of high pressure mercury lamp.
ompounds 501 (2010) 154–158 157

change of the water contact angle with irradiation time. The mech-
anism of photo-induced hydrophilic behavior of TiO2 thin films
has been intensively investigated by many researchers [17–19]. It
was revealed that preferential adsorption of water molecules on
the photo-generated surface defective sites led to the formation of
highly hydrophilic TiO2 thin films surface [19,20]. Photo-generated
electron–hole pairs could either recombine or move to the surface
to react with species adsorbed on the surface. Some of the electrons
react with lattice metal ions Ti4+ to form Ti3+ defective sites [21].
The formation processes of defective sites on TiO2 surface can be
expressed as follows [22]:

TiO2
hv−→e− + h+ (2)

O2− + 2h+ → 1
2

O2 + VO (3)

Ti4+ + e− → Ti3+ (4)

In air, the surface trapped electrons (Ti3+) tend to react imme-
diately with O2 adsorbed on the surface to form O2

− or O2
2−

ions. Meanwhile, water molecules may coordinate into the oxygen
vacancy sites (VO), which leads to dissociative adsorption of the
water molecules on the surface [22–24]. This process gives rise to
the increase of hydroxyl content on the illuminated TiO2 thin film
surfaces. It was likely that the number of defective sites increased
with the increase of silver content and this led to the improvement
of hydrophilicity. From Section 3.5 it can be seen that water contact
angles of the films decreases with the increase of silver content up
to 5 vol% Ag and then increases which means that the amount of
defective sites increases with the increase of silver content up to
5 vol% Ag and then decreases. And we can also see that with the
increase of silver content from 0 to 40 vol%, the water contact angle
and energy gap show the same change rule, namely the lower the
energy gap is, the smaller the water contact angle is. The reason
is that the film with lower energy gap has more photo-generated
electrons contributed from the valence band and the conduction
band [25]. The more electrons that are excited, the more reactive
the surface is to water on the thin film. Here, the energy gap are
3.02, 3.00, 2.81, 2.87, 2.92, and 2.97 eV, for (a) pure and (b) 2.5, (c)
5, (d) 10, (e) 20, and (f) 40 vol% Ag modified TiO2 thin films, respec-
tively. We can calculate that threshold absorption wavelength are
411.6, 414.4, 442.4, 433.1, 425.7, and 418.6 nm, for (a) pure and (b)
2.5, (c) 5, (d) 10, (e) 20, and (f) 40 vol% Ag modified TiO2 thin films,
respectively. Owing to the high pressure mercury lamp emits visi-
ble light of 404.7, 435.8, 546.1, and 577.0–579.0 nm, and ultraviolet
light of 365 nm; so we can know that all the films can absorb the
ultraviolet light of 365 nm and visible light of 404.7 nm from irradi-
ation of high pressure mercury lamp, but as a exception, 5 vol% Ag
modified TiO2 thin films can also absorbs visible light of 435.8 nm.
The 5 vol% Ag modified TiO2 thin films has a lower energy gap, pro-
duces more excited electrons, and exhibits higher photo-induced
hydrophilicity.

In addition, it was reported [26] that the photo-induced
hydrophilic conversion of film surface is directly correlated with
surface morphology. For a better understanding of surface topog-
raphy effects on the photo-induced hydrophilic conversion on the
silver modified TiO2 thin films, the relationships between the con-
tact angle and surface roughness and grain size were analyzed.
From Figs. 5 and 7, we can see that contact angle and surface
roughness together with grain size show approximately the same

change rule with the increase of silver content, which reveals that
hydrophilic behavior of the films surface is directly correlated with
surface roughness and grain size. As reported in literatures [27–29],
the small grain size lead to higher hydrophilicity of TiO2 surface, a
fact was observed here.
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Based on above discussion, it was suggested that the exten-
ion of visible light absorption region and the increase of defective
ites are main causes of enhanced hydrophilicity for silver modi-
ed TiO2 films. In addition, the hydrophilic property of the films
urface is directly correlated with surface roughness and grain
ize.

. Conclusions

In conclusion, water contact angle of the films decreases with
he increase of silver content up to 5 vol% Ag and then increases. For
he same sample, the water contact angle decrease with increase
f irradiation time, and it seems that for the 5 vol% Ag modified
lm, the high hydrophilicity could be achieved easily. Silver content

nfluences phase structure of TiO2 thin films, and silver in the films
s metallic Ag (Ag0). With the increase of silver content from 0 to
0 vol%, grain size and surface roughness of the films decrease first
nd then increase and quantity of particles increase evidently, and
he energy gap decreases first and then increases. The extension of
isible light absorption region and the increase of defective sites
re main causes of enhanced hydrophilicity for the films, and the
ydrophilicity of the films surface is directly correlated with surface
oughness and grain size.
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