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 TiO2 thin films and Ag/TiO2 nanoparticles were prepared by CVD and plasma bombardment method. XRD results showed the presence 
of Ag nanoparticles in TiO2 matrix. SEM image confirmed formation of Ag nanoparticles. XPS analysis was utilized to study the chemical 
state of the Ag/TiO2 nanostructure. Statistical surface analysis revealed that since there is a linear relation between logarithmic diagram of 
Cq(r) and r < Rc ~ 4 µm for all q, both surfaces have self-affine structure. Formation of Ag/TiO2 nanoparticles led to the reduction of  
roughness of the samples from 0.72 nm to 0.61 nm. Ag/TiO2 nanoparticles represented greater hydrophilicity under UV illumination and 
visible light compared with TiO2. TiO2 thin films and Ag/TiO2 nanoparticles showed an inhibition for proliferation of the bacteria on their 
surfaces. Antibacterial activity of the samples contributed to the growth inhibition of the bacteria on their surfaces.  
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INTRODUCTION 
 
 TiO2 as a pollution control and self-cleaning material 
has attracted interest in the past decades and has been 
widely used due to its photocatalysis and hydrophilicity 
properties [1]. Basically, the photocatalytic process is 
initiated by the photogeneration of electron/hole pairs in the 
semiconductor by absorption of UV-light photon. 
Hydrophilicity of TiO2 surface can be induced by UV-
irradiation, in this case only less than 5% of solar light 
energy is useful. Many efforts have been made to modify 
TiO2 by impurities for improving hydrophilicity under VI 
light [2-4]. In order to achieve this, the reduction in the band 
gap energy is necessary. Many researchers have focused on 
doping TiO2 with both transition metals and non-metal 
impurities in order to decrease the band gap. These include 
dye sensitization [5], semiconductor coupling [6], and 
impurity doping [7-9]. Modified TiO2 by metal clusters 
exhibits reduction in the electron-hole recombination rate 
due to the Schottky barrier at the metal/TiO2 interface.  
 In addition, roughness of TiO2 thin film plays an 
important role in photoinduced applications because it 
enhances the adsorption  of  more  molecules  and  produces  
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more efficient of thin film [10]. Hence, it is important to 
develop deposition method by which roughness can be 
controlled. Due to the importance of surface growth 
property, great deal of efforts have been devoted to 
understanding the mechanism of thin-film growth and 
roughness of growing surfaces in various growth methods. 
Analytic and numerical treatments of a simple growth 
model suggest that the height-height correlation function 
have a self-similar character and their average correlations 
exhibit a dynamic scaling form [11-16]. 
 Nano particles are currently known as antibacterial 
materials. Among the inorganic antibacterial agents, metals 
and photo catalysts are most commonly used. Most metallic 
ions exhibit antimicrobial effect. For efficiency and safety 
reasons, silver, copper and zinc are the most widely 
available metallic antibacterial agents [17,18]. Modified 
TiO2 by Ag nanoparticles is more promising for 
antimicrobial applications. Ag can be an efficient 
antibacterial material with or without light irradiation [19]. 
Ag doping may increase the absorption of visible light due 
to plasmonic effects [20].   
 Chemical vapor deposition (CVD) [21], sol-gel method 
[22], hydrothermal growth [23,24] and plasma enhanced 
chemical vapor deposition (PECVD) are most commonly 
used   methods   for   TiO2   films   preparation.  CVD  is  an  



 
 

 

Kimiagar/Phys. Chem. Res., Vol. 1, No. 2, 126-133, December 2013.  

 127 

 
 
important method to fabricate uniform layer with low-
porosity, high-purity, high-performance and local 
deposition. The process is often used to produce nano thin 
film and nanoparticles. This paper deals with 
characterization of TiO2 films deposited by PECVD, the 
surface of which was subsequently modified by silver 
nanoparticles. The effect of these nanoparticles on 
hydrophilicity property, statistical surface roughness and 
antimicrobial properties of the nano thin films have been 
investigated. 
 
EXPERIMENTAL DETAILS 
 
 Fabrication process was started by cleaning the substrate 
through the standard Radio Corporation of America (RCA) 
method (NH4OH:H2O2:H2O solution with volume ratio of 
1:1:5) and then rinsed in deionized water. TiO2 layer was 
deposited on glass substrate using an atmospheric pressure 
chemical vapor deposition (CVD) system at temperature 
250 ºC. TiCl4 was used as the main precursor to form 
titanium dioxide. Argon gas was used for delivery of the 
solution from a bubbler into the chamber. Ar flow rates 
during the deposition were kept at 200 Sccm. Oxygen was 
also introduced into the chamber by a separate inlet with 
flow rate of 400 Sccm. In this process crystalline TiO2 
nanostructured layer was formed on the substrate. After this 
process 40 nm thickness of Ag layer was deposited on the 
TiO2 coated substrate. The prepared samples were then 
placed in the DC plasma bombardment system in the 
presence of H2 at a pressure of 7 Torr. Hydrogen plasma 
was applied on  the  samples  with  a  power  density of  3 
W cm-2 to form Ag nanoparticles. The properties of the 
coated layers are much better tunable with PECVD than in 
the simple thermal deposition technique, because there are 
more effective variable parameters.      
 Antibacterial activity of TiO2 and Ag/TiO2 was 
determined against E.coli using Muller Hinton agar. Agar 
was added to distilled water and then autoclaved. This agar 
plate was at 40-50 ºC. In a typical preparation, Ag/TiO2 and 
TiO2 were added separately to 106 of E.coli in a sterile tube. 
A reference tube with 106 of E.coli without sample was kept 
at the same situation as a background in test to compare 
with the two sample tubes. The experiment was repeated 
under visible-light and in dark place. In  dark  conditions  all  

 
 
the tubes were located in dark position and the numbers of 
colonies were counted in agar plates after three hours and 
bacteria concentration was determined three times for time 
intervals of three hours. In the next test, all the tubes were 
located under 100 v lamp visible-light and after two hours, 
bacteria concentration was determined which repeated by 
time interval of two hours. All  plates  were  incubated  at 
37 ºC for 24 h and were tested for bacterial inhibition zones 
on the samples. 
 Phase formation and crystalline properties of the 
samples were characterized by an x-ray diffractometer 
‘XRD’ (Philips PW 1130.90) in the 2θ range from 20o to 
100o operating at 40 kV accelerating voltage and 40 mA 
current. Morphological investigation of the nanostructures 
was studied by a field emission scanning electron 
microscopy (FESEM). The components of the structure 
were determined by X-ray photoelectron spectroscopy 
(XPS) using Gamma data-scienta ESCA 200 hemispherical 
analyzer equipped with an Al Kα (1486.6 eV) X-ray source. 
The wettability of the samples was evaluated by measuring 
the contact angle of distilled water. The picture of water 
drop on the surface was captured by a digital camera and 
imported to the measurement software (TESCAN 
Measurement) to measure the angle between the distilled 
water curve and the sample surface. Contact angle was 
measured under a mercury lamp with maximum radiation at 
365 nm wavelength as a UV source and halogen lamp as a 
visible light source. Irradiation power density of both UV 
and visible light was 100 mW cm-2 at the sample position.  
 
RESULTS AND DISCUSSION  
 
 To verify the structural characteristics of the Ag/TiO2 
nanostructure, XRD analysis was carried out. Figure 1 
shows the XRD result of the prepared nanostructure. The 
peaks show existence of Ag in the TiO2 matrix. Formation 
of Ag nanoparticles on the TiO2 coated sample, after 
stopping the hydrogen bombardment, could be observed in 
SEM image (Fig. 2). Ag nanoparticles with a typical 
diameter in the range of 50-150 nm are clearly observable. 
 To investigate the chemical state of the Ag/TiO2 
nanostructure, XPS analysis was utilized. Figure 3 shows 
high-resolution XPS spectra of Ag and Ti of the prepared 
Ag/TiO2. As seen from  this  figure,  the  Ag (3d5/2)  and  Ag  
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Fig. 1. XRD pattern of Ag/TiO2 nanoparticles. 

 
 
 

 
 

Fig. 2. SEM image of Ag/TiO2 nanoparticles. 
 

 
(3d3/2) bands of the sample were found at binding energies 
about 368.3 and 374.1 eV, respectively. 
 Using statistical methods, we have investigated structure 
of the surfaces to find out the effect of Ag nanoparticles 
creation. To achieve this, we studied the scaling properties 
(self-affinity or multi-affinity) of the samples [10,25]. To 
figure out the topography of these samples, we have 
calculated  q-th  order   height–height   correlation  function,   

 
 

 

Fig. 3. XPS spectra of the Ag/TiO2 nanoparticles. 

                                                                                    
 Cq (r) = < |h(x) – h(x + r)|q >1/q                                     (1) 
 
in which h(x) and h(x+r)  are the surface heights at positions 
x and x+r on the surface, q is order of height-height 
correlation function and the average is over the surface area. 
Generalized roughness exponent χq ~ qξ is evaluated 
according to the slope of the logarithmic plot of the relation 
Cq(r) ~ r qξ [10,25].  Figure 4 shows log-log plot of Cq(r) vs. 
r for different values of q from q = 2 up to q = 10. In the 
logarithmic diagram of Cq(r) vs. r there is a linear relation 
between Cq(r) and r < Rc (Rc ~ 4 µm) for all q and χq (the 
slope of the linear part in the logarithmic diagram) is the 
same for all q, it means that there is a self-affine structure. 
In the other words for self-affine structure χq is constant for 
all q, but in multi-affine structure χq varies for different q. 
 For estimating roughness exponent of these surfaces, we 
have calculated C2(r) using Eq. (1) and q = 2. The results 
are given in Fig. 4. Since this curve follows the scaling 
relation C2(r) ~ r2ξ in the length scales r < Rc ~ 4 µm, we 
can calculate the roughness exponent of the interfaces from 
the slope of the linear part of log-log curve for q = 2, which 
are 0.72 ± 0.03 nm and 0.61 ± 0.03 nm for TiO2 and 
Ag/TiO2, respectively. These exponents exhibit a 
meaningful change in the structure of the interfaces and can 
be related to its physical features [10,25,26]. It seems that 
the TiO2 sample has a rough interface with larger  roughness 



 
 

 

Kimiagar/Phys. Chem. Res., Vol. 1, No. 2, 126-133, December 2013.  

 129 

 
 

 
 

 
Fig. 4. log-log plot of Cq(r) vs. r for different values of q,  

              TiO2 (left) and Ag/TiO2 (right). 
 

 
compared to the Ag/TiO2 sample.  
 We can conclude from the linear feature in these 
diagrams that roughness exponents of the surfaces have 
been changed due to the creation of Ag nanoparticles, 
however no changes were observed on the self-affinity of 
the interfaces. Additionally, the higher order height-height 
correlation  functions  would  represent  the  self-affinity  of  

 
 
these structures. 
 The mechanism of photo-induced hydrophilicity of TiO2 
has been investigated by many researchers [27,28]. As a 
result, it was revealed that preferential adsorption of water 
molecules on the photo-generated defective sites of the 
surface lead to the formation of highly hydrophilic TiO2 thin 
film surfaces [29]. 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 [30]. 
The formation processes of defective sites on TiO2 surface 
can be expressed as follows [31]: 
 
 TiO2 + hυ → e- + h+, 
 O2− + 2h+ → 1/2 O2 + VO (oxygen vacancy), 
 Ti4+ + e- → Ti3+ (surface trapped electron).                  (2) 
 
On the surface, trapped electrons tend to react with O2 to 
form O2

- or O2
2- ions. Meanwhile, water molecules may 

change into the oxygen vacancy sites (VO), leading to the 
dissociation of the water molecules on the surface [32,33]. 
This process increases the hydroxyl content on the TiO2 thin 
film surfaces that have the ability to decompose organic and 
microbial matter. It was expected that the number of 
defective sites would increase with the increase of 
irradiation time and this in turn leads to the improvement of 
hydrophilicity.  
 Theoretically, the addition of noble metal to a 
photocatalytic semiconductor can improve the hydrophilic 
property. A major role of Ag corporate in TiO2 is to 
generate oxygen anion radicals (O2

-) and reactive center 
(Ti3+) as shown in the following reactions [34]. 
 
 e- + Ag → Ag- 
 Ag- + Ti4+→ Ag + Ti3+ 
 Ag- + O2 →Ag + O2

- 
 
Therefore, increase of Ag content can increase O2

- and Ti3+ 
particles which will help to prevent the electrons-holes 
pairs’ recombination. 
 The water droplet was dropped onto the surface of the 
thin film and the contact angle was then measured from two 
sides and averaged as presented in Fig. 5 (inset). The lower 
water contact angle means  more  hydrophilic  activity.  The  
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Fig. 5. Water contact angle, for Ag/TiO2 (left) and TiO2  

               (right). 
 
 
contact angle of distilled water on the sample surface was 
measured under UV, VI illumination and also dark 
condition every minute. Variation of water contact angle is 
shown in Fig. 5. In Fig. 5-left, the Ag/TiO2 thin film shows 
an angle reduction under UV and VI illumination. But for 
the TiO2 thin film, Fig. 5-right, according to titanium 
dioxide’s big band gap which cannot absorb VI light, angle 
reduction under VI illumination is very low. Obviously  it is  

 
 

 
Fig. 6. Water contact angle, for Ag/TiO2 and TiO2 under  

               VI light. 

 
seen that the hydrophilicity of the TiO2 thin film can be 
enhanced by Ag-doping due to the surface plasmon 
resonance. However, it seems that the change in the 
roughness exponents of the films and also different film 
structures could lead to a higher hydrophilicity for Ag/TiO2 
thin film. So for Ag/TiO2 nanoparticles, improvement of 
hydrophilicity under VI light would be due to the band gap 
decrease and high surface area to volume ratio of the 
nanoparticles. Also increase of O2

- and Ti3+ on the film’s 
surface enhances the hydrophilicity of Ag/TiO2 film. 
Comparison between TiO2 and TiO2 with Ag nanoparticles 
thin films is shown in Fig. 6.  
 Due to the outstanding application of Ag and TiO2 in 
medical fields, the antibacterial efficiency of the TiO2 and 
Ag/TiO2 samples were studied under visible-light and 
darkness. Ag nanoparticles have a good antibacterial 
behavior with or without light irradiation. E. coli was loaded 
on samples’ surface and their inactivation times were 
studied [16]. As a consequence, in our case, it was observed 
that bacteria population was affected by the samples. The 
results are shown in Table 1. It can be seen that TiO2 shows 
weak antibacterial capability when tested in the dark place 
while Ag/TiO2 has better antibacterial efficiency after three 
hours (Fig. 7). Compared to this, Ag/TiO2 have a strong 
antibacterial efficiency under visible light during two  hours 
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Fig. 7. Alive bacteria vs.  time  in a  dark  place for TiO2  
          (square symbol) and Ag/TiO2 (diamond symbol). 

 
 
 (Fig. 8).  
 
CONCLUSIONS 
 
 TiO2 thin film and Ag/TiO2 nanoparticles were 
synthesized by CVD and plasma bombardment method. 
Base on statistical study, since there was linear relation 
between logarithmic diagram of Cq(r) and r < Rc ~ 4 µm for 
all q, surface structure was found out to be self-affine. 
Surface roughness of Ag/TiO2 was lower than that of the 
TiO2, so that the creation of Ag nanoparticles decreased 
roughness exponent of the surfaces from 0.72 nm to 0.61 
nm for TiO2 and Ag/TiO2, respectively.  The  contact   angle 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 8. Alive bacteria vs. time under visible light for TiO2  

        (square symbol) and Ag  iO2 (diamond symbol). 
 

 
of the water droplet was measured under UV illumination 
and visible light. Absorption of TiO2 thin film was in the 
range of UV illumination, so contact angle decreased but 
under VI light there was no remarkable change in contact 
angle. For Ag/TiO2 there was a reduction of contact angle 
under UV illumination and VI light as well, which 
concluded that its band gap is lower than that of the TiO2 
thin film. It means that Ag nanoparticles have improved 
hydrophilicity of the sample. Antibacterial experiment for 
the TiO2 thin film and Ag/TiO2 nanoparticles demonstrated 
that Ag/TiO2 nanoparticles are more toxic to bacteria than 
TiO2 and it can make E. coli inactive after two hours. This 
result showed the capability of green reduction  of  Ag/TiO2  

      Table 1. Antibacterial Activity of Ag and Ag/TiO2 under VI Light and Dark Place 
 

 E.coli & Ag/TiO2   E.coli & TiO2   

Time (h) Rest of bacteria 
 Number of 

bacteria 
Time (h) 

Rest of 
bacteria 

 Number of 
bacteria 

 

9 0 106 9 104 106 Dark 

8 0 106 8 103 106 VI-Light 
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that can be applied for inhibition of the bacterial growth on 
surfaces, even in the environments which are highly suitable 
for proliferation of the bacteria. 
 This work shows the possibility of creation 
nanoparticles with plasma bombardment. Since there are 
many parameters for plasma that are adjustable, it is 
conceivable to optimize the nanoparticle size by considering 
the effect of parameters such as temperature, pressure and 
time of bombardment, synthesis method and plasma voltage 
to have nanoparticles with required size, band gap, surfaces 
with specified roughness and with specific physico-
chemical properties. The effect of nanoparticle size on 
optical property, antibacterial activity and efficiency 
enhancement of dye-sensitized solar cells has already been 
reported [35-38]. Hence, our method presents more 
parameters to control size of the nanoparticle to improve the 
properties and to formulate new products with many 
biotechnological applications. Compared with other 
conventional methods, the proposed method in this study 
has some advantages due to the ability of parameter 
adjustment. 
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