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In the present work titanium dioxide (TiO2) thin films were grown by d.c. reactive magnetron sputtering process, 
systematically varying the Ar/O2 ratio in the gas mixture, in order to study the influence of the oxygen partial pressure on 
the crystallographic structure and photocatalytic activity of the TiO2 thin films. After the sputtering process the TiO2 
coatings were nitrided in a microwave (f= 2.45 GHz) Electron Cyclotron Resonance (ECR) plasma discharge in pure 
nitrogen, to compare the photocatalytic activity of undoped and nitrogen-doped TiO2 thin films.  The crystal structure of 
the TiO2 grown samples was studied by x-ray diffraction (XRD) and the presence of the anatase phase in these films were 
corroborated by Raman spectroscopy. On the other hand, X-ray photoelectron spectroscopy (XPS) measurements carried 
out in the nitrogen-doped TiO2 samples, showed that the nitrogen was incorporated to the films with an average 
concentration of 18 at% of N. The UV-Vis optical spectroscopy allowed calculating the band gap. A narrowing of the 
optical band gap from 3.2 eV for the undoped films to 2.5 eV for the N-doped films was observed. Photocatalytic activity 
tests were done using a methylene blue (MB) dye solution.  The irradiation of the films in the MB dye solution was 
carried out with an emission lamp in the UV and in the visible range for undoped and N-doped TiO2 films, respectively.  
The results showed that the N-doped TiO2 films had a higher photocalytic activity in the visible range, reaching a greater 
MB degradation in comparison with undoped samples, which were subjected to a higher energy radiation.  
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1. Introduction 
 

Titanium dioxide (TiO2) is a semiconductor that is 
recognized as an efficient photocatalyst due to its excellent 
functionality, stability and hydrophilicity [1]. However, a 
main deficiency of TiO2 as a photocatalyst is the wide band 
gap (3–3.2 eV), and the fact that it is activated only under 
ultraviolet light irradiation. The change of TiO2 to 
transform its activity under visible light is one of the most 
important goals to expand its usefulness in a less expensive 
way. Many techniques have been examined to achieve this 
purpose, including the doping of TiO2 with transition 
metals but these doped materials suffer a thermal instability 
and increase of the number of carrier recombination centers 
[2].  Many works describe the nitrogen-doped TiO2 as a 
more stable material with better properties [3].  There are 
many different methods to prepare TiO2 films, including 
sol–gel [4], laser ablation [5], sputtering deposition [6], 
metal organic chemical vapor deposition [7] among others. 
In comparison with those methods, the d.c sputtering 
process presents some advantages, such as the high quality 
and homogeneity of obtained films. Furthermore, 
sputtering depositions should be one of the most promising 
techniques for a large-area of uniform coatings with a high 
packing density and strong adhesion.  On the other hand, 
the structure and properties of the TiO2 films prepared by 
d.c. magnetron sputtering, can be modified and controlled 
via the process parameters like work pressure, sputtering 
power, substrate bias voltage and oxygen partial pressure. 

Therefore, a lot of reports have been published on the 
sputtering deposition of TiO2 films. The present paper 
investigates the influence of the oxygen partial pressure on 
the crystallographic structure and photocatalytic activity of 
TiO2 films obtained by d.c. reactive (Ar/O2) magnetron 
sputtering, which subsequently are doped using a 
microwave Electron Cyclotron Resonance (ECR) plasma 
discharge in pure nitrogen, in order to compare the 
photocatalytic activity of undoped and nitrogen-doped 
TiO2 thin films. In this study the photocatalytic activity is 
evaluated by the degradation of methylene blue (MB), 
which has often been used as a reactant in semiconductor 
photocatalysis because this absorbs little light between 300 
and 400 nm and its absorption is not overlaped in the 
region of absorption of TiO2 [8]. The MB is generally used 
for dyeing cotton, wool, and silk [9] and it has a great 
number of biological uses. However, given that methylene 
blue has various harmful effects on human beings, it is of 
utmost importance to remove it from wastewater [10, 11].  
 
2. Experimental details 
 

The TiO2 films were deposited on quartz and silicon 
(100) substrates by dc reactive magnetron sputtering 
system from titanium (99.9%) target with 2.54 cm of 
diameter, placed inside a chamber with an Ar/O2 gas 
mixture.  The Ar/O2 ratio in the gas mixture was varied 
systematically (95/5, 90/10, 80/20 and 50/50) in order to 
study the influence of the oxygen partial pressure on the  
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Figure. 1. Raman spectra of undoped and N-doped TiO2 samples 
grown at 50/50 of Ar/O2 ratio. 
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Figure 2. XRD patterns of undoped TiO2 samples prepared at different 
Ar/O2 ratio. 
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Figure 3. XRD of N-doped TiO2 sample prepared at 90/10 of Ar/O2 
ratio. 
 

crystallographic structure and photocatalytic activity of the 
TiO2 thin films.  The base pressure was 4x10-4 mbar and 
the working pressure (2.4x10-2 mbar), power applied to the  
target (150 W), distance from the substrate to the Ti target 
(8 cm), temperature (400 oC) and deposition time (2 hours), 
were maintained constant for all samples.  

After the sputtering process the TiO2 films were treated 
in pure nitrogen plasma using a microwave Electron 
Cyclotron Resonance (ECR) discharge. In the experiments 
described, a constant power of 400W was used. The 
ultimate pressure of 2.7×10−6 mbar was obtained using a 
200 ls−1 turbo molecular vacuum pump. The nitrogen 
plasma was created at a nitrogen pressure of 1.3×10−3 
mbar. A single Langmuir probe was used to take radial 
profiles of the plasma parameters (electron temperature, 
density, floating and plasma potential) in a region of the 
reaction chamber close to the sample holder. For the 
treatments of the TiO2 films a plasma density of 2×1011 
cm−3 was used [12]. The substrate temperature and the 
treatment time were kept constant at 300 °C and 15 min, 
respectively.  

The crystal structure of the TiO2 films was determined 
by using glancing angle X-ray diffraction (GAXRD) at 2o 
incidence angle in the 2-theta mode over the range of 
20o<2θ <80o with a Bruker (Model D8 Advance) 
diffractometer using the Kα1 line of Cu (λ = 1.5406 Å, 25 
kV and 16 mA). The crystallite size was deduced from the 
full width at half maximum of XRD lines according to 
Scherrer equation [13].  

X-ray photoelectron spectrometer spectroscopy (XPS, 
Multilab ESCA 2000) was used to analyze the surface 
element composition. All the XPS spectra were calibrated 
with the C1s peak at 284.6 eV. A Jobin Yvon micro-
Raman system was used to obtain the Raman spectra. A 
Nd:YAG laser (λ = 532 nm) was used to induce the Raman 
scattering. An Olympus BX-41 optical microscope was 
used to focus the laser beam on the sample and collect the 
scattered light. A Cary 5000 spectrophotometer by Varian 
was used to obtain the transmittance of the films in the 
UV–Vis range and a Shimadzu spectrophotometer UV 
model 1601was used in the photocatalytic tests. 
 
3. Results and discussion 
 
3.1. Raman analysis  
 

The figure 1 shows the Raman spectra corresponding to 
the undoped and N- doped TiO2 films growth at 50/50 of 
Ar/O2 ratio. The Raman results indicate that only the 
anatase phase is formed under the conditions described 
above. The spectra are constituted by a peak located at 
144cm−1 and three bands at 396, 516, and 640 cm−1. This 
spectrum is in good agreement with the results reported for 
the TiO2 sputtered films crystallized in the anatase phase 
[14]. It can be observed that the Raman spectra of the N-
doped TiO2 film has the same bands described for the TiO2 
film, indicating that structurally, the material does not 
change after the treatment in the ECR nitrogen plasma. 
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Figure 4. Optical transmittance spectra for the undoped TiO2 thin films 
grown at different Ar/O2 ratio 
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Figure 5. XPS spectra of N-doped TiO2 films growth at different Ar/O2 
ratio. 
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Figure 6. Degradation of MB as a function of time for the undoped and 
N-doped TiO2 films 
 
 

3.2 XRD structural analysis  
 

The XRD patterns for undoped TiO2 films deposited on 
quartz substrates are presented in Figure 2. The crystallite 
size of the samples calculated from Scherrer equation were 
18.6, 18.6, 17.9 and 17.7 nm for the films deposited at 
95/5, 90/10, 80/20 and 50/50 of Ar/O2 ratio, respectively. 
From the XRD patterns we can observe that the undoped 
TiO2 films have a (211) (peak noted A211) preferred 
orientation in the anatase crystalline structure. The 
commonly reported anatase phase orientation is (101). This 
behavior is attributed to the fact that different surface free 
energies are associated to the different reflection planes 
[15]. In the present case the sputtering power density (∼300 
kWm-2) activates the TiO2 film growth from a relative 
lower surface free energy to a higher surface free energy 
[16]. XRD diffractogram of the N-doped film growth at 
90/10 of Ar/O2 ratio is shown in figure 3. This XRD 
pattern is similar to the patterns for the non nitrided 
sample.  The Bragg peaks correspond to the anatase phase. 
The preferred orientation changes to the (1 1 2) reflection 
plane, probably due to the fact that during the nitriding 
process the sample was heated to 300 °C. Although the 
temperature is too low to produce a phase change, it can 
cause a relaxation of the internal stresses in the material, 
generating a change of the preferred orientation in the TiO2 
film. We also observe at the N-doped pattern a shift to the 
right of the Bragg peaks given by the distortion of the 
lattice caused by the incorporation of the nitrogen atoms 
[17]. The crystallite size of the samples calculated from 
Scherrer equation are 36.0, 35.8, 34.9 and 34.6, nm, for the 
sample growth at 95/5, 90/10, 80/20 and 50/50 of Ar/O2 
ratio, respectively. The crystallite size increases in 
comparison with the undoped samples indicating that 
crystallinity improves after the nitriding process.  
 
3.3 Optical properties 
 

Figure 4 presents the optical transmittance spectra in the 
200–900 nm wavelength range for the undoped TiO2 thin 
films grown at different Ar/O2 ratio. All the films were 
highly transparent with a transmittance greater than 70% in 
the visible range of the electromagnetic spectrum and 
present a sharp cut off at approximately 370 nm. Assuming 
that the TiO2 and N-doped TiO2 films have an indirect 
semiconductor band gap, the optical bang gap of the films 
can be determined using the Tauc approach [18]. The Tauc 
plot of (αhν)1/2 as a function of the photon energy allows to 
evaluate the indirect band gap of the films by extrapolating 
the straight line part of the curves to (αhν)1/2 = 0.  The band 
gap for the undoped TiO2 film was estimated to be 3.2 eV 
for all samples. Within the accuracy of the Tauc approach, 
the value of the optical band gap agrees well with the 
reported value of anatase thin films (3.2 eV). The band gap 
of the N-doped TiO2 films (plots not shown) were 2.1, 2.6, 
2.3 and 2.2 eV at 95/5, 90/10, 80/20 and 50/50 of Ar/O2 
ratio, respectively. These results demonstrate that the 
doping with nitrogen cause a narrowing of the band gap of 
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the TiO2 semiconductor, suggesting that the obtained films 
could be active in the visible light range.  
 
3.4 XPS analysis  
 

The samples were analyzed by XPS (X-Ray 
Photoelectron Spectroscopy) without etching and with 
etching by means of Ar+ ion bombardment with energy of 
3kV for 5 min on a 25 mm² area of samples. In figure 5 we 
can see the XPS spectra of N-doped TiO2 films after the 
etching process with Ar + ions. Fig. 5 shows the 
characteristic peaks associated to the Ti 3s, 2p, 2s bonds, O 
1s bond and N 1s bond. Additionally in the spectra appears 
a small Ar 2p peak at (241.8 ± 0.7) eV, due to the fact that 
some Ar ions were implanted into the surface samples after 
etching. It could also be identified a peak located at (284.5 
± 0.7) eV associated to C 1s which is attributed to the 
hydrocarbons (C-C, C-H) bonds and another small peak at 
(289.4 ± 0.7) eV attributed to the C = O bonds [19]. These 
two peaks usually occur for any contamination that follows 
when the specimens are removed from the deposition 
chamber. This is corroborated by the appearance of the 
530.6 eV peak associated to the O in the C = O bonds [15]. 
From these spectra (see Fig. 5) it is observed a slight shift 
to lower energies that are reported for Ti 2p level of Ti-O 
bond, in comparison with the Ti 2p peak of 95/5 sample 
located at (457.9 ± 0.7) eV. 

The shift in the energy of this bond in the N-doped TiO2 
films suggests that the TiO2 lattice structure is modified by 
the substitution of O atoms by N atoms due to the covalent 
bond between the N and Ti. For the samples deposited with 
a higher oxygen concentration in the Ar/O2 gas mixture 
(80/20 and 50/50) this shift is greater. This fact is 
consistent with other reported works in which this fact 
demonstrates the formation of Ti-O-N bonds by the partial 
substitution of O atoms by N atoms in the TiO2 lattice [20]. 
The chemical composition analysis by XPS can be seen in 
Table 1. As it is required in the present work that the 
nitrogen concentration in the films remains constant, the 
plasma density (2 x 1011 cm-3) and the substrate 
temperature (300 ° C) parameters were kept constant 
during the treatment of the TiO2 samples in pure nitrogen 
plasma. In fact, the chemical composition results show that 

the percentages of N were not significantly different from 
one sample to another. 
 
3.5 Photocatalytic analysis 
 

For the photocatalytic measurements the variation of the 
concentration of the Methylene Blue (MB) dye, was 
followed by the change (a decrease) of the intensity of the 
characteristic band in the UV–Vis transmittance spectra of 
the MB, located at 665 nm, which was analyzed as a 
function of the irradiation time. The MB solution in a 
quartz cell was irradiated with ultraviolet light and an 
incandescent lamp (both with a power of 4 W), for the 
undoped and N-doped TiO2 films located 4 cm from the 
cell. The solution was bubbled with air before irradiation. 
Photocatalytic performance was evaluated from these 
measurements by analyzing the percentage of dye 
degradation when the films were used as a catalyst. The 
undoped samples showed photocatalytic activity but not 
significant changes between them were observed. The 
comparison of the N-doped samples results are shown in 
Figure 6. From this figure it is also observed that the N-
doped samples present more photocatalytic activity than 
the undoped samples. These results show that the 
substitution of O atoms by N atoms (previously 
demonstrated by the XPS results) in the TiO2 films is an 
important factor for films to have a response to visible 
light, because this substitution reduces the band gap to 
absorb light in the visible region and acts as an efficient 
photocatalyst even under visible light. This reduction can 
be attributed to the change of the top of the valence band 
through the hybridization of the atoms of the substituted 
nitrogen 2p and oxygen 2p orbitals, giving rise to acceptor 
states of N 2p localized over the valence bands, which are 
mainly composed of O 2p states [21]. Recent theoretical 
and experimental studies [22-24] have given strong 
evidence that nitrogen as dopant introduces intermediate 
discrete states above the gap edge of the valence band of 
TiO2. For the excitation of the visible light photons, the 
electrons are promoted to the conduction band, while the 
holes remain in the intermediate states of the gap. Due to 
the discrete nature of these intermediate states, the mobility 
of holes generated by visible light is much lower than the 
mobility of holes generated by the ultraviolet light in the 

Table 1.  Chemical composition of N-doped TiO2 films. 
 

Nitrided samples 

 Without etching With etching 

Ar/O2 ratio Ti%±1 O%± 1 N%± 1 C% ± 1 Ti%±1 O%± 1 N% ± 1 C%± 1 

95/5 27 36 26 11 33 44 19 4 

90/10 24 40 25 11 33 48 16 3 

80/20 23 37 24 16 34 43 19 4 

50/50 28 35 25 12 38 44 18 0 
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valence band [25]. As a consequence, the holes generated 
by visible light have a lesser recombination rate for an 
oxidation reaction at the interface of the film. The holes 
move from the valence band slowly through the 
intermediate states and thus, the mobility gap is strongly 
influenced by the width of these intermediate states. For 
this specific case of nitrogen-doped TiO2 films, the 
migration of the holes through the intermediate states is 
slower, and for this reason the hole can take a greater time 
to migrate from the interior to the surface. This time can be 
comparable or even larger than the time to transfer 
electrons from the band driving to oxygen. Then, this 
process improves the photocatalytic activity of films 
because the time of electron hole pair recombination 
increases, with this allowing it to be in the process of 
oxidation on the surface [25].Comparing the photocatalytic 
activity results of our TiO2 thin films, for instance, with 
obtained by using boron-doped TiO2 nanoparticles, the last 
present higher activity, which was explained in terms of 
such factors as small crystal size, high surface area, 
mesoporous structure, and the formation of Ti(III) [26], 
aspect which does not present a supported catalyst, but in 
comparison, the TiO2 films can be removed easily from a 
solution and the nanoparticles not. On the other hand, Fe-
doped TiO2 nanoparticles displayed a red shift in the band 
gap transition with the increase of Fe content inserting into 
the TiO2 matrix, but their photoactivity degradation on 
MB, decreased. [27]. Likewise, Fe or Cr-doped TiO2 films 
grown by sol-gel, showed a red shift absorption too, 
extended to 496 and 434nm corresponding to the band gap 
energies of 2.50 eV and 2.86 eV, respectively [28], but as 
can be seen from this study, our nitrogen-doped TiO2 thin 
films exhibited a change of the band gap energy to 2.1 eV. 
 
4. Conclusions 
 

TiO2 films were deposited on quartz and silicon 
substrates by dc reactive magnetron sputtering and doped 
in a microwave Electron Cyclotron Resonance (ECR) 
plasma discharge in pure nitrogen. Raman and XRD 
analysis indicate the formation of the anatase phase under 
our experimental conditions, and XPS confirmed that the 
doped films have nitrogen substituted at some of the 
oxygen sites in the TiO2 lattice, which formed a narrow N 
2p band above of the valence band.  The band gap of the 
N-doped TiO2 thin film containing 18 % N decreased until 
2.1 eV. Finally the photocatalytic tests showed that the N-
doped TiO2 films have a greater photocatalytic activity in 
the visible light range in comparison with the undoped 
TiO2 samples, however that the doped films were irradiated 
with a lower energy. 
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