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Abstract. Using as target a CpTi disk in an atmosphere of argon/oxygen 
and by rf plasma. First titanium dioxide (TiO2) films were obtained on 
silicon substrates, and subsequently, these films were doped with nitrogen 
(N-TiO2). In both processes, along four hours at 390°C of temperature. X-
Ray diffraction and Raman spectroscopy confirmed the presence of the 
nanostructured anatase phase. X-ray photoelectron spectroscopy analyzes 
indicate that the nitrogen atoms were incorporated into the TiO2 film with 
~33.9 at%. The films reach a thickness of 1.25 �m and 40 nm the average 
uniformity determined by using an atomic force microscope. Finally, UV-
Vis diffuse reflectance spectroscopy outcome evaluated ones an energy 
band gap reduction from 3.17 eV to 2.95 eV corresponding to TiO2 films 
and N-TiO2 films respectively. 

1. Introduction 

Titanium dioxide (TiO2) is nowadays one of the materials most researched as an 
efficient photocatalyst for the photodegradation of pollutants in waste water owing to its 
high oxidizing power, non-toxicity and long-term photostability [1]. However, the practical 
application of TiO2 is severely limited by its band gap of 3.2 eV in crystalline anatase phase, 
which facilitates response to only ultraviolet light accounting for less than 5% of the solar 
spectrum. To expand the widespread use of TiO2, is necessary to absorb visible light [2], 
[3], [4]. Thus, any change in the optical response of TiO2 has a positive effect on its 
photocatalytic efficiency of this. 

Up to date, with the aim to improve TiO2 photocatalytic activity, various investigations 
have been conducted, and this is achieved by doping the TiO2 with non-metallic elements 
such as nitrogen. The nitrogen-doped TiO2 (N-TiO2) can be obtained by various methods 
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such as sol-gel [5], visible-light-active [6], low temperature hydrothermal [7], cathodic 
magnetron [8], etc. 

In this work aimed to obtain N-TiO2 films on silicon substrates, it proceeded in two 
steps. Firstly the growth of TiO2 films through an rf plasma in an argon-oxygen atmosphere 
and sputtering from a DC biased CpTi disk; secondly, the N-TiO2 films by using an rf 
plasma discharge in a nitrogen environment. 

2. Experimental Setup 

The TiO2 and N-TiO2 processes were carried out in a cylindrical Pyrex-type glass 
chamber (diameter 20 cm and long 50 cm) coupled to a vacuum system. A base pressure 
1×10-4 mbar was reached and subsequently with the working gas admission raised up to 
5×10-2mbar. The plasma discharge was generated by an RF source (13.56 MHz) matched to 
a solenoidal antenna coiled on the glass chamber.  

The process was realized on a silicon substrate in two steps. Firstly, the plasma was 
created in an argon-oxygen mixture aiming to obtain a TiO2 and a commercially pure 
titanium (CpTi) cylindrical target of 9 mm in diameter and 5 mm long, previously situated 
in the chamber. The CpTi is negatively biased by a DC power supply during four hours to 
increase ions collisions on the target, promoting material sputtering and its consequent 
oxidation process. From this process, some of the titanium dioxides produced are deposed 
over an electrically floated silicon substrate, placed on a holder at 2 cm in front of the target. 
The ion bombardment raised the target temperature around 290°C without bias and 
increased up to ~700°C when the target was biased at -3 kV and the temperature on the 
substrate was established, in the range from 290°C (without biased target) to 390°C (with 
biased target). In the second stage, a 100% nitrogen gas was used, with the same conditions 
of temperature in the target to those obtained in the first step. 

The composition and structure of the films have been characterized using different 
techniques. The atomic percentage of nitrogen-oxygen-titanium films was evaluated by X-
ray photoelectron spectroscopy (XPS) using a Thermo K-alpha XPS system with AlK� 
radiation. Crystalline phases of the films on the substrates surface were detected by X-ray 
diffraction (XRD) using a Siemens D5000 X-ray diffractometer under the following 
operational conditions: 40 kV acceleration voltage and 39 mA, angular range 20° � 2� � 90° 
and step time 2s; the phases were identified with the help of JCPDS files. The near surface 
phases by micro-Raman spectroscopy model Lab-Ram-HR Horiba Yobin-Yvon using a 
Nd:Y Ag laser with 532 nm wavelength. The thickness of the film was accomplished with 
the KLA-TenKor AlphaStep D-120 Stylus Profiler. The topographical information about 
the films by atomic force microscope (AFM) was providing. Finally, the band gap was 
determined by UV-Vis/diffuse reflectance spectroscopy (DRS) technique using Perkin 
Elmer spectrophotometer, operating at 200 to 1100 nm window, width 1nm steps and scan 
speed of 480 nm/min.  

3. Results and Discussion 

XPS studies of chemical oxidation states titanium (Fig. 1.a) and N-TiO2 (Fig. 1.b) are 
determined. The elements detected after this process are C, N, O and Ti; and the atomic 
composition of each one corresponds to 4.10, 33.90, 9.63 and 52.37 at% respectively. The 
carbon in the film of N-TiO2 is attributed to doping species and produced by the evolution 
of the wall of the chamber where they carry out the experiments. The change in the spectra 
of N-TiO2 (Fig. 1.b) with respect to TiO2 (Fig. 1.a) is evident, well confirmed the 
effectiveness of nitrogen doping on the silicon substrate. 
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The high-resolution XPS spectrum of Ti-2p is showed in Fig. 1.c. In this figure exhibits 
the deconvolution and peak fitting realized by Ti-2p core level of N-TiO2 film. The binding 
energies for Ti-2p3/2 located in 458 eV and Ti-2pl/2 located in 464 eV. The compounds for 
the Ti-2P3/2 are integrated by: a) Ti atoms bonded to oxygen like in TiO2 located in 457.5 
eV [9], 458.5 eV [10] and 459.1 eV [11] binding energies; b) Ti atoms bonded to nitrogen 
like in TiN found in 454.8 eV [10], 455.6 eV [12] and 456.3 eV [13] binding energies. The 
compounds for the Ti-2P1/2 are composed for: a) the Ti-N bonds in 460.6 eV [14], 461 eV 
[15] and 462.2 eV [16] binding energies; b) TiO2 bonds with 463.6 eV [17], 464.0 eV [17] 
and 465.5 eV [18] binding energies.  

The XPS high-resolution spectrum of the N1s region were performed on the surface 
shown in Fig. 1.d with the aim of investigating the chemical state of the nitrogen atom in N-
TiO2. Expanding the range of binding energies of 393-401 eV, two peaks corresponding to 
the doping species introduction during the nitriding process, this agrees with the comments 
by other authors [19], [20]. A significant peak is around 396.6 eV, and lower intensity in 
the 397.5 eV both the TiN [21] are attributed. Two peaks located at 395.2 eV and 396 eV 
assigned to the NC bonds in the TiN [22], [6], [7]. Finally, the peak located at 399.2 eV is 
attributed to link N-C-O in TiO2 [23]. These doping can induce the formation of new 
energy level in the band gap of TiO2. 

The XPS spectrum in the region O1s showed in Fig. 1.e, this is deconvoluted into seven 
peaks. a) 529.6 eV and 530.5 eV these peaks corresponding to TiO2 and are in accordance 
with other authors [24], [17], [25]. b) The corresponding peak at 528.4 eV possibly the 
mixture of O2-oxo [24]. c) 531.5 eV and 534.4 eV these peaks are attributable to OH group 
[17]; this, suggested a possible contamination introduced in the cleaning process due to us 
using the isopropyl alcohol, similar results have been obtained by Regnini et al [26]. 
Finally d) 532.3 eV and 533.3 eV corresponding to surface active oxygen in O-C groups 
[25]. 
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(d) 

 
(e) 

Fig. 1. XPS spectra of a) TiO2 control, b) N-TiO2 in Si substrate, c) Ti2p, d) N1s, e) O1s, and, e) C1s. 

The XPS spectrum in the C1s region is showing in Fig. 1.f, this is deconvoluted into 
four peaks. The dominant C1s at 284.4 eV could be attributed to C-C bond [27]. The 
coexistence of peaks centred at 283.2 eV, 285.0 eV and 287.6 eV may correspond to the 
energies of Ti-C, C�O and Ti-O-C bond [28]. This result indicates the presence interstitial 
C as well as C atoms substitution of Ti and O atoms in the TiO2 lattice. 

Figure 2 shows depth profile of atomic percentage obtained by the XPS etching depth of 
the film of TiO2 nitrogen-doped. In this figure, the initial concentration of the carbon is 
high ~54at.% and quickly decreases as well oxygen, which has an initial percentage of 
~23at.%. While that XPS etching depth up to 1800 s profiles titanium increased the atomic 
percentage of the depth and nitrogen more or less remains constant. 

 
Fig. 2. Shows the XPS depth profile carried out by XPS by sputtering etching to the nitrogen-doped 

TiO2 film. 

Figure 3 shows the spectrum obtained by X-ray diffraction from N-TiO2 deposited on 
the silicon substrate. The spectrum clearly shows that the predominant crystalline phases 
are those of the anatase TiO2, with the diffraction peaks at 2�=25.3°, 37.0°, 37.8°, 38.6°, 
48.1°, 55.2°, 62.8°, 75.2° and 82.9°, corresponding to the reflections from 101, 103, 004, 
112, 200, 211, 204, 215 and 224 crystal planes in accordance to JCPDS No. 21-1272 files, 
similar results has been obtained by Ong et al [25]. In the spectrum is shown a small peak 
due to the rutile phase in 27.5° corresponding to reflection 110 [20]. With the maximum 
intensity of anatase and rutile peaks was determined the percent values, so, corresponding 
to 93.88% anatase and 6.12% rutile. It suggested, that the substitution of N ions in the 
lattice of TiO2 did not induce the formation of nitrogen impurities in the anatase phase, 
similar results has been obtained by others authors [29], [30] and [25]. The crystallite sizes 
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of anatase were determined using Sherrer equation, in the most intensive peaks, resulting 
21.3 nm and 35.5 nm for TiO2 and N-TiO2 respectively. 

 
Fig. 3. X-ray diffraction N-TiO2 silicon substrate. 

Figure 4 shows the Raman spectrum on silicon substrate, which confirms the presence 
of the anatase phase in both layers of TiO2 and N-TiO2. These results are indicative of the 
low temperature at which is performed the two process and are consistent with XRD studies. 
Also, the silicon substrate does not exhibit links of nitrogen with oxygen or titanium. In the 
spectra of Fig.4, can be observed the vibration bands corresponding to E1g, B1g, A1g, and E2g, 
Raman modes and intensities of each peak are showed in Table 1. It is remarkable that the 
E1g vibration band, it is very intense and acute, similar conditions have been reported by 
other researchers [31], [28], [25]. In Table 1 shows that after the doping process with 
nitrogen, the N-TiO2 film has a vibrational band right shifted, indicating that the particle 
size has been increased, this effect has been observed by others authors [32], [33]. Later is 
consistent with the results of XRD. 

TABLE 1. RAMAN SHIFT VALUES AND PEAK INTENSITIES 

 E1g/Intensity B1g/Intensity A1g/Intensity E2g/Intensity Ratio 
A1g/E1g 

TiO2 144/2953.83 399/247.48 519/336.56 639/443.72 11.39 % 

N-
TiO2 

150/3420.34 401/389.91 525/391.66 642/496.09 11.45 % 

The E1g peak is associated with the symmetric stretching vibration of O-Ti-O in TiO2, 
the B1g peak is due to the symmetric bending vibration of O-Ti-O [34], and the A1g peak is 
the result of antisymmetric bending vibration of O-Ti-O [35]. Considering the proposed by 
Fang Tian et al [34], the ratio of the Raman vibrational modes intensities between E1g and 
A1g for TiO2 and N-TiO2 films, the percentage are approximately of 11%, i.e., the 
symmetric and antisymmetric vibrations remain without perceptible change. 
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Fig. 4. Raman spectra of TiO2 and N-TiO2 films on silicon substrate. 

Figure 5 shows the thickness measurement of the film doped with nitrogen carried out 
with the profilometer y correspond to ~1370 nm, similar results has been obtained by 
Hoang et al. [36]. 

 
Fig. 5. Film thickness N-TiO2 

Finally, AFM was used to show the morphology and roughness surface of TiO2 (Fig. 6.a) 
and  
N-TiO2 (Fig. 6.b) films. It is notorious that N-TiO2 samples in both: grain size and 
roughness as been increased, compared with TiO2 ones, Han et al. [37] and Kimiagar and 
Mohammadizadeh [38] have reported similar results. UV-Vis/DRS studies confirmed the 
improved light absorption of the N-TiO2 by reducing the energy band gap from 3.17 to 2.95 
eV (see Fig. 7), i.e., that the doping with nitrogen of the TiO2 films causes the generation of 
oxygen vacancies, thus making a contribution to visible light response. 

 

a) b) 
Fig. 6. AFM images a) TiO2 sample b) N-TiO2 sample. 
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a) b) 

Fig. 7. By UV-visible diffuse reflectance values of Eg for: a) TiO2, b) N-doped TiO2. 

4. Conclusions 

Using a RF plasmas system and by sputtering of CpTi target, first in an atmosphere of 
argon-oxygen plasma were obtained TiO2 films on silicon substrate. Later, in nitrogen 
plasma atmosphere was obtained N-TiO2. Both processes were carried out at constant 
temperature of 390°C. The characterization of N-TiO2 films on substrate by XPS confirms 
the formation of Ti-N and also, carbon species were identified such as Ti-C, C-O, C-C and 
Ti-O-C links, these indicating the penetration interstitial of C atoms in the anatase lattice. 
The anatase and rutile phases were determined by XRD studies with an obvious domain of 
anatase phase in the above in a ratio of 15: 1 for peak intensity. The crystallite sizes of 
anatase phase had an increase of ~60% with respect to TiO2. According to the Raman 
spectra of TiO2 and N-TiO2, the anatase phase was corroborated. The vibrational bands of 
E1g, B1G, A1g and E2g, they presented a Raman shift, this is attributed to the crystallite sizes 
growth. By means of AFM, a 40 nm average roughness on the surface of the samples 
treated with N-TiO2 was determined. Also, a growth in grain size was observed. Finally, 
using UV-Vis/DRS it was determined that films after doped with nitrogen TiO2 the band 
gap is reduced, thus achieving the films can respond to visible light. 
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