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Abstract. 
In this paper, nitrogen-doped TiO2 thin films were deposited by DC reactive sputtering at different doping levels for the development of dye-sensitized solar cells. The mechanism of film growth during the sputtering process and the effect of the nitrogen doping on the structural, optical, morphological, chemical, and electronic properties of the TiO2 were investigated by numerical modeling and experimental methods. The influence of the nitrogen doping on the working principle of the prototypes was investigated by current-voltage relations measured under illuminated and dark conditions. The results indicate that, during the film deposition, the control of the oxidation processes of the nitride layers plays a fundamental role for an effective incorporation of substitutional nitrogen in the film structure and cells built with nitrogen-doped TiO2 have higher short-circuit photocurrent in relation to that obtained with conventional DSSCs. On the other hand, DSSCs built with nondoped TiO2 have higher open-circuit voltage. These experimental observations indicate that the incorporation of nitrogen in the TiO2 lattice increases simultaneously the processes of generation and destruction of electric current.


1. Introduction
Since the dye-sensitized solar cells (DSSCs) were introduced by O’Regan and Graetzel in the early 90s [1] several studies were conducted aiming to improve the light-to-electricity conversion of the DSSCs by modifying various cell components, including the transparent conductive oxides [2], light absorbers [3], redox electrolytes [4], counter-electrodes [5], and the TiO2 structure [6–8]. In 2001, Asahi and coauthors [9] reported a theoretical study in which they simulated the doping of the TiO2 with several metal and nonmetal anions in order to red-shift its optical absorption once this material can absorb only UV light due to its wide band gap. In their studies, it was verified that the substitutional doping with nitrogen was more effective to decrease the energy band gap of the TiO2 due to the insertion of N2p states above the top of valence band. Since then, many experimental investigations have been published on this issue, so that, a large number of works have applied this improved material to study the DSSC technology. Kang and coauthors [10], for example, reported that the nitrogen-doped titania electrode-based DSSCs showed superior efficiency relative to that attained with pure titania. Ma and coauthors [11] found similar results. Lindgren and coauthors [12] reported that nitrogen-doped TiO2 electrode-based DSSC displayed an improved incident photon to electron conversion efficiency (IPCE) relative to that obtained with undoped TiO2 electrode.
Nitrogen-doped TiO2 can be deposited as crystalline or amorphous structure where the overall composition is often a mixture between TiN, TiO2 and suboxides like TiO, Ti2O3, and Ti3O5. However, Hashimoto and coauthors [13] found that TiO and Ti2O3 are the most predominant suboxides obtained during the reactive sputter deposition of TiO2. In addition, XPS analyses [14, 15] revealed substitutional and interstitial nitrogen incorporated in the TiO2 lattice, which is in agreement with the theoretical investigations conducted by Asahi et al. [9].
According to Jiang and coauthors [16] nitrogen-doped TiO2 can be prepared from incorporation of nitrogen atoms in the TiO2 lattice or oxidation of TiN. In the first case, nitrogen is usually incorporated by sol-gel method [17], chemical-vapor deposition [18, 19],and hydrothermal and solvothermal synthesis [20–22]. The other one can be ascribed, for example, by oxidation of TiN at high temperatures [23] and micro-arc oxidation from ion beam-assisted deposition [24]. However, nitrogen incorporated in the stoichiometric TiO2 from chemical methods, for example, requires high energy because the Ti–O bonds are difficult to be broken by nitrogen atoms [16]. As a result, the overall film structure, in this case, becomes interstitially doped and the energy band gap, as well as, the optical absorption remains approximately unaltered. The second case, oxidation of TiN, is a more efficient method for incorporation of substitutional nitrogen due to the facility of the Ti–N bonds to be broken by oxygen [16]. However, some experimental investigations [25, 26] reported a sudden reduction in the energy band gap of nitrogen-doped TiO2 prepared by reactive sputtering once this technique combines the oxidation of TiN and chemisorption of reactive gas particles [27].
Nitrogen-doped TiO2 prepared by reactive sputtering is generally deposited from a metallic titanium target immersed in a reactive gas mixture of argon, nitrogen, and oxygen [12, 25, 26, 28, 29]. In some cases, the exchange of oxygen by water vapor has been also used as an alternative [30]. In the most cases, nitrogen-doped TiO2 is usually deposited by assuming high nitrogen concentration mixed with low oxygen concentration. This procedure induces first the growth of nitride layers to later be oxidized by oxygen particles, thereby improving the incorporation of the nitrogen particles in the film lattice. Large amounts of oxygen mixed with small amounts of nitrogen lead to a poor incorporation of nitrogen particles in the film lattice or not as efficient as it should be. See studies conducted in [25, 28].
A correct understanding of the effects that lead to an effective incorporation of nitrogen particles in the TiO2 lattice is not always an easy task from experimental methods. Sometimes the correlation of the experimental results with numerical data, for example, can help us to clarify some details not achievable in laboratory. For this, it is necessary to use a reliable model that describes consistently all necessary parameters during film deposition. In this way, the so-called Berg model [31] shows to be interesting on this issue due to its capacity to describe adequately all experimental parameters during the deposition process. Previous studies based on Berg’s model and conducted by our group [32] show that there is an optimal gas mixture for deposition of nitrogen-doped TiO2 by reactive sputtering in which the band gap is reduced. This finding is consistent with several experimental results obtained elsewhere. However, more studies are needed about this subject, mainly studies related to the effects that lead to the incorporation of substitutional nitrogen during the temporal evolution of the growing film.
In this paper, nitrogen-doped TiO2 thin films were deposited by DC reactive sputtering and used for fabrication of dye-sensitized solar cells. The general effects of nitrogen incorporation on the film properties, as well as, its influence on the working mechanism and performance of the solar cells were promptly investigated. In addition, an original numerical model was used to simulate the reactive sputter deposition of nitrogen-doped TiO2 in order to study the growth mechanism of the films and understand how the substitutional nitrogen is incorporated in the film lattice during the reactive deposition.
2. Experimental Setup and Model Input Data
Nitrogen-doped TiO2 thin films were deposited by DC reactive magnetron sputtering using a planar magnetron with a titanium disk (99.6%) of 34 mm in diameter as target. Films were deposited at different oxygen flow rates (0.2, 0.6, 0.9, 1.3, 1.7, 2.2, 2.6, 3.0, and 3.5 sccm) on grounded glass substrates coated with fluorine-tin oxide (FTO). Other experimental parameters such as argon flow rate, nitrogen flow rate, DC power, and target-to-substrate distance were fixed at 10 sccm, 10 sccm, 150 W, and 30 mm, respectively. After deposition process, they were analyzed by profilometry, X-ray diffraction (XRD), optical spectrophotometry, atomic force microscopy (AFM), Rutherford backscattering spectroscopy (RBS), and X-ray photoelectron spectroscopy (XPS). The energy band gap of the films was calculated from Tauc relation for indirect semiconductors [28] and the absorption coefficient, used in the Tauc’s plot, was taken from relation used in [12]. Profilometry data were used to calculate the energy band gap and will not be shown. Film thicknesses were fixed at 2 μm. It must be cleared that the XPS technique was used to investigate the chemical composition of the films surface and the RBS technique was used to investigate the bulk.
The numerical model used in this paper and all necessary parameters used during the simulations are described in details according to [32]. In summary, the model is represented by a set of ordinary differential equations that describe the reactions of destruction and formation of compound on the target and substrate. Solving these sets of nonlinear equations gives the chemical composition on the target and substrate in either stationary or nonstationary conditions. In the present study, we will conduct simulations only in the nonstationary region. Studies about the stationary condition were conducted in the above-referenced study.
DSSCs were built in a conventional sandwich-type-two-electrode cell as detailed in [1]. The working electrodes were built from deposition of nitrogen-doped TiO2 on FTO substrates according to described previously. The counter electrodes were built from FTO substrates coated with graphitized carbon films according to experimental details given in [33]. Sensitization of TiO2 and nitrogen-doped TiO2 was made with 0.25 mMol/L of cisdithiocyanato-bis(2,2′-bipyridyl-4,4′-dicarboxylate)-ruthenium (II) diluted in 60 mL of ethanol. Prior to the sensitization, films were annealed for 400°C in high vacuum (~10−5 Torr) for 1 hour and dipped into the dye solution while they were still warm (80°C) and kept immersed by 24 hours. After the soaking process, the electrodes were light purple. Sealing was done with 25 μm thick thermoplastic hot-melt sealing foil and all electrical contacts were improved with silver paint. The effective area of the cells was fixed at 2.25 cm2 (0.5 × 4.5 cm2). After finishing all these steps, they were characterized under irradiation of an Oriel Xe (Hg) 250 W lamp with AM 1.5 filter, used to simulate the solar spectrum at 1 sun. The light intensity was adjusted using a Newport Optical Power Meter. Current-voltage relations were obtained using linear sweep voltammetry at 1 mV s−1 using an Eco Chemie-Autolab PGSTAT 10 potentiostat.
3. Results and Discussions
The results from XPS are summarized in Figures 1 and 2. Figure 1 shows the Ti2p core level for films deposited at O2 flow rate of 0.2, 0.6, and 3.5 sccm. All spectra were decomposed in three characteristic contributions: Ti2+2p3/2, Ti3+2p3/2, and Ti4+2p3/2. These peaks are, respectively, assigned to TiO, Ti2O3, and TiO2 [34, 35]. However, for titanium oxynitride-like structures, TiO cannot be clearly distinguished by XPS because the peak Ti2+2p3/2 is also assigned to TiN [25]. The increase of the peak Ti4+2p3/2 and decrease of the other ones, with increased O2 flow rate, indicate the full oxidation of the film surface and, as consequence, formation of TiO2.






























































	
	
	
	
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
	



(a)




















































































































































	
	
	
	
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	



(b)






















































































































	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	



(c)
Figure 1: XPS spectra for Ti2p3/2 core level of the films deposited at (a) 0.2, (b) 0.6, and (c) 3.5 sccm.
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(c)
Figure 2: XPS spectra for N1s core level of the films deposited at (a) 0.2, (b) 0.6, and (c) 3.5 sccm.


The N1s core level is depicted in Figure 2. The results indicate a characteristic peak at about 396 eV for all spectra. According to fundamental studies, this peak is assigned to the substitutional nitrogen and it is generally known as “nitride” peak due to the substitution of O2− by N2− in the TiO2 lattice giving the so-called O–Ti–N structure [14]. Other peaks between 398 and 402 eV were also detected by XPS and according to Saha and Tompkins they are related to chemisorbed N2 at the grain boundaries [14]. However, Sato and coauthors [17] claim that the assignments of N1s peaks at 400 and 402 eV, for example, are implausible at room temperature because molecular N2 cannot be chemisorbed on metal oxides like TiO2. Since then, several studies stated that these peaks are assigned to different other forms of interstitial nitrogen as, for example, nitric oxides (
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) or other related chemical states like NC and NH3 [36–39]. Thus, we consider that the peaks between 398 and 402 eV are related to interstitial nitrogen.
The XPS profiles show two peaks assigned to Ti–N bound in Figure 2(a). The first, detected at 395.7 eV, is ascribed to the Ti–N bound in nitride layers and the second one, detected at 396.8 eV, is assigned to the substitutional nitrogen in the TiO2 lattice. However, as the O2 flow rate increases, the binding energy associated to the Ti–N bound at 395.7 eV is shifted to 396 and, then, to 396.3 eV. See Figures 2(b) and 2(c), respectively. According to Chen and Burda [40], the electron density around to the nitrogen atoms is reduced upon oxidation of the nitride layers. This is caused by the high oxygen electronegativity: therefore, the N1s binding energy in the O–Ti–N structure becomes higher than in the N–Ti–N structure. By this way, this result shows that the oxidation of TiN changes the chemical state of the nitrogen from a simple chemisorbed particle in nitride layers to a dopant in the TiO2 structure.
The results from numerical modeling for films deposited at O2 flow rates of 0.2 and 3.5 sccm are shown in Figures 3(a) and 3(b), respectively. These graphs show the normalized deposition rate. For film deposited at O2 flow rate of 0.2 sccm (Figure 3(a)) one can observe four well-defined stages. (i) Initially, after the discharge breakdown, particles of the reactive gases (N and O) react by chemisorption with Ti particles already deposited at the substrate for compound formation. (ii) After occupation of all available sites in the film structure, the chemisorption rate of the nitrogen and oxygen particles is reduced. At this stage, the target becomes poisoned due to the compound formation on it. As consequence, the sputtering yield as well as the flux of Ti particles toward the substrate decreases [32]. At stage (iii), the oxygen concentration increases again due to the oxidation of the nitride layers through the reaction TiN + O2 → TiO2 + (1/2)N2 where the amount of nitrogen released back again to the gas phase and the remaining one becomes trapped as substitutional or interstitial doping. At stage (iv), the system becomes stationary. The same mechanism occurs during deposition at O2 flow rate of 3.5 sccm. However, due to the high O2 concentration, the effect related to the oxidation process becomes more intense, thus eliminating almost by complete the amount of nitrogen in the film structure; see Figure 3(b).
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(b)
Figure 3: Deposition rate at oxygen flow rate of (a) 0.2 and (b) 3.5 sccm.


The explanations for stages (i), (ii), and (iii), in Figure 3(b), are the same used for Figure 3(a). At stage (iv), a larger amount of nitrogen is released from film structure due to the higher O2 concentration in the gas phase. In addition, the lowering in the chemisorption rate of the oxygen particles on the substrate is caused by decreasing of the Ti flux from the target. At stage (v), the system becomes stationary.


According to all these observations, the oxidation of the nitride layers seems to be the main responsible by eliminating the nitrogen particles of the film structure so the correct control of this parameter may result in better doping levels [32]. To exemplify the influence of the oxidation of the nitride layers on the chemical composition of the films, see Figure 4. In this figure, only the normalized deposition rate for nitrogen and oxygen is shown and calculations were done at O2 flow rate of 3.5 sccm for cases with and without oxidation of TiN. Notice that the modeling without oxidation of the nitride layers is unreal. We are just using it to exemplify the importance of the oxidation process during film growing. The results show that profiles, with and without oxidation, are quite different. In the case for oxidation of TiN (Figure 4(a)), the remaining amount of nitrogen, in the stationary region, is lower than that obtained in the case without oxidation of TiN (Figure 4(b)) and the amount of oxygen in the case with oxidation of TiN is higher than that obtained in the case without the oxidation process. The results from numerical data employing oxidation of TiN are in agreement with XPS findings.
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(b)
Figure 4: Deposition rate at oxygen flow rate of 3.5 sccm for the cases (a) with and (b) without oxidation of the nitride layers.


Based on these achievements, a standard growth mechanism can be described; see Figure 5. After deposition of the nitride layers, O atoms diffuse in the TiN lattice and replace N by O [41], thereby increasing the fraction of suboxides [42] and enabling nitrogen particles to be incorporated as substitutional doping in the voids of the film lattice [43]. In addition, the reaction between O and sputtered Ti followed by reaction with N is another path for incorporation of substitutional nitrogen, but, at low O2 flow rates, this reaction is expected to be negligible [32]. On the other hand, as the O2 flow rate increases, oxygen tends to react with suboxides more easily than nitrogen due to its higher sticking coefficient, and as consequence, the substitutional N concentration decreases and film becomes mostly covered by TiO2 [32].





	
		


	
		


























































































































	
		
		
	


	
		
	


	
		
		
	


	
		
		
	


	
		
	


	
		
		
	


	
		
	


	
		
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
	


	
		
	


	
		
		
	


	
		
	


	
		
		
	


	
		
	


	
		
		
	
























	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
		
	


	
		
	


	
		
		
	





















	
		
			
		
			
		
	




	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	
























	
		
		
		
		
		
		
		
		
		
	


	
	
	
	
	
	


	
		
		
		
		
		
		
		
		
		
	


	
	
	
	
	
	
	
	


	
		
		
		
		
		
		
	


	
	
	
	
	
	


	
		
		
		
		
		
		
	


	
	
	
	
	
	
	
	


	
		
		
		
		
		
		
		
		
	


	
	
	
	



	
		
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	



Figure 5: Growth mechanism for nitrogen-doped TiO2 thin films deposited by DC reactive sputtering.


The chemical composition of the films obtained by RBS is shown in Figure 6. Similar results for oxynitride-like layers were observed elsewhere [26–28, 43]. At high O2 flow rates, a decrease in the nitrogen concentration and the increase of oxygen content in the film composition were observed. According to studies conducted in the past, this increased oxygen content is assigned to oxidation of TiN [26, 44], thereby being in agreement with the results of the numerical model. In addition, the results indicate a ratio O/Ti < 2 for films deposited at 0.2, 0.6 and 0.9 sccm. This result suggests the existence of suboxides and, as consequence, O vacancies in the film bulk, although this result may be also ascribed to substitution of O by N in the TiO2 structure. The presence of O defects in the bulk and surface of the films was investigated as described to follow.





































	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


	
		
		
			
		
	



	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
	
	
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
			
		
		
			
			
		
	



Figure 6: Chemical composition of the films obtained by RBS as function of the oxygen flow rate (reproduced from [32]).


The origin of Ti3+ is related to the existence of O vacancies in the bulk and surface, so each vacancy reduces two adjacent Ti atoms from Ti4+ to Ti3+. Thus, the small intensity of active states Ti3+ in Figure 1(c) is likely attributed to the existence of O vacancies on film surface once RBS data, for the same film, show a ratio O/Ti = 2.05 so that it indicates that the bulk is stoichiometric. On the other hand, the presence of active states Ti3+ in Figures 1(a) and 1(b) may be ascribed, for example, to the existence of O vacancies in either bulk or surface once the ratio O/Ti is lower than 2 for these two films. According to XRD spectra depicted in Figure 7, film deposited at 0.2 sccm is amorphous. This means that the bulk and surface of this film have O deficiency. On the other hand, films deposited at 0.6 and 3.5 sccm are crystalline, which indicates a bulk without excessive vacancies. Thus, the ratio O/Ti < 2 for film deposited at 0.6 sccm is an indicative that the voids in the TiO2 lattice were efficiently occupied by substitutional nitrogen so that the presence of O vacancies in this structure is mainly attributed to surface defects. These appointments are summarized in Table 1.
Table 1: Structural properties of the films.
	

	Deposition condition(Oxygen flow rate)	Structure	Crystal type	Oxygen defects
	Bulk	Surface
	

	0.2 sccm	Amorphous	—	Yes	Yes
	0.6 sccm	Crystalline	Anatase	No	Yes
	3.5 sccm	Crystalline	Anatase	No	Yes
	





	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
	
	
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
		
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
	


	
		
	
	
		
		
		
	
	
		
	


	
		
		
	
	
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	



Figure 7: XRD patterns for films deposited at (a) 0.2, (b) 0.6, and (c) 3.5 sccm.


The effect of nitrogen doping on the energy band gap and refractive index is shown in Figure 8(a). The refractive index was calculated from the Moss rule [45]. The results indicate a decrease in the energy band gap as the O2 flow rate decreases. Similar behavior was observed in other publications [25, 26]. The lowest energy band gaps of 1.9 and 2.5 eV were attained for films deposited at 0.2 and 0.6 sccm, respectively. As mentioned previously, this is caused by insertion of midgap states above the valence band of the films [9]. The highest energy band gaps of 3.2 eV were measured for films deposited at high O2 flow rates. These values correspond to the energy band gap of pure anatase TiO2, which is in agreement with XRD analysis. This result indicates that these films were not effectively doped with nitrogen, although XPS has detected a tiny concentration of substitutional nitrogen (see Figure 2(c)). The refractive index of the nitrogen-doped TiO2 films has achieved values above 2.6 and, as the film surface is oxidized, it decreases toward the typical values of undoped anatase TiO2. Similar behavior was also observed elsewhere [25, 26].
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(b)
Figure 8: Energy band-gap (reproduced from [32]) and refractive index as function of the oxygen flow rate and (b) absorption coefficient for films deposited at 0.2, 0.6, and 3.5 sccm as function of photon wavelength.


As shown in Figure 8(b), the energy band gap decreasing is not only caused by incorporation of N2p states. The absorption coefficient for film deposited at 0.2 sccm, for example, increases for wavelength above 525 nm. According to Fujishima and coauthors [46], this effect is a typical feature caused by excessive presence of Ti3+ states below the conduction band. The energy states caused by these active sites are reported to lie about 0.75 and 1.18 below the conduction band [47]. This observation, raised by Fujishima and coauthors, is in agreement with XPS and RBS analyses. The other films deposited at 0.6 and 3.5 sccm have, respectively, the characteristic absorption coefficients of nitrogen-doped and undoped TiO2 [46, 48]. Since there is no increase in the absorption coefficient for films deposited at 0.6 and 3.5 sccm, we can conclude that the increase of the absorption coefficient in the near-infrared part to the film deposited at 0.2 sccm is caused by the active states Ti3+ in the film bulk.
All films were deposited with (101) and (200) preferred orientation. XRD spectra before and after annealing do not show any difference between each other, which indicates crystallization during film deposition. The preferential anatase crystallization for TiO2 thin films deposited by conventional magnetron sputtering has been discussed in a previous study [49]. The other diffraction peaks are associated with the substrate. In overall, a decrease in the diffraction peak of the anatase phase is observed as more nitrogen is incorporated in the film lattice. This effect has been also reported by our group in a previous publication [50]. Other studies observed similar results [28, 51]. According to Muscat and coauthors [52], the excessive nitrogen incorporation elevates the density of the TiO2 matrix by their volume, which may act as a driving force of the structural phase transformations. Other papers [26, 53, 54] reported that nitrogen acts as a crystallization inhibitor once nitrogen incorporated in the TiO2 lattice decreases the mobility of Ti and O atoms, and,as a consequence, the nucleation of crystalline phases is reduced. They claim that this effect is caused by the larger ionic radius of N as compared with O.
The effect of nitrogen doping on the working principle of solar cells was evaluated from current-voltage relations measured under illuminated and dark conditions. For convenience, cells built with films deposited at 0.2, 0.6 and 3.5 sccm will be called cells A, B, and C, respectively. Cells parameters like the short-circuit current density (
	
		
			

				𝐽
			

			
				S
				C
			

		
	
), open-circuit voltage (
	
		
			

				𝑉
			

			
				O
				C
			

		
	
), and maximum dark current (
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) are shown in Table 2. The maximum dark current for each cell is assumed to be the dark current at the open-circuit voltage. In addition, films deposited at 0.2, 0.6 and 3.5 sccm will be called nitrogen-doped amorphous TiO2, nitrogen-doped anatase TiO2 and undoped anatase TiO2, respectively.
Table 2: Short-circuit current density, open-circuit voltage, and maximum dark current for cells A, B, and C. The maximum dark current was taken for each respective 
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.
	

	DSSC	Energy band gap of the films (eV)	
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				m
				a
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								 (μA/cm2)
	

	A	1.9	1.13	747	−19.0
	B	2.5	2.32	670	−31.5
	C	3.2	0.62	785	−10.4
	



The results show that the higher 
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 was achieved for DSSC built with the nitrogen-doped anatase TiO2. This increase in the current density is caused by the natural photoexcitation of the nitrogen states inserted in the film lattice. However, this improvement is a function of crystallinity degree and electronic defects in the film structure once 
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 for cell A is lower than that attained for cell B. The lower performance of cell A is attributed to the higher concentration of O vacancies in the bulk of the amorphous film. These O deficiencies generate positive holes that act as electron acceptor states, thus increasing the series resistance and decreasing the real cell performance. Anyway, 
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 for both cells A and B is higher than that obtained with cell C. This result enhances the importance of nitrogen incorporation in the film lattice.
Besides the active states Ti3+, interstitial nitrogen can also act as an electron acceptor state [9, 10]. However, some studies claim that these states can also act as an electron generator state [55]. The appearance of interstitial nitrogen was confirmed by XPS and its concentration decreases as the film surface is oxidized, which indicates that films of the cells A and B have higher concentration of interstitial nitrogen than film used in cell C. As consequence, these trap states (oxygen deficiency and interstitial nitrogen) contribute to decreasing the open-circuit voltage due to lowering in the charge separation process. In addition, after nitrogen incorporation, the semiconductor-dye-electrolyte interface may have been compromised. This question was investigated by dark current measurements as follows.
Dark current is an important parameter used to evaluate the electron recombination in the semiconductor-dye-electrolyte interface between photoinjected electrons in the (nitrogen-doped) TiO2 conduction band and triiodide ions (
	
		
			

				I
			

			
				3
				−
			

		
	
). Observe that negative values for current measured under dark illumination may suggest that the film surface was not entirely covered by dye, thus exposing the semiconductor surface to the electrolyte solution and facilitating the back reaction. According to experimental setup, the color of the working electrodes was light purple, which suggests a poor adsorption of the dye molecules. The results show that the dark current was increased after nitrogen incorporation; see Table 2. This indicates that despite the fact that nitrogen increases the overall cell photocurrent, it also increases the back reaction, thereby contributing to decreasing the open-circuit voltage. Similar behavior was observed in [10]. To clarify the effect of nitrogen incorporation on the current-voltage relations of the solar cells, see Figure 9.
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(b)
Figure 9: Current-voltage relations for cells B (with nitrogen-doped anatase TiO2) and C (with undoped anatase TiO2) under illuminated and dark conditions.


Some studies conducted elsewhere [56, 57] show that the conduction band edge of the TiO2 (
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) is shifted towards negative values after nitrogen incorporation. Since the open-circuit voltage is given by 
	
		
			

				𝑉
			

			
				O
				C
			

		
	
 = 
	
		
			

				𝐸
			

			
				C
				B
			

			
				−
				𝐸
			

			
				r
				e
				d
				o
				x
			

		
	
 one can expect an increase in the 
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 after nitrogen incorporation since the redox potential (
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) remains unaltered. However, the opposite case was observed in this paper. This result indicates that the solid-liquid interface of the cells, produced in the present paper, was compromised not only by the nitrogen incorporation, but also by the poor adsorption of the dye molecules that increased the back reaction and reduced the open-circuit voltage.
Further studies [15, 58] claim that the surface area of TiO2 increases after nitrogen incorporation. As consequence, this effect would increase the contact area in the solid-liquid interface and, therefore, the back reaction. In order to investigate this hypothesis, the effective surface area of the films deposited at 0.6 and 3.5 sccm was evaluated from AFM analysis. Images (1 μm × 1 μm) are shown in Figure 10. The results show that film deposited at 0.6 sccm has an effective surface area higher (1.75 μm2) than that deposited at 3.5 sccm (1.46 μm2). We attribute this surface modification to the fact of nitrogen decreasing the mobility of Ti and O, thereby decreasing the diffusion process, creating deep valleys between grain boundaries and, as consequence, increasing the effective surface area. This mechanism is in agreement with that suggested in XRD analysis. At high O2 flow rates, Ti and O diffuse easier, thus increasing the coalescence between grain boundaries and decreasing the effective surface area. See Figure 10(b).
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(b)
Figure 10: AFM images (1 μm × 1 μm) for films deposited at (a) 0.6 and (b) 3.5 sccm.


Another important observation is described by the higher open-circuit voltage achieved for cell A in comparison to cell B. In fact, the opposite case would be expected once film used in cell A is amorphous. However, in Table 2 one can see that 
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 for cell A is lower than that obtained for cell B, which may explain the higher 
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 attained for cell A. This result suggests that the response for this question is given by physical effects happening on film surface and not into the bulk. In order to investigate this controversial result, XPS analysis was conducted. Figures 11(a) and 11(b) show the Ti2p3/2 and O1s core levels for films deposited at 0.2, 0.6 and 3.5 sccm. As described earlier, each oxygen vacancy produces two active states Ti3+. Thus, the result in Figure 11(a) indicates an increase in the number of oxygen vacancies as the films are deposited at the lowest oxygen flow rates. The appearance of these chemical states (oxygen vacancies), besides increasing the recombination processes with photoelectrons, also increases the presence of hydroxyl radicals adsorbed on the film surface; see Figure 11(b). The adsorbed OH radicals come from the dissociative adsorption of the water molecules caused by positive holes left by oxygen vacancies on its surface (
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). In the cases that the holes are created in the film bulk, they quickly diffuse to the film surface in a subsecond regime. During cell operation, water appearance on the TiO2 surface might have been originated from the liquid electrolyte or solution used to dissolve the dye molecules. According to Liu and coauthors [4] the hydroxyl radicals act as a potential barrier for photoelectrons in the solid-liquid interface, thus avoiding the back reaction by blocking the reactions between these electrons and the 
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 ions. Other studies found similar results [59, 60].
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(b)
Figure 11: XPS spectra for (a) Ti2p3/2 and (b) O1s core levels of the films deposited at (a) 0.2, (b) 0.6, and (c) 3.5 sccm.



				The dye molecules are mainly responsible for electric charge generation in conventional dye-sensitized solar cells, so the undoped semiconductor, in this case, is responsible only for charge transport. On the other hand, the charge generation for cells built with nitrogen-doped TiO2 is caused by both dye molecules and the film semiconductor. For the first case, the overall electrical current produced in the solar cell is generated only by majority charge carriers. For the second one, it is generated by majority and minority charge carriers. The minority charge transport, for cells with doped films, is produced by nitrogen states in the semiconductor and the production of majority carriers remains with the dye molecules. However, if the cell built with nitrogen-doped anatase TiO2 generates minority charge transport in the film bulk, why does this cell has achieved the higher photocurrent? To obtain this result, the electron generation rate, in the film structure, must be higher than the trapping rate. However, after absorption of solar irradiation each free electron injected in the conduction band of the film generates one positive hole in the valance band, thus creating an electron acceptor state and compensating the total charge production. Thus, this mechanism, in fact, does not explain exactly the increase of the cell photocurrent. However, in the studies conducted by Livraghi and coauthors [61], it was proposed the formation of charged diamagnetic N− states from reoxidation of the active states Ti3+ (N• + Ti3+ → N− + Ti4+). These N-induced states (N−) are higher in energy than that of corresponding N species due to the greater Coulomb repulsion [62, 63]. According to the theory proposed by Livraghi, the formation of these doubly charged states is more favorable with the increase of Ti3+ [61, 63]. They also claim that the formation of these electronic states is the key factor for the improvement in the visible light activity of nitrogen-doped TiO2 [63]. Napoli and coauthors [64] observed similar mechanism for incorporation of nitrogen species into suboxides by plasma processing. Thus, not only the incorporation of nitrogen states in the film lattice, but also the controlled presence of Ti3+ is a very important factor to the improvement of the DSSCs. To clarify all aspects caused by the nitrogen incorporation, a summary chart showing the evolution of the general properties of the films and cells, as the nitrogen concentration increases, is shown in Figure 12.



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	


	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	



	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	




	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	


	
	
	
	
	
	
	
	
	
	
	
	
	




	
		
		
		
		
		
		
		
		
		
		
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	





	
		
		
		
		
		
	


	


	


	



	
		
		
		
		
		
	


	


	


	



	
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	




	
		
		
		
		
		
		
		
		
		
		
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	




	
		
			
			
			
			
			
			
			
		
		
			
			
			
		
		
			
		
		
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
			
		
		
			
			
		
	


	
		
			
			
			
			
			
			
			
			
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
			
			
			
			
			
			
			
			
		
		
			
			
			
		
		
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
		
		
			
		
		
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
		
		
			
		
		
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	




	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	
	
		
		
		
	
	
		
		
		
	


	


	


	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
		
		
			
		
		
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
		
		
			
			
			
		
		
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	




	
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
		
	


	
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
	


	
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	


	
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
		
	


	
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
	


	
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
		
	




	
		
		
		
	
	
		
	
	
		
		
	


	
		
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
	


	
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
		
	


	
		
		
		
		
	
	
		
	
	
		
		
	

Figure 12: General properties of TiO2 and DSSCs at different doping levels of nitrogen.


By this way, we conclude that nitrogen incorporated in the TiO2 lattice by reactive sputtering acts as an efficient doping particle to improve the overall performance of dye-sensitized solar cells, in special, the cell photocurrent. However, as the production of cells with long-term stability and in large-scale is aimed, problems in the electronic structure of TiO2, caused by nitrogen incorporation must be roughly improved, mainly those that contribute to decreasing the open-circuit voltage. Plasma surface treatment with oxygen, for example, has achieved efficient results in decreasing the oxygen vacancies on TiO2 surface and improving the overall cell performance [6].
4. Conclusions
In this paper, nitrogen-doped TiO2 thin films deposited at different doping levels by DC reactive sputtering were used for fabrication of dye-sensitized solar cells. The effect of nitrogen incorporation on the general properties of the films, as well as, its effect on the working principle of the solar cells was investigated. The results indicate that the substitutional nitrogen is incorporated into TiO2 structure from reaction with suboxides created by oxidation of the nitride layers so that the control of the reactive gas mixture, during film deposition, plays a fundamental role to achieve high doping levels. The incorporation of nitrogen particles in the film lattice shifts efficiently the absorption coefficient of the films toward the visible and near-infrared regions. However, excessive nitrogen incorporation becomes the film amorphous and leads to the appearance of excessive electron acceptor states like oxygen vacancies, interstitial nitrogen, and hydroxyl radicals. Characterization of the cells shows that nitrogen incorporated in the film structure increases the short-circuit current density due to the photoexcitation of nitrogen states in the visible part of solar spectrum. On other hand, it decreases the open-circuit voltage and increases the dark current due to the combination of several parallel effects. Among them the main ones are the increase of the electron acceptor states and the surface area of the doped films. This latter effect increases the contact area in the solid-liquid interface and, as consequence, the back reaction in the regions in which the dye molecules were not chemisorbed.
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