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Abstract 

Oxide-based films and nanostructures have emerged as important materials for a wide range of 

applications such as photovoltaics, optoelectronics, gas sensing and electronics. To develop an 

appropriate understanding of the properties of these oxides, it is necessary to address the material 

preparation methods and defect probing issues. This work reports on the synthesis processes of 

TiO2 based transparent conductive films, their stoichiometry control and defect identifying, in 

relation with their electrical and optical properties. Un-doped and TiO2:Nb films were deposited 

by RF co-sputtering from TiO2 and Nb2O5 targets in Ar plasma. The chemical species present in 

the plasmas used in deposition process were investigated by optical emission spectroscopy 

(OES), which was later on correlated with the defects structure of the films. Analysis by XPS 

shed more light on the nature of the vacancies and on the effect of the latter on the optical and 

electrical properties of the films. In terms of results, we measured electrical resistivity in the 

range 10-2-10-3 Ω.cm for the intrinsically and extrinsically doped films (films doped with oxygen 
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vacancies and Nb+5 respectively) while the lowest resistivity was obtained for intrinsically-

extrinsically co-doped TiO2 films (7.4×10-4 Ω.cm). The films transparency was also actively 

determine by the defects in the lattice and highly transparent films (65-85 % in the visible range) 

were obtained by controlling the density of defects. The approach adopted in this work for the 

generation of oxygen vacancies could be useful for other oxide-based films, where the oxygen 

vacancies-dependent properties are crucial, for room temperature ferromagnetism and 

photocatalytic applications. 

Keywords: Transparent conducting oxide; TiO2 thin films; Sputter deposition; Oxygen 

vacancies; Electrical properties; Optical properties  
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1. Introduction 

Transparent conducting oxides (TCOs) are electrically conductive materials with high 

transparency in the visible range. TCOs have wide-ranging applications in optoelectrical devices 

including photovoltaics, displays, opto-electrical interfaces and window glass technologies [1]. 

The most utilized TCOs are tin-doped indium oxide (ITO), which is suffering from scarcity, poor 

chemical stability in hydrogen atmosphere and toxicity [2]. Due to these limitations, there is a 

huge interest to develop alternative TCOs which possess higher conductivity than indium or that 

use less scarce elements [3]. Currently, many potential candidates are under the extensive study 

to replace ITO including doped ZnO and SnO2. However considering the wide ranging 

application of TCOs, it is necessary to expend the materials range to other non-ITO TCOs.  

Epitaxially grown anatase TiO2 doped by niobium was reported as a new type of TCOs with its 

room temperature conductivity comparable to that of the commercial ITO based transparent 
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electrode [4]. Since then many groups have investigated also polycrystalline films and the 

technology is maturing [5]. The electrical transport properties of the doped TiO2 films are closely 

determined by the defects related disorder and the incorporation of foreign impurities [6, 7]. 

During films growth by sputtering, intrinsic defects (oxygen vacancies) are mostly generated by 

applying external negative bias at the substrate, which is costly because it needs additional setup 

for their operation [8]. Furthermore, probably to ensure high transparency, TCOs films are grown 

in Ar-O2 plasma [9-11], which is not favorable for oxygen vacancies creation owing to the 

spontaneous formation of oxygen interstitials (Oinst) in O-rich conditions [3]. Oinst are predicted 

to be the detrimental defects for the electrical properties of the films. It not only remove the 

oxygen vacancies but also form localized shallow acceptor states which compensates the electron 

doped by Nb+5 ions thus depressing the conductivity [12, 13]. Therefore in order to obtained 

conductive films for such a system, post-growth annealing at high temperature (> 500 °C) is 

necessary to remove Oinst and induced oxygen vacancies, which strongly assisted the films 

conductivity [12].    

In this study, we developed a sample mechanism to control simultaneously the electrical 

conductivity and optical transparency of TiO2 films at low temperature (350 °C).  We have used 

the growth pressure parameter to control the energy of the plasma species and hence the density 

of oxygen vacancies in the growing films. Uniquely, we have deposited the films purely in Ar 

discharge in which the intrinsic defects generation and the doping is more effective compared 

with the films deposited in Ar-O2 plasma. The obtained results can significantly contribute to the 

development of transparent electrodes by RF sputtering, a suitable technique for coating on large 

area substrates.  
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2. Material and methods  

2.1 Films deposition 

The detailed experimental condition is reported elsewhere [14, 15]. Briefly, TiO2 and TNO films 

(TiO2:Nb) were grown on un-heated p-type silicon (100) and corning glass substrates using radio 

frequency (13.56 MHz) sputtering in pure Ar discharge. The optimized ceramic TiO2 (99.9%) 

having 10 cm of diameter (Materion) and Nb2O5 disc (5 cm diameter, ACI Alloys (99.95 % 

purity) were used as sputtering targets [16]. The total working pressure during the films growth 

process was varied from 0.8 to 6.6 Pa. A constant dc self-bias on the TiO2 cathode was 

maintained at −850 V corresponding to an effective load power of 75 W while power applied to 

Nb2O5 target was fixed at 8 W (self-bias voltage ~ 78 V). The deposition time was adjusted to 

obtain films having thickness of 85±5 nm. The as-deposited films were annealed in Ar 

atmosphere (pressure 1.3 Pa) at 350 °C for 1h. 

2.2 Plasma diagnostics and films characterization  

The discharge properties were studied using Optical Emission Spectroscopy where the plasma 

light (in the wavelength range 200–850 nm with a spectral resolution of 0.2 nm) was collected 

with an optical fiber through a quartz window of the sputtering chamber. Subsequently, the light 

was analyzed by means of a Spectrapro 2300i instrument, equipped with an ICCD camera. The 

structural properties of the prepared films were characterized by X-ray diffractometer. The 

measurements were performed by employing CuKα (λ=1.5406 A°) radiation at an incident angle 

of 3°, in steps of 0.02°, operated at 40 kV and 30 mA (Italstructures APD2000). The average 

crystallite sizes of anatase were calculated from the broadening of X-ray diffraction peaks (101) 

using the Scherrer’s formula (𝐷 =  0.9𝜆/𝐵𝑐𝑜𝑠𝜃) [17]. The thicknesses of the films were 
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estimated using a surface profiler (Tencor Instruments). TiO2 films chemical properties were 

analyzed with a Scienta ESCA 200 spectrometer with a monochromatic Al Kα x-ray source 

(1486.6 eV). The spectra of C1s, O1s, Ti2p and Nb3d core lines were acquired at 150 eV pass 

energy (resolution of 0.4 eV). Data reduction was made using homemade software based on R 

platform [18]. A double beam spectrophotometer (Model–JASCO V-670), single 

monochromator design covering a wavelength range of 200 to 2800 nm was employed to record 

the optical transmittance of the deposited films at normal light incidence. The optical band gap of 

prepared films was estimated using Tauc model. The resistivities of the obtained films were 

measured by van der Pauw method and the carrier density and their mobility was determined by 

Hall Effect measurements using RH 2030 PhysTech instrument.  

3. Results and discussions 

3.1 Plasma Properties 

The optical emission spectrum was acquired from 200 to 850 nm where many emission peaks 

related to Ar, Ar+, Ti, and Ti+ were observed (the detail of these characteristic emission lines is 

reported in [7, 14]). Fig. 1 (a) illustrates the optical emission spectra of the films prepared at 

lowest (0.8 Pa) and highest pressures (6.6 Pa). We observed that the population of excited 

plasma species (Ar, Ar+, Ti, Ti+) was greater at highest working pressure.  
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Fig. 1: (a) Optical emission spectrum from RF sputtering discharge of Nb2O5 and TiO2 target in 

Ar (b) Variation of Ar+/Ar and Ti+/Ti emission intensity ratios as a function of discharge 

pressure.  

To gain more insight into the plasma characteristics for the present work, the relative 

concentration of the positive ions was estimated using the emission intensity ratios Ar+/Ar and 

Ti+/Ti (Fig. 1 (b)). The Figure reveals that the spectral line intensity ratio of Ar+/Ar and Ti+/Ti is 

clearly increasing with decreasing the total pressure for the whole process pressure range. A 

more close inspection of the Figure enables us to identify two regions of the emission intensity 

behavior. Firstly, increment of Ar+/Ar and Ti+/Ti emission intensity ratios with reducing the 

growth pressure is minimal until 2.66 Pa (i.e. from 0.18 to 0.21), let’s call it “high process 

pressure regime”. In the second region, which is known as “low process pressure state”, the 

relative population of the positive ions increases significantly (from 0.21 to 0.33) with dropping 

the process pressure. Notably, the low process pressure regime consisted of only two points (1.33 

and 0.8 Pa) but their effect is remarkable on the electrical and optical properties of the films, as 

discussed in the sections 3.4 and 3.5. This indicates that the ionization degree of Ar and Ti rises 
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with a decrease in the working pressure. This behavior may be explained by the fact that by 

decreasing the total pressure, the mean free path of electrons is enlarged. Consequently, the 

electrons undergo less-frequent collisions with plasma species which increases the electronic 

temperature leading to more-efficient ionization of Ar and Ti.   

The influence of total pressure on the energy and density of electrons and ions is also reported 

previously. For instance, Kubota et al. [19] systemically studied the behavior of (Vp-Vfl) for 

different process pressures using Langmuir probe technique, where Vp is the plasma potential 

and Vfl represent the floating potential which is negative due to the higher electrons mobilities as 

reported in [8] (Vfl∼-35 V) and [19] (Vfl∼-15 V). The value of “(Vp-Vfl)” was estimated to be 78 

V and 27 V for the gas pressure of 8.9 × 10-3 Pa and 2.5 × 10-2 Pa respectively (with Vfl∼-15 V). 

They concluded that ion energy at lowest pressure is higher than the high pressure. Similarly it 

was reported that the ionization of Ar increases with decreasing the working pressure from 120 

to 2 mTorr due to longer electron mean free path and higher energy [20]. Furthermore, the Ar 

ions detected by electrostatic energy analyzer at 2 mTorr pressure has higher kinetic energy (36 

eV) compared to 20 mTorr where Ar+ possess energy around 26 eV [20]. Likewise, Klaus Ellmer 

work on transparent and conductive ZnO films shows that ions in the rf discharge possess higher 

energies with a substrate at floating potential. The rf energy distribution exhibits a saddle-like 

broad shape with Ar+ energy in the range 20-45 eV [21]. Since we also performed experiments 

with substrate at Vfl, therefore we expect that positive ions become more energetic with reducing 

the pressure which is well-supported by the increasing Ar+/Ar and Ti+/Ti emission intensity ratio.  

3.2 Chemical Properties of the Films 

To determine the effect of energetic ions bombardment on the films chemical properties, X-ray 

photoelectron spectroscopy (XPS) measurements were performed. The O1s XPS spectrum of 
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TNO films deposited in Ar plasma is presented in Fig. 2 (a) where the peaks are de-convoluted 

into two peaks centered at 530.91 eV (Component I, OI) and 532.13eV (component II, OII). The 

lower binding energy peak can be attributed to the oxygen bound to Ti+4 and Nb+5 in TiO2:Nb 

whereas the higher binding energy component may arises due to the oxygen contribution in the 

Ti–OH bonds, possible C–O–C, C–OH groups and also oxygen in the Ti2O3 phase contribution 

[22]. Fig. 2 (b) shows the Ti2p core-level spectra of the as-grown TNO films deposited at 2.6, 

1.3 and 0.8 Pa, where 2.6 Pa is the representative of the high process pressure values (4, 5.3 and 

6.6 Pa). For high process pressure (≥ 2.6 Pa), the BE (binding energy) of Ti2p3/2 and Ti2p1/2 spin-

orbit components are located at 459.31 and 465.04 eV respectively which indicates that the 

oxidation state of Ti is +4. No shoulder peak at lower binding energy side is evident implying 

that the films are less oxygen-deficient (Ti+3/Ti+4~0). For 1.3 Pa, a low intensity shoulder peak at 

457.68 eV corresponding to Ti+3 states appeared which indicates the transition from less oxygen-

deficient to more oxygen-deficient films (Ti+3/Ti+4~0.032). More significantly, the Ti+3 signals 

become more prominent for process pressure of 0.8 Pa (Ti+3/Ti+4~0.079). This can be explained 

by the fact that decreasing the process pressure, Ar+ and Ti+ ions become more energetic as 

discussed in section 3.1. The bombardment of high kinetic energy ions (Ar+ and Ti+) on the 

growing films remove the lattice oxygen in TiO2 and creates oxygen vacancies. The electrons 

trapped in oxygen vacancy form two reduced Ti3+ cations according to Ti+4-O-2-Ti+4 → Ti+3-□- 

Ti+3+1/2O2 [23]. Further, for the prepared films, the oxide stoichiometry, Nb concentration in 

TiO2 films and various atomic ratios were also estimated from the XPS analysis (see Table 1). 

On the basis of the Ti+3/Ti+4 atomic ratio values, the electrical and optical properties of the films 

are discussed in section in 3.4 and 3.5.  
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Fig. 2: (a) O1s core-level of the films grown at 1.3 Pa (b) XPS Ti2p core level for the TNO films 

grown at 2.6, 1.3 and 0.8 Pa 

Table 1: Nb concentation and Ti+3/Ti+4 atomic ratios for different discharge pressure values; the 

as-deposited and annealed films are represented as “A.D.” and “A.A.” respectively 

Pressure (Pa) Nb at.% OI/Nb+Ti Ti+3/Ti+4 (A.D.) Ti+3/Ti+4 (A.A.) 

0.8 6.88 1.75 0.079 0.11 

1.3 6.92 1.72 0.032 0.039 

2.6 5.52 1.80 0 0 

4 5.02 1.81 0 0 

5.3 4.84 1.77 0 0 

6.6 3.56 1.78 0 0 
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3.3 Structural Properties of the Films 

The XRD results show that the TNO films deposited on un-heated substrate have amorphous 

nature, regardless of the process pressures (not shown here). The amorphous films were 

subsequently annealed at 350 °C to obtain the crystalline phase and to activate Nb doping. In the 

XRD spectra, the strongest intensity of the (101) diffraction peak around 25.20° indicates a 

preferred oriented anatase polycrystalline structure for all the growth pressure values except for 

process pressure of 0.8 Pa, for which the TNO films remained amorphous (Fig. 3). The peaks 

associated to the (004) and (200) crystallographic planes were also observed, although of weak 

intensity. No other extra peak corresponding to rutile or niobium oxide phase was evident from 

the XRD profile. The persistence of amorphous phase after annealing for the film grown at a 

process pressure of 0.8 Pa could be due to the structural damage in the film due to the interaction 

of high energetic positive ions (Ar+ and Ti+) with the films. Our assumption is well-supported by 

the OES, XPS results and films deposition rate where higher Ar+/Ar emission intensity ratio 

(0.33), greater Ti+3/Ti+4 atomic ratio (0.079), the presence of Nb+4 chemical state and the lower 

deposition rate (high anti-sputtering phenomenon) was observed for the films grown at process 

pressure of 0.8 Pa compared to the films deposited at process pressure ≥ 1.3 Pa. Moreover for the 

pressure range (1.3-6.6 Pa), the crystallite size value of Nb-doped TiO2 films (∼26-28 nm) is 

comparable to the un-doped TiO2 films (27.30±0.3 nm) indicating that Nb incorporations in TiO2 

does not affect its crystallite size.  
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Fig. 3: XRD patterns of the annealed TNO films at 350 °C in argon for various deposition 

process pressure values  

3.4 Electrical Properties of the Films   

3.4.1 Influence of intrinsic defects on the resistivity of as-grown TiO2:Nb samples  

In Figure 4, the blue solid squares and the red triangular symbol headed up represent the defects 

density-dependent resistivity values of TNO and TiO2 films prepared at room temperature. The 

as-deposited films grown at high process pressure (≥ 2.6) Pa were insulating (ρ∼107 Ω.cm). This 

result is consistent with the XPS observation where no shoulder peak in the Ti2p core-level 

corresponding to Ti+3 states was detected (Ti+3/Ti+4 atomic ratios ~ 0, for four samples). More 

significantly, in the low pressure regime (≤ 1.3 Pa), the resistivity dropped enormously to < 10 

Ω.cm, almost by 106-fold compared with the films prepared at pressure ≥ 2.6 Pa (ρ∼107 Ω.cm), 
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which is explained by the presence of oxygen vacancies in the films (Ti+3/Ti+4 atomic ratios ~ 

0.032-0.079). This result is significant because the films which were semiconductive in the as-

grown form were conductive after annealing. It is important to note that Nb is not activated as a 

donor in the as-deposited TNO samples and the semiconducting behavior is solely attributed to 

the oxygen vacancies induced donor states.  

 

Fig. 4: Comparison of the resistivity values of the as-prepared and annealed TiO2 and TNO films 

for different Ti+3/Ti+4 XPS atomic ratios  

3.4.2 Effect of annealing on the electrical properties of TiO2:Nb samples   

Thermal annealing was performed in Ar atmosphere at 350 °C to crystallize the films and to 

activate Nb doping in TiO2 matrix. The crystallization process substantially improved the 

conductivity of TNO films as shown in Fig. 4 and Table 2. The resistivity values of TNO films 

deposited at process pressure of ≥ 2.6 Pa, which corresponds to Ti+3/Ti+4 atomic ratios ~ 0, 

decreased from 107 to 10-1-10-2 Ω.cm after heat treatment (represented by the green solid circles 

in Fig. 4). The 108-fold drop in resistivity values after annealing indicates the substitution of 

Nb+5 ions for Ti+4 site in TiO2 lattice (n-type doping). The resistivity of the samples deposited at 
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1.3 Pa (Ti+3/Ti+4 atomic ratios ~ 0.039), which was already semiconductive in the as-grown 

form, dropped significantly to 7.45×10-4 Ω.cm with thermal annealing. The minimum resistivity 

corresponds to an electron carrier density of 5.54×1021 cm-3 and carrier mobility of 1.51 cm2/V.s. 

Notably, the resistivity of the films grown at process pressure of 0.8 Pa did not reduce 

considerably from 0.98 Ω.cm with the heat treatment (Ti+3/Ti+4 atomic ratios ~ 0.11). From a 

structural prospective, this may be attributed to the detrimental effect of ion bombardment on the 

films which damage the films quality and inhibited the amorphous-to-anatase phase 

transformation. Interestingly, the un-doped TiO2 films deposited with a process pressure of 1.3 

Pa and subsequently annealed at 350 °C exhibited a resistivity of the orders of 8.4×10-3 Ω.cm, 

solely due to the ionization of oxygen vacancies (see the black triangular symbols headed down 

in Fig. 4).  

Table 2: Film thickness, electron carrier concentration (ne), Hall mobility (μH), resistivity (ρ) and 

sheet resistance (Rs) values of the TNO films deposited at different total pressure (Pt) and 

annealed at 350 °C in argon 

Pt (Pa) Thickness (nm) ne (cm-3) µ (cm2.V-1.s-1) ρ (Ω.cm) Rs (Ω/sq.) 

TNO 0.8 87.2±11.8 6.75 × 1017 14.9 6.610 × 10-1 7.78 × 104 

TNO 1.3 85.4±7.6 5.54 × 1021 1.51  7.45 × 10-4 106 

TNO 2.6 85.2±14.4 3.42 × 1020 0.90 2.02 × 10-2 2.44 × 103 

TNO 4.0 89.2±7.4 9.09 × 1020 0.32 2.15 × 10-2 2.22 × 103 

TNO 5.3 87.9±6.9 3.80 × 1020 0.62 2.66 × 10-2 3.02 × 103 

TNO 6.6 81.1± 10.7 7.67 × 1020  0.065  1.26 × 10-1  1.56 × 104 

TiO2 (1.3) 84.3±6.3 2.23 × 1020 3.4 8.39 × 10-3 987 
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3.4.3 Discussions 

Fig. 5 shows a general representation of the doping process used in this work. Briefly, it is 

known that free carriers in TNO system are contributed by two principal donors: Nb+5 

substituting in the crystalline lattice for Ti+4 and charged oxygen vacancies (F+ and F++ centers). 

The latter is called intrinsic doping while the former is known as extrinsic doping. We 

considered all the annealed TNO films made at pressure ≥ 2.6 Pa as extrinsically-doped films 

(with Nb+5) because we did not observe any evidence of oxygen vacancies by XPS analysis and 

the electrical results of the as-deposited samples (Ti+3/Ti+4 atomic ratios ~ 0 and films were 

electrically insulating). In this case, a maximum electron carrier density of 3.42×1020 cm-3 was 

observed which corresponds to a resistivity value of 2.02×10-2 Ω.cm. For intrinsic doping in 

TiO2, the n-type conductivity was due to the ionization of oxygen vacancies. In this case, a 

minimum resistivity of 8.39×10-3 Ω.cm was measured with a carrier density of 2.23×1020 cm-3 

and mobility value around 3.4 cm2V-1s-1. In contrast, for the most conductive TNO films 

deposited at pressure of 1.3 Pa, oxygen vacancies presence was established in XPS and electrical 

measurement. During the thermal annealing not only Nb+5 is substituted for Ti+4 donating 

electrons but also the electron loosely bound to F centers delocalized to the conduction band, 

thus increasing the carrier density to 5.54×1021 cm-3. This is called intrinsic–extrinsic doping in 

TiO2 (Vo+Nb). Therefore the lowest resistivity value (7.45×10-4 Ω.cm) compared to the films 

deposited at pressure ≥ 2.6 Pa (2.02×10-2 Ω.cm) could be due to the contribution of both the 

oxygen vacancies and extrinsic dopants to the conductivity of the films. The lowest resistivity 

obtained in this work (7.45×10-4 Ω.cm) is 3-fold higher than the epitaxially grown TNO films on 

single crystalline LaAlO3 and SrTiO3 substrate at 600 °C [4], knowing that our films were grown 

at room temperature and annealed at low temperature (350 °C). The resistivity value of the 
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prepared films is lower than reported in [10] (ρ = 1×10-3 Ω.cm, annealing temperature: 600 °C), 

[24] (ρ = 9.2×10-4 Ω.cm, annealing temperature: 600 °C) and [25] (ρ = 1.1×10-3 Ω.cm, annealing 

temperature: 600-800 °C).  

 

Fig. 5: An illustration of the method used for doping in TiO2, Vo indicates doping by oxygen 

vacancies (Int. doping), Nb represent doping by Nb (Ext. doping) and Vo+Nb shows Int.-Ext. 

doping in TiO2  

It is important to mention that the plasma (Ar discharge) used in this work is effective for the 

synthesis of transparent-conductive films at low temperature compared with the work reported in 

huge amount of literature, where the films were grown in Ar-O2 discharge [11, 26, 27]. In the 

latter case, the films transparency is usually high due to the lack of oxygen vacancies. However, 

sputtering in Ar-O2 plasma leads to Oinst in the films, which is not supportive for the films 

conductivity because: (i) it filled up the oxygen vacancies (ii) it compensated the electron 

donated by Nb [10]. Therefore, both these phenomenons resulted in the growth of high resistive 

films. In such case, the key role of post-growth annealing in reduced environment to enhance the 

conductivity is therefore mainly to drive out Oints from the lattice so as to suppress this charge 

compensation channel [10]. Mattheiss et al. reported that generation of the oxygen vacancies can 
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be enhanced by increasing the annealing temperature because the oxygen vacancies formation is 

endothermic [28]. However, higher annealing temperature (550-800 °C) as reported in [25-27] is 

not cost-effective (more energy consumption, use for the quartz substrates, not feasible for the 

plastic substrates etc.). Therefore, we propose to grow the films in Ar discharge instead of Ar-O2 

plasma. In this way, one can control the formation of Oint and can easily induce oxygen 

vacancies in the films (using the energetic of the species involve in the deposition process, as 

demonstrated in our work), which is useful for the synthesis of transparent-conductive films at 

low temperature (~ 350 °C).   

3.5 Optical Properties of the Films 

Fig. 6 (a) compares the average visible transparency (TVIS) of the films before and after 

annealing with the density of oxygen vacancies (Ti+3/Ti+4 atomic ratios). Fig. 6 (b) illustrates the 

optical transmittance spectrum of the annealed TNO films in the wavelength range 200-2800 nm 

for various process pressure values. As evident from Fig 6 (a), the films grown at pressure ≥ 2.6 

Pa exhibited TVIS > 80% which could be explained by the fact that these films contain less 

density of oxygen vacancy defects as no Ti+3 shoulder peak in the Ti2p core-level was detected 

in Ti2p spectra (Ti+3/Ti+4=0, see the solid blue squares in Fig. 6 (a)). Notably, the mean 

transmittance in the visible range dropped to 70% at process pressure = 1.3 Pa (Ti+3/Ti+4∼0.032). 

The low transmittance or light absorption may be due to the deep oxygen vacancy states which is 

even more noticeable at lowest pressure (0.8 Pa) where TVIS is only 60% (Ti+3/Ti+4∼0.079). It is 

important to mention here that annealing process improved the films transparency for all the 

growth pressure values. For the TNO films which show the best electrical properties (ρ = 

7.45×10-4 Ω.cm), the average visible transparency increased from 70 to 77 % after thermal 

annealing. The improvement in the transmittance by thermal annealing is attributed to the 
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ionization of neutral and singly ionized oxygen vacancies to doubly ionized oxygen vacancies 

(F++ center) which is optically silent as it does not hold electrons [29]. The films densification 

and reduction in the pores after annealing might also be the reason for the increased in 

transmittance. Further, due to high ne (5.54×1021 cm-3), the most conductive films displayed a 

low transmittance in the NIR due to the plasma oscillations (Fig. 6 (b)).  In contrast the films 

with ne ∼ 3.42×1020 cm-3 have relatively high transparency in the NIR region. Our work indicates 

that high transparent films can be obtained by controlling the density of defects without using 

Ar-O2 as a sputtering discharge, which is not appropriate for the electrical transport properties of 

TiO2 films.   

 

Fig. 6: (a) Variation of the average transmittance with Ti+3/Ti+4 atomic ratios deduced from XPS 

(b) optical transmittance of TNO films annnealed in argon at 350 °C 

The optical band gap (EOPT) of as-prepared and annealed films in argon was estimated using 

Tauc model. The EOPT the as-deposited films prepared at various pressures was in the range 3.21-

3.26 eV. Generally after annealing, fundamental absorption energy values shift towards higher 

energies with Nb doping (except for process pressure = 0.8 Pa) but the blue shift was more 
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significant for the intrinsically-extrinsically co-doped TiO2 films. In this case, we estimated an 

increment in the band gap of the doped TiO2 films by ~0.22 eV compared with the as-grown film 

(3.25 eV). This shift may be attributed to the well-known Burstein–Moss effect, usually observed 

in degenerate semiconductors, where the transition occurs from the filled band to the lowest 

unfilled level in the conduction band [30-32]. Castro et al. estimated an increment in the band 

gap of TNO films by ~0.25 eV compared with the bulk anatase (3.20 eV) [33]. Zhang et al. also 

have found an increase in the band-gap from 3.22 eV for TiO2 to 3.37 eV for 5% Nb doped TiO2 

film [34]. It is important to mention here that the blue shift in the absorption edge is not due to 

the quantum confinement effect; because in the present case the crystallite size is larger (~26-28 

nm) than necessary for the quantum size effect (˂ 10 nm) [35]. For the films grown at lowest 

pressure (0.8 Pa), the EOPT of the as-grown and annealed film is comparable indicating the 

ineffectiveness of the dopants, consistence with electrical and XRD results. 

Under the application point of view, the prepared films exhibited sheet resistance around 106 

Ω/sq. with transmissivity greater than 85% at 550 nm, which meets the requirement for flat panel 

displays and touch screen applications. It can also fulfill the need of functional glasses such as 

electrochromic and low-emissivity glass windows. Moreover, by adjusting the growth pressure, 

we can produce highly transparent films (TVIS > 85%) with modest resistivity (Rs ∼ 2000 Ω/sq.) 

which is suitable for electromagnetic shielding applications, for example for cathode-ray tubes 

used for video display terminals. 

3.6 Conclusion:  

We demonstrated how to control the electrical conductivity and optical transparency of the 

doped TiO2 films at low temperature (350 °C). We explored three doping methods i.e. intrinsic, 
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extrinsic and intrinsic-extrinsic co-doping in TiO2 by varying the process pressure (from 0.8 to 

6.65 Pa). Primarily, emphasis was put on the generation of intrinsic defects using energetic of the 

species involved in the process and investigated its influence on the electrical and optical 

properties of the films. We observed that the bombardment of high energetic species onto the 

films at low process pressure (≤ 1.3 Pa) induced intrinsic defects in the lattice. Consequently, the 

as-grown films exhibited semiconducting behavior having resistivity < 10 Ω.cm. After thermal 

annealing at 350 °C, the intrinsic-extrinsic co-doping method was found the most effective route 

of doping where the lowest resistivity of 7.45×10-4 Ω.cm was obtained compared with the single 

intrinsic or extrinsic doping (ρ ~ 10-2-10-3 Ω.cm). The optical properties of the films also strongly 

depend on the defects in the films and highly transparent films can be obtained by controlling the 

intrinsic defects.  
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