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TiO2 thin films were prepared on the AZO glass substrates by magnetron sputtering. The effect of annealing temperature 

on the structural、optical and electrical properties of TiO2 thin films was investigated. The results show that the structures 

of TiO2 thin films are closely related to annealing temperatures. The TiO2 thin film annealed at 400°C is amorphous; the 

anatase TiO2 is obtained by annealing at 500℃, whereas a rutile and anatase polymorph of TiO2 is obtained when the TiO2 

thin film is annealed at 600°C The grain of TiO2 thin film annealed at 600°C is spherical and the grain sizes are tens of 

nanometers. The optical and electrical properties of TiO2 thin films on AZO glass substrates get worse than the AZO glass 

itself. The average transmittance of TiO2 thin films annealed at 400°C, 500°C and 600°C is about 74.4%, 69.1% and 71.8% 

in the range of 400-800 nm. The sheet resistances of TiO2 thin films on AZO substrates annealed at 400°C, 500°C and 

600°C are about 45Ω/, 36Ω/ and 23Ω/ respectively. 
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1. Introduction 

 

Perovskite solar cells have become one of the 

research hotspots in the field of photovoltaic cells in 

recent years because of their low cost, good flexibility 

and high efficiency etc [1-3]. As far as we know that the 

highest power conversion efficiency of single-junction 

perovskite solar cells reached a value of 25.7% [4]. The 

carrier recombination will seriously affect the 

photoelectric performance of solar cells and significantly 

reduce photoelectric conversion efficiency. In perovskite 

solar cells, ohmic contacts between hole transport layers 

(HTL) and transparent conductive electrodes (TCE) 

cause recombination between the carriers, which will 

reduce the conversion efficiency of the solar cells. The 

compact layer between TCE and electron transport layer 

(ETL) can effectively avoid direct contact between the 

substrate and HTL, thus preventing electron migration 

from TCE to HTL [5]. Moreover, the compact layer can 

prevent the reverse migration of holes, so it can greatly 

reduce electron recombination and improve the device 

performance. The excellent compact layers need to meet 

three requirements as follows: good optical performance, 

the energy band structure matching with electrodes and 

sensitizing materials, and suitable thickness. TiO2 is the 

most commonly used compact layer material （ hole 

blocking layer-HBL）and ETL due to its good optical 

performance and suitable energy band structure [6,7]. 

The preparation methods of TiO2 for compact layers and 

ETL mainly include spin-coating method [8], spray 

pyrolysis method [9], atomic layer deposition [10], 

sputtering [11] and so on. The spin coating method and 

spray pyrolysis method are widely used. T.M. 

Mukametkali et al. [12] prepared TiO2 thin films on glass 

substrates used for electron transport layers by 

spin-coating methods, and revealed two competitive 

charge transport processes in TiO2 : electron transport 

through the TiO2 conduction band and electron trapping 

by deep trap levels formed by Ti+3 species. The optimal 

TiO2 layer thickness is about 60 nm for perovskite solar 

cells. S. Mandati et al. [13] presents an economic, 

sustainable and scalable bar coating with high throughput 

for compact TiO2 thin films on 50 mm×50 mm FTO 

glass substrates. M.A. Millan-Franco et al. [14] obtained 

anatase TiO2 thin films on FTO glass substrates by spin 

coating method after a thermal annealing at 400-550°C, 

TiO2 thin films annealed at 450 or 500°C show a 

compromising between the crystalline structure and 

defect density, giving a better energy conversion 

efficiency of 16.3% of p-PSCs .The method of sputtering 

is also used for TiO2 thin films or Ti-doped thin films 

[15]. H.Serrar et al. [16] prepared TiO2 thin films with 

anatase structure on glass substrates by DC sputtering, 

and the effect of Ar flow rate on the optical waveguiding 
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properties of TiO2 thin films are investigated. H.Zhu et al. 

[17] Prepared TiO2 thin films on FTO glass substrates by 

magnetron sputtering, the thickness and morphology of 

the TiO2 thin films were controlled by sputtering time, 

the film transmittance showed a maximum value of 

82.29% at 45 min of deposition, perovskite solar cells 

exhibited the highest photoelectric conversion efficiency 

of up to 12.42%. Most research of TiO2 thin films used 

for perovskite solar cells is focused on the properties of 

TiO2 deposited on the glass substrates or FTO glass 

substrates. The properties of TiO2 thin films on AZO 

glass substrates deposited by magnetron sputtering is not 

researched fully. 

In this paper, TiO2 thin films were prepared on AZO 

glass substrates by magnetron sputtering. The effect of 

annealing temperature on structural, optical and electrical 

properties of TiO2 thin films was investigated. 

 

 

2. Experiment 

 

TiO2 thin films were prepared on AZO glass 

substrates by sputtering from the Ti target (purity: 

99.99%). The deposition temperature was 200°C. The 

deposition pressure was 1.0Pa, and the sputtering power 

was 150W. The mass flows of Ar and O2 were maintained 

at 90 sccm and 20 sccm respectively. The deposition time 

was 120min. The annealing temperatures were 400°C, 

500°C and 600°C. The structural properties of the TiO2 

films were analyzed with X-ray diffraction (XRD, 

Empyrean, λ=0.154 nm) using Cu-Kα radiation. The 

transmittance of the films was measured by 

spectrophotometer (UV, Lambda 35) in the range of 

300~900 nm. The electrical properties were characterized 

by four-point probes measurement system (RTS-9). 

 

 

3. Results and discussion 

 

3.1. Structures of the TiO2 thin films 

 

Fig. 1 shows XRD patterns of the TiO2 thin films on 

the AZO glass substrates. It can be seen that the 

crystallinity of TiO2 thin films is closely related to the 

annealing temperature. The TiO2 thin films deposited at 

200℃ and annealed at 400°C are amorphous, and there is 

no obvious diffraction peak. For TiO2 thin film annealed  

at 500°C, there are two diffraction peaks at 2θ about 

25.4°and 73.3° respectively, which is associated with (101) 

and (204) planes of anatase TiO2. For TiO2 thin film 

annealed at 600°C several diffraction peaks appear in the 

XRD pattern at 2θ about 27.8°(R-110), 43.5° (R-210), 

63.6 °( R-310) and 73.3° (A-204), which correspond to 

rutile structure and anatase structure of TiO2 respectively. 

The crystal structures of TiO2 thin films are also related to 

the annealing temperature.When the annealing temperature 

is 500°C, the TiO2 thin film is mainly anatase structure, 

which is the most used for the compact layer in perovskite 

solar cells and dye-sensitized solar cells [18-20]. When the 

annealing temperature reaches 600℃, the TiO2 thin film is 

mainly rutile structure mixed with a small amount of 

anatase structure. Fig. 2(a), (b) and (c) are the SEM 

images of TiO2 thin films annealed at 400°C, 500°C and 

600°C. With the increase of the annealing temperature, the 

crystalline quality and density of the TiO2 thin film 

increases. The grain of TiO2 thin film annealed at 600°C is 

spherical and the grain size is tens of nanometers.   

 

 

Fig.1 XRD patterns of the TiO2 films on AZO glass substrates 
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Fig. 2. SEM image of the TiO2 films on AZO glass substrates annealing at 400°C (a), 500°C (b) and 600°C (c) 
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3.2. The optical properties of TiO2 thin films on  

    AZO glass substrates 

 

Fig. 3(a) shows the optical transmittance of TiO2 thin 

films and AZO glass substrates itself. It can be seen that 

the average transmittance of the AZO glass is above 90% 

in the visible region. The average transmittance of TiO2 

thin film deposited at 200°C is about 80% in the visible 

region. The average transmittance of annealed TiO2 thin 

films is lower than that of unannealed TiO2 thin film 

deposited at 200°C. As shown in Fig. 3(b), the average 

transmittance of TiO2 thin films annealed at 400°C, 500°C 

and 600°C is about 74.4%, 69.1% and 71.8% in the range 

of 400-800nm.The lower transmittance of the annealed 

TiO2 thin films on AZO glass substrates may be related to 

light scattering of the grain boundary [16].   

 

 
 

Fig. 3 Transmittance curves of the TiO2 films on glass 

substrates (a),line chart of average transmittance of TiO2 

films annealed at 400°C, 500°C and 600°C (b) (color 

online) 

 

The average transmittance of TiO2 annealed thin 

films decreases firstly from 400°C to 500°C and then 

increases from 500°C to 600°C, which can be attributed to 

the structural changes in crystal quality. The larger grain 

size and fewer gain boundary results in the increase of 

transmittance of TiO2 thin film annealed at 600°C. These 

can be verified by XRD and SEM results.   

 

3.3. The electrical properties of TiO2 thin films on  

    AZO glass substrates 

 

Fig. 4 is the sheet resistances of AZO glass and TiO2 

films on glass substrates annealed at 400°C, 500°C and 

600°C. The sheet resistance of AZO glass substrate is 

about 9 Ω/. The electrical properties get worse for the 

TiO2 thin films on AZO glass substrates, which is due to 

the poor electron conductivity of the TiO2 material itself. 

The sheet resistance of unannealed TiO2 thin film is 

58Ω/, the sheet resistance of TiO2 thin film annealed at 

400°C, 500°C and 600°C are about 45Ω/, 36Ω/ and 

23Ω/ respectively. The TiO2 layers leads to a longer 

electron transport distance; thus, the sheet resistance of 

the sample increases compared to AZO glass substrates 

[17]. The sheet resistance of TiO2/AZO thin films 

decreases with the increase of annealing temperature. 

According to the structural information, the improvement 

of crystal quality of TiO2 thin films should be an 

important reason for the improved electrical conductivity 

performance. 

 

Fig. 4. The sheet resistances of AZO glass and TiO2 films on 

AZO glass substrates 

 

 

4. Conclusions 

 

In this paper, TiO2 thin films were prepared on AZO 

glass substrates by magnetron sputtering and annealed at 

400-600°C. The structures and properties of TiO2 thin 

films annealed at different temperatures were investigated. 

XRD and SEM results showed that the crystal quality and 

crystal structures of TiO2 thin films are closely related to 

the annealing temperature. The structure of TiO2 thin film 
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annealed at 500°C is mainly anatase. The structure of TiO2 

thin film annealed at 600°C is mainly rutile mixed with a 

small amount of anatase. The grain sizes of the TiO2 film 

annealing at 600°C are tens of nanometers. UV–Vis 

spectroscopy showed that all TiO2 thin films were 

transparent with an average transmittance of more than 

69% in the visible range. After annealing, the average 

transmittance of TiO2 thin films decreases firstly and then 

increases. The electrical properties characterized by 

four-point probes measurement system showed that the 

lowest sheet resistance of TiO2 thin film annealed at 

600°C is 23Ω/. The electrical properties of TiO2 thin 

films on AZO glass substrates are improved by annealing, 

which can increase crystal quality of TiO2 thin films. The 

prepared TiO2 thin films on AZO glass substrates may be 

useful for perovskite solar cells and other opto-electronic 

applications. 

 

 

References 

 

 [1] A. Dubey, N. Adhikari, S. Mabrouk, F. Wu, K. Chen,  

    Q. Q. Yang, J. Mater. Chem. A. 6, 2406 (2018).  

 [2] Q. Jiang, Y. Zhao, X. W. Zhang, X. L. Yang,  

    Y. Chen, Z. M. Chu, Q. F. Ye, X. X. Li, Z. G. Yin,  

    J. B. You, Nat. Photonics 13, 460 (2019).  

 [3] X. Q Jiang, J. F. Zhang, Y. Liu, Z. Y. Wang, X. Liu,  

    X. Guo, C. Li, Nano. Energy 90, 106521 (2021). 

 [4] https://www.nrel.gov/pv/cell-efficiency.html. 

 [5] C. Chen, Y. Cheng, Q. L. Dai, H. W. Song, Sci. Rep.  

    5, 17684 (2016).  

 [6] H. Zhu, T. H. Zhang, Q. Y. Wei, S. J. Yu, H. Gao,  

    P. C. Guo, J. K. Li, Y. X. Wang, Energy Rep. 8,  

    3166 (2022). 

 [7] K. W. Huang, Y. H. Chen, M. H. Li, Y. S. Wu,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

    P. T. Chiu, Y. P. Lin, Y. L. Tung, S. Y. Tsai,  P. 

Chen, Org. Electron. 75, 105379 (2019). 

 [8] A. S. Rad, A. Afshar, M. Azadeh, Opt. Mater. 136,  

    113501 (2023). 

 [9] T. C. Paul, J. Podder, L. Paik, Results in Optics 8,  

    100235 (2022). 

[10] B. Kim, T. Kang, S. Song, C. Jung, J. Lee,  

    S. H. Cheon, H. Jeon, Vacuum 199, 110957 (2022). 

[11] D. P. Dave, K. V. Chauhan, Mater. Today:  

    Proceedings 62, 4254 (2022). 

[12] T. M. Mukametkali, B. R. Ilyassov,  

    A. K. Aimukhanov, T. M. Serikov, A. S. Baltabekov,  

    L. S. Aldasheva, A. K. Zeinidenov, Physica B 659,  

    414784 (2023).      

[13] S. Mandati, R. Dileep, K. G. Veerappan,  

    E. Ramasamy, Sol. Energy. 240, 258 (2022). 

[14] M. A. Millan-Franco, C. A. Rodriguez-Castaneda,  

    P. M. Moreno-Romero, J. J. Prias-Barragan,  

    O. A. Jaramillo-Quintero, H. L. Hu, Mat. Sci.  

    Semicond. Proc. 161, 107452 (2023). 

[15] H. P. Chang, F. H. Wang, J. C. Chao, C. C. Huang,  

    H. W. Liu, Curr. Appl. Phys. 11, S185 (2011).      

[16] H. Serrar, F. Z. Mecibah, I. Kribes, Y. Bouachiba,  

    A. Mammeri, A. Bouabellou, M. Retima,  

    A. Boughelout, A. Taabouche, R. Aouati, Opt. Mater.      

    135, 113259 (2023). 

[17] H. Zhu, T. H. Zhan, Q. Y. Wei, S. J. Yu, H. Gao,  

    P. C. Guo, J. K. Li, Y. X. Wang, Energy Rep. 8,  

    3166 (2022). 

[18] E. T. Veiga, S. L. Fernandes, C. F. D. O. Graeff,  

    A. S. Polo, Sol. Energy 214, 510 (2021). 

[19] D. Y. Chen, J. Y. Kao, C. Y. Hsu, C. H. Tsai,  

    J. Electroanal. Chem. 766, 1 (2016). 

[20] A. Zatirostami, Optik 207, 164419 (2020). 

_______________________ 
*Corresponding author: wxjisme@126.com 

 

 

 

https://www.nrel.gov/pv/cell-efficiency.html.
mailto:wxjisme@126.com

