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Abstract 

TiO2 is used in many sectors of industry such as health, food, defense, and energy. It is a well-known fact that TiO2 is 

especially used in applications in the field of organic hybrid solar cells (OHSC) as an electron transfer layer in the energy 

sector. However, the OHSCs have a degradation problem because of atmospheric stress factors such as laboratory 

atmosphere, prolonged light application (light soaking), and UV light. To understand the meta/instability problem in 

OHSC, it is required to be examined independently for each layer consisting of the solar cell. In this study, the TiO2 layer, 

widely used in OHSC applications, was grown on a rough glass substrate using a spin coating method. TiO2 layer was 

structurally and electrically characterized by XRD and photoconductivity methods respectively. TiO2 layer was 

characterized by exposure step by step to stress factors that are stated to cause electronic meta/instability in organic hybrid 

solar cells. Mobility-lifetime products were calculated from the flux-dependent photoconductivity and correlated with the 

electronic defects in the material due to stress factors. The findings in experiments show the laboratory atmosphere creates 

surface-related defects that can be eliminated by annealing. Light soaking, UV aging, and oxygen aging also create 

electronic defects associated with bandgap energy positions. These defects are partially eliminated with an annealing 

application. 

 

Keywords: Electronic degradation, Mobility-lifetime product, Photoconductivity, Spin coating, Stress factors, Titanium 

dioxide. 

 

 

Öz 

TiO2 sağlık, gıda, savunma ve enerji gibi birçok sanayi sektöründe kullanılmaktadır. Özellikle organik hibrit güneş pilleri 

(OHGP) alanındaki uygulamalarda elektron transfer katmanı olarak kullanıldığı bilinmektedir. Ancak OHGP, 

laboratuvar atmosferi, ışıkta banyosu ve UV ışığı gibi dış stres faktörleri nedeniyle bozulma sorununa sahiptir. OHGP'de 

kısmi-kararsızlık/kararsızlık sorununun anlaşılabilmesi için hücreyi oluşturan her tabaka için ayrı ayrı incelenmesi 

gerekmektedir. Bu çalışmada, OHGP uygulamalarında yaygın olarak kullanılan TiO2 tabakası pürüzlü cam taban 

malzeme üzerine Spin kaplama yöntemi ile büyütülmüştür. TiO2 tabakası, sırasıyla XRD ve fotoiletkenlik yöntemi ile 

yapısal ve elektriksel olarak karakterize edilmiştir. TiO2 tabakası, organik hibrit güneş pillerinde elektronik kısmi-

kararsızlık/kararsızlık neden olduğu belirtilen stres faktörlerine birer birer maruz bırakılarak karakterize edilmiştir. 

Mobilite-yaşam süresi çarpımı, ışık akısına bağlı fotoiletkenlikten hesaplanmış ve stres faktörlerinden dolayı 

malzemedeki elektronik kusurlarla ilişkilendirilmiştir. Deneylerdeki bulgular, laboratuvar atmosferinin, tavlama ile 

ortadan kalkabilen yüzeyle ilgili kusurlar oluşturduğunu göstermektedir. Işık banyosu, UV yaşlanması ve oksijen 

yaşlanması da bant aralığı enerji konumlarıyla bağlantılı elektronik kusurlar yaratmaktadır. Tavlama uygulaması ile bu 

kusurlar kısmen ortadan kalkmaktadır. 

 

Anahtar kelimeler: Elektronik bozunma, Mobilite-yaşam süresi çarpımı, Fotoiletkenlik, Spin kaplama, Stres faktörleri, 

Titanyum dioksit. 

 

 

 

 

 

 

 

 

https://dergipark.org.tr/tr/pub/gumusfenbil
https://orcid.org/0000-0002-1771-358X
https://orcid.org/0000-0003-0834-9736


Taşçıoğlu and Yılmaz. 2023 / Volume:13 • Issue:1 • Page 116-126 

117 

1. Introduction 

 

Perovskite solar cells (PSC), as a member of the organic hybrid solar cells family, especially methylammonium 

lead iodide (MAPbI3) attract the attention of scientists with their high-efficiency characteristics among the 

solar cell family (Bhandarkar et al., 2021). However, it is known that there is remarkable degradation in the 

efficiency value of perovskite solar cells after a certain time following their production (Shaikh et al., 2017). 

This degradation in efficiency values is named as instability or metastability (Kim et al., 2012; Lee et al., 

2012). There are various reasons for this efficiency degradation in perovskite solar cells (Green et al., 2014). 

A few of these can be defined as layer degradation, interface interactions, and ongoing chemical reactions due 

to solution-based production of the layers that make up the solar cell. (Prathvi et al., 2021; Zhou et al., 2014). 

In the literature, environmental stress factors such as water vapor, UV light, oxygen, and light soaking are 

defined as the most prominent stress factors (Leijtens et al., 2013). To understand this instability in perovskite 

solar cells, each layer of the solar cell must be produced independently and the degradation of the layers by 

exposure to different stress factors one by one must be understood (Christians et al., 2015).  

 

The first layer of perovskite solar cells is the electron transfer layer (ETL). In the literature, there are many 

ETL candidates for perovskite solar cells. Electron transport layers should have some specifications such as 

(i) ETLs should have high transparency, (ii)ETLs should have well-matched energy alignment with the 

absorber layer, and (iii)ETLs should have high electron mobility (Akin et al., 2020; Shalan et al., 2020; Zaki 

et al., 2020). Depending on these parameters the most promising candidates are TiO2, SnO2, ZnO, Zn,2SnO4, 

and WO3 as ETLs.  Among them, the preferred ETLs are TiO2, ZnO, and SnO2. Among these candidates, 

TiO2 is the most used ETLs in PSC, especially in the most highly- efficient PSC including the current -record 

holder. However, each candidate has advantages and disadvantages. For example, ZnO creates a degradation 

of perovskite solar cells. Methylammonium cations in the perovskite film of solar cells are destroyed by ZnO. 

(Cao et al., 2018; Aslan et al., 2016; Azmi et al., 2018; Goktas et al., 2019; Song et al., 2016a, b; Tumbul et 

al., 2019). In the same way, SnO2 thin-film production needed high-temperature processes which also ruin the 

perovskite structure. On the other hand, the unit price of SnO2 is much more than TiO2. For example, 100g 

(%99) TiO2 is 407€ and 5g (%99) SnO2 is 241€. This situation indicates that the industrial application of 

SnO2 is not commercially available. It is clearly understood that the most preferred ETL is TiO2 for efficiency 

and price. In addition to all, Titanium dioxide (TiO2) has many interesting physical properties such as good 

transmittance in the visible region, high refractive index, high dielectric constant, and chemical stability which 

make TiO2 thin films suitable for in microelectronic devices, capacitors, or as a gate dielectric in metal-

dielectric-semiconductor devices (Yoldas et al., 1979; Yoldas 1982; Fuyuki et al., 1986; Bertrand et al., 1983). 

There are several techniques have been used to prepare TiO2 thin films, such as sputtering (Schiller et al., 

1981; Suhail et al., 1992; Okimura et al., 1996), chemical vapor deposition (CVD) (Yeung et al., 1983 ; Lu  et 

al., 1991), thermal oxidation (Burns, 1989), pyrolysis (Rice, 1987; Zhang et al. 1992) and sol-gel ( Yoko et al., 

1991; Vorotilov et al., 1992; Nagpal et al.,1995). 

 

In this study, the TiO2 layer used in the organic hybrid solar cell was grown on a rough glass substrate with 

the spin coating method and exposed to stress factors (laboratory atmosphere, light soaking, UV aging, and 

high-purity oxygen gas). Structural characterizations were done with XRD, SEM, and EDS. Electrical 

characterizations such as photoconductivity were done to understand the changes in the material by 

atmospheric effect. 

 

2. Material and method 

 

TiO2 materials were grown with a solution process by spin coating. 5 ml ethanol solution was prepared with 

1.4 grams of titanium isopropoxide (Sigma Aldrich %99.7). Since titanium isopropoxide is a volatile 

substance, ethanol was poured directly onto titanium isopropoxide in an ice bath. The resulting solution was 

coated with a spin coating system rotating at 1300 rpm by dropping 5 ml onto the substrate material. The 

coated films were left to dry on the heating surface at 80 ℃ for half an hour to remove the volatiles from the 

TiO2 film. After the production of TiO2 film, the post-annealing procedure was applied at 500℃. To control 

structural features of TiO2, XRD, and SEM, EDS measurements were done. XRD measurements were done 

by Bruker AXS D8 advanced measuring system and a Cu tube was used for the X-ray source. Measurements 

were carried out in the 2 theta range from 10 to 80 degrees and are shown in figure 1. Scanning Electron 

Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) measurements were done by FEI Quanta FEG 

250, under low vacuum (60 Pa) and High Voltage 20.00kV with 20.000 magnification. Silver metal contacts 
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were grown on the TiO2 films with the thermal evaporation method for conductivity measurements. The 

coplanar contact geometry was applied to the TiO2 films, with a thickness of 5.0x10-9 m, contact lengths of 

5.0x10-3 m, and contact distance between contacts of 5.0x10-4 m.  

 

To explain a measurement procedure, one full cycle of measurement was tried to be summarized below. TiO2 

thin film was placed in the cryostat in the laboratory atmosphere and the Ohmic voltage was determined by I-

V measurement. By applying the determined Ohmic voltage, time-dependent dark conductivity values were 

started to be recorded in the cryostat in the dark environment. When the dark conductivity values became 

stable, a photoconductivity measurement was carried out depending on the flux.  Then, the system was placed 

under a vacuum and when the dark conductivity values became stable, the photoconductivity values were taken 

again in the vacuum atmosphere depending on the flux. After that, the material was heated up to 450K with a 

temperature increase of 2K per minute without disturbing the vacuum environment, and after being exposed 

to heat treatment at 450K for 30 minutes, it was cooled to 300K by a 2K ramp. While the dark conductivity 

values were stable at 300K in the vacuum environment, the photoconductivity measurement was carried out 

depending on the flux in the annealed-1 state of the material. These steps were repeated in each stress factor 

(laboratory atmosphere, light soaking, UV aging, and oxygen aging). After each stress factor application, the 

photoconductivity values of the material were measured depending on the flux in conditions where the material 

was stable. Depending on the flux that is applied, the generation rate was calculated (Yılmaz, 2021). In addition 

to this, by using photoconductivity values that are obtained, the mobility-lifetime of the material was calculated 

(Yılmaz, 2021). By using these two calculated data, the graphs of the mobility-life time vs. generation rate of 

the TiO2 material were drawn and interpretations could be made about the electronic defect changes in the 

material from the behavior of these graphs. These graphs have given the chance of understanding defect density 

and defect types variance depending on previous conditions. 

 

3. Results 

 

 
 

Figure 1. TiO2 thin film post-annealing procedure  

 

As seen in figure 2; XRD data shows that after post-annealing on TiO2 film was established by anatase phase 

and this situation is seen consistent with the previous data in the literature. In addition, XRD peaks were 

indexed from the “Joint Committee on Powder Diffraction Standards (JCPDS)” database with the card number 

00-004-0477 (Jalali et al., 2020;  Sun et al., 2015).  Detailed structural analysis (SEM and EDS measurements) 

were also carried out on TiO2 thin films. In figure 3 SEM images and EDS results of post-annealed and as-

deposited TiO2 were displayed. 

 

As clearly seen from figure 3a, after post-annealing TiO2 film structure gets much more porous than the as-

grown structure in figure 3b. Post annealing create porosity and increase the inner surface area of TiO2 thin 

films. This result match with the previous data in the literature (Kim et al., 2007; Haidry et al., 2012; Wang et 

al., 2015).  In addition that, the EDS results in figure 3c, show that there are only titanium and oxygen elements 

consisting of a thin film structure. 
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Figure 2. XRD analysis of TiO2 thin film 

 

 
 

Figure 3. SEM and EDS analysis of TiO2 thin film (a) post annealed TiO2 thin film with 20.000 magnification 

SEM image, (b) as-deposited TiO2 thin film with 20.000 magnification SEM image, (c) post annealed TiO2 

thin film EDS results.  

 

Figure 4a shows the photoconductivity values obtained after laboratory atmosphere, vacuum atmosphere, and 

annealed-1 state. As can be seen in figure 4a, the photoconductivity values obtained in the laboratory 

atmosphere and the vacuum atmosphere overlaps. However, with annealed-1, a significant decrease 

(approximately 7-times decrease) was observed in photoconductivity values, especially in the medium and 
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high flux (1016 – 1017 cm-2 s-1) region.  The main reason for the decrease in photoconductivity values after heat 

treatment, may be due to the atmospheric gas molecules that could be attached to the surface of the thin film. 

The gas molecules attached to the surface may have been removed from the surface with the effect of vacuum 

and heat treatment. As a result, a change in the photoconductivity values of the material may have taken place.  

 

In figure 4b, the photoconductivity values of the material after annealed-1 and after annealed -2 stages, were 

compared after 30 minutes of exposure to five sun intensities of light (5x A.M.1.5).  In figure 4b, it is seen that 

there is a 1.5 times decrease in photoconductivity values due to the light soaking applied to the material after 

the annealed-1 application. In addition, an increase in the slope of the photoconductivity values is observed 

after the light soaking in the high flux region. In literature, the same degradation was also observed in 

perovskite solar cell structure (Chong et al., 2020).  This may be due to an increase in the electronic defect 

states of the material after the light soaking. This increase in electronic defect state changes directly affects the 

photoconductivity values. It was determined that the behavior or type change of the electronic defect, 

especially in the high flux (1017 cm-2 s-1) region, increased photoconductivity values in figure 4b. After the 

second heat treatment was carried out, the photoconductivity values exceeded the annealed-1 values and 

exhibited an increase of approximately two times compared to the values in the light soaking. 

 

 
 

Figure 4. TiO2 thin film flux dependent photoconductivity results; (a) air aged state 

and annealed state-1 (b) light-soaked state and annealed states 1-2 

 

When the UV aging literature studies are examined on TiO2, it is seen that TiO2 material is generally used as 

a coating that prevents UV aging (Zang et al., 2017; Sun et al., 2011). On the other hand, any information 

about the electronic degradation of TiO2 itself due to UV aging was not realized. In figure 5a, 30 minutes of 

UV light was applied to the material and the photoconductivity values were recorded after UV aging. As can 

be seen in figure 5a, the photoconductivity values also decreased below the photoconductivity values in the 

light soaking. In addition, the slope change seen in figure 4b, at high flux values, began to be seen at medium 
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flux (1015 – 1016 cm-2 s-1) intensities. Although similar behavior was observed after light soaking, it was 

determined that this behavior was much more significant after UV aging. At the same time, the slope change 

which was observed at the high flux (1017 cm-2 s-1) region after the light soaking, starts from the medium flux 

(1016 cm-2 s-1) region at this time. However, these slope changes disappear with the annealed-3 application and 

the photoconductivity values approach the annealed-2 values. 

 

 
 

Figure 5. TiO2 thin film flux dependent photoconductivity results (a) UV aged state 

and annealed states 2-3 (b) oxygen aged state and annealed states 3-4. 

 

In figure 5b, the photoconductivity change, obtained in a vacuum atmosphere after the application of high-

purity oxygen gas to the system, is presented. In the literature, any information about aging TiO2 by exposure 

to oxygen gas after production could not be reached. However, it has been reported that, oxygen gas is sent to 

the system during TiO2 production. Thus, this application enlarges the grain structures during the production 

and accordingly causes an increase in the conductivity (Duran et al., 2019). In figure 5b, photoconductivity 

values decreased sharply after oxygen gas application. This reduction is approximately seven times greater 

while compared to the annealed-3 condition. Although it contains a high percentage of oxygen in the TiO2 film 

structure, it is very interesting to see the decrease in photoconductivity values with the application of oxygen 

gas. There may be three main reasons for this situation. The first reason could be the fact that, oxygen is 

physically attached to the surface and changed conductivity. The second is that, the oxygen makes bonds with 

the open structures (dangling bonds) on the surface, and the third is that it occurs together in both cases 

described above. Although the photoconductivity values increased approximately five times with the stage 

annealed-4, conductivity values could not reach the annealed-3 state. This situation displays that, the oxygen 

application creates a partially reversible effect on TiO2 film.   
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In figure 6, after applying each different stress factor to the TiO2 film, the graph of generation rate versus the 

mobility-lifetime product is presented. Mobility-lifetime calculation and generation rate calculation can be 

found in detail in previous studies (Yılmaz, 2021).  As can be seen in figure 6a, the light soaking application 

was applied to the material after the annealed-1 state and it was determined that there was two-times decrease 

in the mobility-lifetime products. This display that, the light soaking increases the electronic defect density in 

the bandgap of the material. Thus, mobility-lifetime product decreases significantly. This increase in the 

electronic defect density completely disappears with the second annealing application and even it exceeded 

the values obtained in the annealed-1 state. In this case, it can be said, the electronic defects, consisting of the 

material after the light soaking with the second annealing application, are eliminated and the electronic defect 

type and density of the material change. 

 

 
 

Figure 6. TiO2 thin film mobility-lifetime dependent generation rates; (a) light-

soaked state and annealed states 1-2 (b) UV aged state and annealed states 2-3 (c) 

oxygen aged state and annealed state 3-4 

 

In figure 6b, UV aging was performed after the second annealing application of the material, and it was 

observed that there was two-times decrease in the mobility lifetime products. In addition, it was determined 

that the mobility-lifetime slope also changed in the region of a high generation rate (1021 cm-3 s-1). This shows 

that different types of electronic defects could be occurred in the regions close to the conduction band due to 

UV aging. After the third annealing, the mobility-lifetime product values reach the values obtained in the 

annealed-2 state. This situation shows us that the electronic defect types created in the material by UV aging 

are completely reversible with heat treatment. 

 

In figure 6c, the values obtained as a result of the mobility-lifetime product after high purity oxygen gas, is 

applied to the material is displayed. Mobility-lifetime values of the material with the oxygen gas application 

show a sharp decrease of approximately four times in the region of low generation rate (1018 cm-3 s-1). At high 

generation rates, this rate drops to 1.5 times. The fourth annealing values show that, mobility-lifetime product 
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values partially approximately reach the annealed-3 state results. This shows that oxygen gas significantly 

changes the electronic defect density of the material, and it creates a partially reversible effect on the material. 

 

4. Conclusions 

 

In this study, TiO2 thin film, that is frequently used in organic solar cells as an electron transfer layer, was 

produced with the spin coating method, and electronic defect changes with the application of a single stress 

factor were examined in detail by the photoconductivity method. In light of findings, it was determined that 

the light soaking caused a significant increase in the electronic defect density of the TiO2 material, but this 

increase was eliminated with the annealing procedure. Similarly, UV light creates an apparent electronic defect 

increase in TiO2 film. It was also determined that there were changes in the electronic defect types at the high 

generation rate region because of UV aging. However, these changes in defect density and types are eliminated 

by annealing. It was determined that there was an increase in the electronic defect density in the TiO2 film 

material with the application of oxygen gas, but this increase did not completely reversible with the application 

of annealing, and it created a partial reversible effect. The reason for this change in the oxygen gas, may have 

been the chemical bonding between the open bonds in the TiO2 structure and the oxygen molecules.  
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